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PREFACE

Tais book, as its name implies, is intended to serve as an intro-
duction to the subject with which it deals, and not in any way as a
complete treatise upon it. The science of * protozoology,” as it is
now generally termed, covers a vast field, and deals with an immense
series of organisms infinitely varied in form, structure, and modes of
life. In recent years the recognition of the importance of the
Protozoa to mankind in various ways, and especially from the
medical point of view, has. foeussed attention upon them, and has
brought about a great increase, af o knowledge concerning these
forms of life. To set forth &dequatgy and in full detail all that is
now known about the Protozoa would be a task that could not be
attempted in a volume of this size, but would require a work many
times larger. -

The aim of the present work is essentially d1da,etm—that s to say,
it is intended to furnish a guide to those who, having at least some
general knowledge of biology, desire a closer acquaintance with the
special problems presented by the Protozoa. First and foremost,
it attempts to define the position of these organisms in Nature, and
to determine, as far as possible, in this way exactly what should be
included under the term * Protozoa,” and what should be excluded
from the group. Secondly, its function is to guide the student
through the maze of technicalities necessarily surrounding the study
of objects unfamiliar in daily life, and requiring, consequently, a
vocabulary more extensive than that of common language ; and
with this aim in view, care has been taken to define or explain fully
all technical terms, since confusion of thought can be avoided only
by a clear understanding of their exact significance and proper
application. Thirdly, it aims at introducing the student to the
vast series of forms comprised in the Protozoa and their systematic
classification, based on their mutual affinities and inter-relationships,
so far as these can be inferred from their structural peculiarities and
their life-histories. And, incidentally, attention has been drawn

specially to those parts of the subject where the Protozoa throw
vV

-
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great light on some of the fundamental mysteries of living matter—
as, for example, sex —and a special chapter dealing with the
physiology of the Protozoa has been added.

In so wide a field it is almost necessary to exercise some favour-
itism in the choice of objects, and greater stress has been laid in
this work upon the parasitic forms, both on account of the many
interesting biological problems which they present, and also because
they come into closer relationship with the practical needs of human
life than the non-parasitic species. The author wishes, however,
to point out clearly that he is not a medical man, but one who
approaches the study of the parasitic Protozoa solely from the
standpoint of a naturalist who is more concerned, so to speak, with
the interests of the parasite than with those of the host. Conse-
quently, purely medical problems—such as, for example, the
symptoms and treatment of diseases caused by trypanosomes and
other Protozoa—are not dealt with in this book, since the author
deems it no part of his task to attempt to instruct medical men
concerning matters with which they are better acquainted by their
training and experience than himself. The needs of medical men
have, however, been specially kept in view, and the author hopes
that the book will succeed in supplying them with useful informa-
tion, at least from a general zoological or biological standpoint.

In a science, such as protozoology, which is growing actively and
receiving continually new additions, and in which most of the data
are based upon an elaborate and delicate technique, there are
necessarily many controversial matters to be dealt with. In such
cases the points at issue have been reviewed ecritically, and the
author has, wherever possible, attempted to give a lead by indicating
more or less decisively what is, in his opinion, the most probable
solution of the problem under discussion. Such judgments, how-
ever, are not intended to be put forward in a dogmatic or polemical
spirit, since the author recognizes fully that any conclusion now
reached may be upset entirely by fresh evidence to the contrary.

The vast literature of the Protozoa would, if cited in full, easily
fill by itself a volume of the size of the present one. It has been
necessary, therefore, to restrict the limits of the bibliography as
much as possible, both by selecting carefully the memoirs to be
cited and by abbreviating their titles. The works selected for
reference comprise, first, comprehensive treatises which deal with
the subject, or with some part of it in a general way, and in which
full references to older works will be found ; secondly, classical
memoirs on particular subjects, also containing, as a rule, full
bibliographies ; and, thirdly, such memoirs of recent date as have
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been deemed worthy of citation. In the many cases where the
same authors have published several works on a given subject, only
the last of them is cited—for example, the volume of researches
published recently by Mathis and Léger (473) covers the ground of
the earlier memoirs published by these authors, which are therefore
not cited ; similarly, the memoir upon amcecha by Nigler (95)
covers the earlier work of Hartmann and Nigler upon Amaeba
diploidea. Since it was quite impossible to make the bibliography
in any way exhaustive, the aim has been to make it, like the rest
of the book, introductory to the subject. It is hoped that any
reader who, desirous of pursuing further some special subject,
consults the references cited will find in them and in the further
works quoted in them the means of acquiring complete information
with regard to modern knowledge concerning all the points in
gquestion. The following classes of memoirs are not cited, however,
in the bibliography, unless there was some special reason for doing
so : faunistic works, papers describing new species, and writings of
a polemical character.

New memoirs on Protozoa are being published continually, so
rapidly, and in so many different periodicals (some of them wvery
difficult to obtain), that the author fears he may himself have
overlooked many such, especially of those publications which have
appeared very recently, while the book was in course of preparation.
For such omissions, some of which have already come under his
notice, he can but apologize, and at the same time promise that
they shall be rectified in future editions, if the patronage of those
interested in the subject enables further editions of this book to be
published. The present edition does not, however, profess to deal
with works published later than 1911.

In order to further the object of making this book a guide to the
technicalities of the subject, the plan has been adopted of printing
in heavier black type in the index the numbers of those pages on
which the term cited is fully explained, or, in the case of taxonomic
names, is referred to its place in the systematic classification. In
this way the index can be used as a glossary by anyone wishing to
ascertain the significance of a technical term, or, though necessarily
to a more limited extent, the systematic position of a genus, family,
or order of the Protozoa. All that is necessary for this purpose is
to look up the word in the index, and then to turn to the page or
pages indicated by black type.

The author has, in a few cases, modified the technical terminology
in current use, or has made additions to it. The adjective in general
use relating to chromatin is ““ chromatic.” with its various deriva-
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tives (*“ achromatic,” etec.) ; since, however, these adjectives have
a totally different meaning and use in optics, they have been altered
to chromatinic, etc., in so far as they relate to chromatin. New
terms used in this book are chromidiosome (p. 65, footnote), endosome
(p. 73), as an equivalent to the German Binnenkirper, and gregarinula
(p. 169).

In conclusion, it is the author’s pleasant duty to return thanks to
those of his colleagues who have kindly rendered him assistance in
his task. He is especially indebted for much help and many
valuable suggestions and criticisms to Dr. H. M. Woodceck, whose
unrivalled knowledge of recent bibliography has been thrcughout of
the utmost assistance ; and to Dr. J. D. Thomson and Miss Muriel
Robertson for many helpful discussions upon matters of fact or
theory. Dr. A. G. Bagshawe, Professor J. B. Farmer, F.R.S., Mr,
W. F. Lanchester, Dr. C. J. Martin, F.R.S., and Dr. P. Chalmers
Mitehell, F.R.S., have kindly read through some of the chapters, and
have given valuable advice and criticism. In justice to these gentle-
men, however, it should be stated that they arein no way responsible
for any of the theoretical opinions put forward by the author. The
majority of the figures have been specially drawn from the original
sources, or from actual preparations by Mr. R. Brook-Greaves and
Miss Mabel Rhodes, to both of whom the author’s best thanks
are due.

LisTER I¥sSTITUTE OF PREVENTIVE
Meprcive, CHersea, S.W.,
July 1, 1912,
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AN INTRODUCTION TO THE STUDY
OF THE PROTOZOA

CHAPTER I

INTRODUCTORY — THE DISTINCTIVE CHARACTERS OF THE
PROTOZOA AND OF THEIR PRINCIPAL SUBDIVISIONS

THE Protozoa are a very large and important group of organisms,
for the most part of minute size, which exhibit a wide range of
variation in structural and developmental characters, correlated
with the utmost diversity in their modes of life. Nevertheless,
however greatly adaptation to the conditions of life may have
modified their form, structure, or physiological properties, a certain
type of organization is common to all members of the group. The
most salient feature of the Protozoa is their wunicellular nature ;
that is to say, the individual in this subdivision of living beings is
an organism of primitive character, in which the whole body has
the morphological value of a single “ cell,” a mass of protoplasm
containing nuclear substance (chromatin) concentrated into one or
more nuclei, However complex the structure and funections of the
body, the organs that it possesses are parts of a cell (** organelle ™),
and are never made up of distinct cells ; and at least one nucleus
is present, or only temporarily absent, as a constant integral part
of the organism. The unicellular nature of the Protozoa, though a
econstant character, cannot, however, be used by itself to define
the group, since it is also a peculiarity of many other distinet types
of simple living things.

As an assemblage of organisms of primitive nature from which,
in all probability, the ordinary plants and animals have originated
in the remote past by divergent processes of evolution, the Protozoa
have always possessed very great interest from the purely scientific
and philosophical point of view. Of recent years, however, they
have also acquired great practical importance from the relations
that have been discovered to exist between Protozoa of parasitic
habit and many diseases of man and animals. Hence the study of
the Protozoa has received an immense impetus, and has been

1



2 THE PROTOZOA

cultivated zealously even by many who are not professed biologists,
with the result that our knowledge of these organisms has made
very great strides in the last two decades, and is advancing so
rapidly that it becomes increasingly difficult for any single person
to keep pace with the vast amount of new knowledge that is pub-
lished almost daily at the present time.

While the attention that is now focussed upon the Protozoa has
led to a most gratifying increase of scientific and medical knowledge
concerning particular forms, it tends frequently to a certain vague-
ness in the notions held with regard to the nature and extent of
the group as a whole. This is owing largely to the fact that many
are now attracted to the study of the Protozoa whose aims are
purely practical, and who investigate only a limited number of
species in minute detail, without having an adequate foundation
of general knowledge concerning other forms.  Hence it is important
to attempt to frame a general definition of the Protozoa, or at least
to characterize these organisms in such a way as to enable a dis-
tinetion to be drawn between them and other primitive forms of
life. This object may be attained logically in two ways—either by
considering the distinetive characters of the group, or by enu-
merating the types of organisms which constitute it; in more
technical phraseology, by determining either the connotation or the
denotation of the term Protozoa. To attempt this task will be
the object of the present chapter.

The name Protozoa was first used in 1820% as an equivalent
of the German word Urthiere, meaning animals of a primitive or
archaic type. This fitting designation superseded rapidly the older
term Infusoria (Infusionsthierchen), used to denote the swarms
of microscopic organisms which make their appearance in organic
infusions exposed to the air. The word Infusoria is now em-
ploved in a restricted sense, as the name of one of the principal
subdivisions of the Protozoa (pp. 12 and 430).

The first attempt at a scientific definition of the Protozoa was
given by von Siebold, who defined them, from a strictly zoological
standpoint, as unicellular animals, This definition, or a modifica-
tion of it, is still the one given, as a rule, in zoological textbooks ;
and from this time onwards the animal kingdom was subdivided
universally into the Protozoa and the Metazoa. The Protozoa,
as organisms in which the individual is a single cell, are regarded
as those which come first (wpd7os) in the ascending scale of animal
life, or in the course of organic evolution ; the Metazoa, in which
the individual is an organism composed of many cells, come after
(perd) the simpler forms of life in rank and time.

* For the detailed history of the growth of scientific knowledge of the Protozoa,
aee Biitschli (2), pp. i-xviii.
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Siebold’s generalization was a great step in advance, introducing
clear and orderly ideas into the place of the chaotic notions pre-
viously held, and setting definite limits to the group Protozoa by
excluding from it various types of organisms, such as Sponges,
Rotifers, ete., which had hitherto been classed as Protozoa, but
which were now referred definitely to the Metazoa. Nevertheless
Niebold’s definition presents many difficulties, especially when con-
sidered from a wider standpoint than that of the zoologist. This
will be apparent if the two words of the definition given above,
“ unicellular animals,” be considered critically.

1. *° Unicellular.”—Accepting the standpoint of the cell-theory, it
has already been noted that many other organisms besides Protozoa
must be regarded as single cells. Moreover, it is found that many
organisms which must be classed as Protozoa appear constantly in
a multicellular condition ; such are the well-known genus Volvox
and its allies, besides examples of other orders. In all cases of this
kind, however, the constituent cells are morphologically equivalent,
and are to be regarded as complete individuals more or less inde-
pendent, showing as a rule no differentiation, or, if any, only into
reproductive and vegetative individuals; and the multicellular
organism as a whole is to be regarded as a colony of unicellular
individuals primitively similar but secondarily differentiated, it may
be, in relation to special functions. Such multicellular Protozoa
present, in fact, a perfect analogy with the colonial forms seen in
many groups of animals higher in the scale, especially the Ceelentera,
where also the members of a colony, primitively equivalent and
similar amongst themselves, may become differentiated secondarily
for the performance of distinet functions by a process of division
of labour among different individuals. It is not possible to con-
found the multicellular Protozoa with the Metazoa, in which the
organism is not only composed of many cells, but exhibits also
cell-differentiation based on mutual physiological dependence of
the cells on one another, leading to the formation of distinet tissues ;
that is to say, aggregations or combinations of numerous cells, all
specialized for the performance of a particular funetion, such as
contraction, secretion, and so forth.

The essential feature of the Protozoa, as contrasted with the
higher animals or plants, is to be sought in the independence and
physiological completeness of the cell-individual. The Metazoa
are tissue-animals, in which the primitive individuality of the cell
is subordinated to, or has a restraint imposed upon it by, the
corporate individuality of the cell-aggregate. In the Protozoa the
cells are complete individuals, morphologically and physiologically
of equal value. If, however, as few will doubt, the Metazoa have
been evolved from simple unicellular ancestors, similar to the
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Protozoa, then there must have existed an unbroken series of
transitions between these two types of living beings. Hence, as
in all attempts to classify living beings, sharp verbal distinctions
between Protozoa and Metazoa are rendered possible only through
the extinction of intermediate forms, or by ignoring such forms if
known to exist. It is expedient rather to recognize distinet types
of organization characteristic of the Protozoa and the Metazoa
respectively, and to compare and contrast them, than to attempt
to limit these groups by precise definitions,

2. Animals.”—This part of the definition raises more difficulties
than their cellular nature. In the higher forms of life the distine-
tion between animals and plants is an obvious and natural one ; it
is by no means so in the lower organisms. In the ranks of the
simplest living creatures, those of animal nature are not marked
off by any sharply defined structural or other features from those of
vegetable nature, and cannot be separated from them in any scheme
of classification which claims to be founded upon. or to express, the
true natural affinities and relationships of the objects dealt with.
As will be explained more fully in the next and subsequent chapters,
the distinction between animal and vegetable is, at its first appear-
ance, nothing but a difference in the mode in which the organisms
obtain their living. Forms that are obviously closely allied in all
their characters may differ in this respect, and in some cases even
one and the same species may nourish itself at one time as a plant,
at another as an animal, according to circumstances. In short, the
difference between plant and animal is primarily a distinetion based
upon habits and modes of life, and, like all such distinctions, does
not furnish characters that can be utilized for systematic classifica-
tion until the mode of life has continued so long, and the habit has
become so engrained, as to leave an impress upon the entire
structural characteristics of the organism.

The Protozoa cannot therefore be defined strictly and con-
sistently as organisms of animal nature, for, though the vast majority
of them certainly exhibit animal characteristics, it is impossible to
exclude from the group many which live temporarily or permanently
after the manner distinctive of the vegetable kingdom, and which
are plants, to all intents and purposes, leading on in an unbroken
series to the simplest algze.

For this reason it has been proposed to unite all the simplest and
most primitive forms of life in one * kingdom ” under the title
Protista (Protistenreich, Haeckel), irrespective of their habit of life
and metabolism, whether animal or vegetable. The kingdom
Protista is then to be considered as equivalent in systematic value
to the animal and vegetable kingdoms, which in their turn are
restricted in their application to true animals and plants as ordinarily
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understood. The term Protista thus unites under a single
systematic category the vast assemblage of simple and primitive
living beings from which the animal and vegetable kingdoms have
taken origin, and have developed, by a continuous process of
natural evolution, in different directions in adaptation to divergent
modes of life.

The conception of a Protistan kingdom separate from the animal and
vegetable kingdoms is open to the objection that it contains organisms
which are indubitably of animal or vegetable
nature respectively. The relations of the
Protista to other living things may be repre-
sented graphically by the accompanying dia-
eram (Fig. 1), where the circle represents the
Protista, the two triangles the animal and
vegetable kingdoms respectively. It is seen
that the separation of the Protista as a
systematic unity cuts across the ascending
series of evolution ; to express it figuratively, \
it is a transverse cleavage of the phylogenetic
“tree.” A truly natural classification of living
things, however, is one which expresses their
genetic affinities and follows their pedigrees
and lines of descent; it should represent a
vertical cleavage of the ancestral tree. Judged
by this standard, the kingdom of the Protista
can only be regarded as a convenient makeshift
or compromise, rather than as a solution of a

PROTISTA

Fia. 1.—Graphic representa-

difficult problem—that, namely, of giving a
natural classification of the most primitive
forms of life.

Whether the kingdom Protista be
accepted or not as a natural and wvalid
division of living beings, it is imperative
to subdivide it further, not only on

tion of the relation of the
animal and vegetable king-
doms to the kingdom of the
Protista (Prolistenreich).
The Protozoa are represented
by the portion of the triangle
representing  the animal
kingdom which lies within
the ecirele representing the
Protista.

account of its vast extent and unwieldy

size, but also because it comprises organisms very diverse in nature,
requiring for their study the application of methods of technique
and investigation often entirely different in kind. Hence in actual
practice the Protista are partitioned among at least three different
classes of scientific workers—zoologists, botanists, and bacteri-
ologists—each studying them by special methods and to some extent
from different points of view,

It is necessary, therefore, to consider from a general standpoint
the principal types of organization comprised in the kingdom
Protista, and we can recognize at the outset two chief grades of
structure, bearing in mind always that transitional forms between
them must exist, or at least must have existed.

In the first grade, which is represented by the Bacteria and allied
groups of organisms, a type of organization is found which is
probably the more primitive, though by many regarded as the
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result of degeneration and specialization. These organisms do not
conform to the type of structure of the eell, as this word is usually
understood, sinee they do not exhibit, speaking generally, a division
of the living body substance into a nucleus distinet from the
cytoplasm ;* but the chromatin is distributed through the proto-
plasmic body in the condition of scattered lumps or granules
(" chromidia ), and in many cases it constitutes, apparently, the
whole or a very large proportion of the substance of the body.

Fra. 2.—Ameba protens. A, An individual in active movement ; the arrows
indicate the direction of the currents in the protoplasm ; at r is seen a pseudo-
podium which is nearly completely retracted and has assumed a mulberry-
like appearance ; c.v., contractile vacuole ; f., fecal matter extruded at the
end of the body posterior in movement ; the nucleus is obscured by the
opacity of the protoplasm. B, An individual in the act of capturing its prey
(1), an Infusorian (Urocentrum) ; two pseudopodia have flowed round it,
as shown by the arrows, and met at the point ¢, enclosing the prey ; another
Infusorian (P2) is seen in a food vacuole in the body ; N., Iluﬂlt,.us ; other
letters as in .4 After Leidy (226), magnified 200 diameters.

Further, the body in organisms of the bacterial type is of definite
form, limited in many cases by a rigid envelope or cuticle, and
special organs of locomotion are either absent or present in the
form of so-called ** flagella,” structures perhaps different in nature
from the flagella of truly cellular organisms.  But the most remark-
able and significant feature of organisms of the bacterial type is
seen in the many different modes of metabolism and assimilation

[ L]

* The significance of the terms * nucleus,” * eytoplasm,” ** chromidia,” ete.,

will be explained more fully in subsequent chapters.
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seen to occur amongst them. Although their metabolism is in
general distinetly of a vegetative or saprophytic type, it often
exhibits peculiarities not found in any true plant.*®

In the second grade of the Protista, the organism possesses the
characteristics of a true cell, in that the body shows a differentia-
tion of the living substance into two quite distinet parts—the
cytoplasm, or general body-protoplasm, in which is lodged at least
one nuclews, a body representing a concentration and organiza-
tion of the chromatin-substance. In some cases the nuclear sub-
stance or chromatin may be in the scattered, chromidial condition

Fro. 3.—dctinospherium cichhornii. ect., Ectoplasm; end., endoplasm ; c.v.l, a
contractile vacuole at its full size ; c.v.2, a contractile vacuole which has just
burst ; f.v., f.v., food vacuoles ; D)., a large diatom engulfed in the protoplasm ;
ps., pseupopodia ; N, one of the numerous nuelei. After Leidy (226), magni-
fied 250 diameters.

during certain phases of the life-history, but such a condition is
comparatively rare and probably always temporary. The body-
protoplasm may be limited by a firm envelope, or may, on the other
hand, be naked, in which case the body-form may be quite in-
definite.  Organs of locomotion, when present, are of various kinds ;
and these organs may serve also for the capture and ingestion of
food. And, finally, the metabolism is always one of the four type:

* For a summary and review of different modes of metabalism among bacterial

organisms, see article * Fermentation™ in Thorpe’s * Dictionary of Applied
Chemistry ” (Longmans).
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described in more detail in the next chapter—namely, animal-like
(holozoic), plant-like (holophytic), fungus-like (saprophytic), or at
the expense of some other living organism (parasitic).

Fro. 4.—Fuglena spi-
rogyra. @s., (Bsopha-
gus; sh., stigma; c.r.,
reservoir of the con-
tractile vacuole; P, P,
aramylum - bodies ;
}1-'., nuclens, After
Stein.

The cellular organisms that constitute the
second or higher grade of the Protista are
commonly partitioned between botanists and
zoologists as Protophyta (unicellular alg:e and
fungi) and Protozoa respectively. It has been
pointed out already, however, that this

Fia. 6. —T'richomonas eberihi, from the intestine of the
common fowl. fI., Anterior flagella, three in number;
pjl., posterior flagellum, forming the edge of the
undulating membrane ; chr.d., * chromatinic line,”
forming the base of the undulating membrane ; chr.b.,
* chromatinic blocks *; b, blepharoplast from which
all four flagella arise ; m., mouth-opening ; N., nucleus
azx., axostyle. After Martin and }]{Dbcrtsun.
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method of subdividing them is purely arbitrary and artificial ; it
leads to the result that many forms are claimed by both sides, and
are always to be found described in both botanical and zoological

treatises. It is nevertheless convenient for
many reagons to retain the group Protozoa, even
though we are obliged to include in it some
forms which are plants in every sense of the
word. The systematist who desires to give a
rigidly logical definition of the Protozoa is,
then, confronted with a dilemma : either to
exclude from it forms with plant-like metab-
olism which naturally belong to it, or, by
admitting such forms, to impair the universal
applicability of the definition given. Such
difficulties arise in every attempt to apply
rigid verbal definitions to natural groups of
living things ; they are the direct outcome of
the fact that all organisms have undergone and
are undergoing a process of evolution, whereby
they adapt themselves to new conditions of
life and acquire new characters, as a result of
which any two forms now distinet are or
have been, connected by intermediate forms.

Fia. 6.—T'rypanosoma remaki of the pike. A4, Slender
form (* var. parva’). B, Stout form (** var
magna ). After Minchin, x 2,000,

Fia. 7. — Gregaring

polymorpha, parasite
of the digestive tract
of the mealworm ;
“ayzyegy 7 of two
individuals attached
to one another. In
cach individual, N.,
nucleus; pr., proto-
merite, or anterior
segment of the body;
d., deuntomerite, or
wsterior  segment.
After Schneider.
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The attempt, therefore, made in the following paragraph to give
a diagnosis of the Protozoa must not be regarded as a definition
of the group in the rigidly logical sense, but merely as the construe-
tion of a general type. the characters of which are liable to a
certain amount of variation in special cases—a co mpromise between
the claims of logic and the versatility of Nature.

The Protozoa, then, are Protista
in which the organization is of the
cellular type, with nucleus distinet
from the cytoplasm. They are uni-
cellular, in the sense that the cell
constitutes an entire individual,
which may exist singly and in-
dependently or in the form of cell-
colonies ; but in the latter case the
cells are not subordinated to the
individuality of the entire cell-
aggregate by the formation of

Fia. 8. —8tentor roeselii, fully expanded.
s, (Esophagus ; N, band-like macro- ] : :
nucleus ; c.v., contractile vacuole, con- Fic. 9 — Nyclotherus cordiformis,

nected with a long feeding-canal (f.c.)
stretching down the body ; H, gelat-
inous house into which the animal

parasite of the rectum of the frog.
N, Macronuclens ; 2, micronuclens ;
gr., mass of granules in front of the

maecronucleus ; es., wsophagus; c.v.,
contractile vacuole; an.,, anus
(eytopyge). After Stein.

can retract itself completely ; f., fibres

attaching the extremity to the stalk

to the house. After Stein.
tissues. The body protoplasm is naked or clothed with a firm
envelope, which is usually not of the nature of cellulose. Proto-
plasmic organs are usually present for purposes of locomotion and
for the capture and ingestion of food. Chlorophyll is usually
absent as a cell-constituent, and the metabolism is usually of the
animal type. To these characters it may be added, though not
as special peculiarities of Protozoa, that reproduction takes place
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always by some form of fission—that is to say, division of the body
into smaller parts ; that the phenomena known as * syngamy ” and
“sex " occur, perhaps universally, throughout the group ; and that
it is wvery characteristic of
Protozoa, as compared with -
other Protista, to exhibit in e
their life-history a develop- il
meuta.l c;,‘clc,. more or less =
complicated, in the course of ~= \
which the organism may appear = —F 7E R sl
under very different forms at =~ 7 *Igf@%h
different stages in its develop- Yo 4
ment. 3
The Protozoa, as thus under- E% T
stood, are commonly divided - e
into four main subdivisions,
termed “classes.” Other
methods of classifying the
Protozoa have been suggested,
which will be considered later ;
for the present the old-
established  subdivisions are s
sufficient for our purpose.
Crass 1., Sarcopiva.*—
Protozoa in which the proto-
plasmic body is naked or non-
corticate — that is to say,
without a limiting envelope
in the form of a cuticle,
membrane, or stiff cortical
layer ; consequently the body
tends to be either more or less
spherical in floating forms, or
to have an irregular, con-
tinually changing shape in
creeping forms. Organs serving
for locomotion and capture of
food are furnished by tem-
porary extensions of the living
_[:ll‘ui:Up lasm,  termed  pseudo- gy 9. ~Acineta grandis. si., Stalk ; th.,
ﬂ)ﬂfﬁia‘ A skeleton or shell theea ; s, suctorial tentacles.  After
may he present. ].‘:Jitl.-lll[:lleﬁ Saville Kent.

* y S P " S
The name is derived from sareode, the term coined by Dujardin to denote

the living substance, subsequently named by von Mohl protoplasm, the term now
umversally employed.
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are  Amaba (Fig. 2). Difflugia (Fig. 16), Actinospherium
(Fig. 3), ete.

Crass 11, MasticorHorA.*—Protozoa in which the organs of
locomotion and food-capture in the adult are flagella, slender fila-
ments which are capable of performing active whip-like, lashing
movements. The body-protoplasm may be naked or corticate.
Examples are Fuglena (Fig. 4), Trichomonas (Fig. 5), Trypanosoma
(Fig. 6), cte.

Crass I1L., SrorozoAa.—Protozoa occurring always as parasites
of other organisms, and without definite organs for locomotion or
ingestion of food in the adult condition. The reproduction takes
place, typically, by formation of resistant seed-like bodies, termed
spores, containing one or more minute germs, termed sporozoites.
Examples are Gregarina (Fig. T), Coccidium (Fig. 152), the malarial
parasites (Fig. 156), ete.

Crass 1V., INrFusoria.—Protozoa in which the organs of loco-
motion and food-capture are cilie, small vibratile filaments dis-
tinguished from flagella by their smaller size, by differences in
their mode of movement, and by being present usually, in primitive
forms at least, in great numbers like a fine fur over the whole or
a part of the surface of the body. The cilia may be present through-
out life (subclass Ciliata), or only in the carly stages of the life-
history (subclass Acinetaria). The body-protoplasm is always cor-
ticate. IKxamples are Stentor (Fig. 8), Nyctotherus (Fig. 9), Acinela
(Fig. 10), ete.

Bibliography.—For a list of general works on Protozoa, see p. 476.

* Derived from the Greek pdorid, a whip, equivalent to the Latin flagelluwm.



CHAPTER II
THE MODES OF LIFE OF THE PROTOZOA

Prorozoa, as simple protoplasmic organisms, can only exist in an
active state in a fluid medium. Hence the free-living, non-parasitic
forms are aquatic, either marine or fresh-water in habitat. A
certain number of species, however, are semi-terrestrial in their mode
of life, creeping on damp surfaces or living in a minimum of
moisture. Examples of such forms are the Amawhe, ete., found in
the soil, or Mycetozoa, which in the plasmodial phase (p. 239) creep
on tree-trunks, logs, and so forth. None of these forms, however,
can remain active in perfectly dry surroundings, but pass into a
resting state when desiccated.

It has been stated already that the methods by which Protozoa
gain their livelihood vary greatly in different cases. Considered
generally, these methods may be classified under four types :

I. The majority of Protozoa nourish themselves after the manner
of animals—that is to say, they are entirely dependent for food and
sustenance on other organisms which they capture, devour, and
digest. Such forms are said technically to be holozoie, a word sig-
nifying ** completely animal-like ”’; they are unable to utilize simpler
chemical substances in order to build up the protein constituents
of the living body, but require proteins ready-made for their
sustenance.

II. A certain number of Protozoa—all, with rare exceptions,
belonging to the class Mastigophora—possess in their body-sub-
stance peculiar colour-bearing corpuscles, so-called chromatophores or
chromoplasts, containing chlorophyll or a pigment of allied nature,
by means of which they are able to decompose carbon dioxide in
the sunlight, liberating the oxygen and making use of the carbon
in order to build up the protein and other constituents of the living
body. Such organisms are entirely similar in their metabolism
to the ordinary green plants. and are hence termed holophylic. or
“ completely plant-like.”

The holophytic condition, in which the chlorophyll-bodies form an integral
part of the structure of the body, and are to be regarded simply as proto-
plasmie organs, must be distinguished carefully from a state of things often

13
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found in holozoic Protozoa of all classes—namely, the presence in the body
substance of symbiotic independent organisms of vegetable nature, as described
below.

IIT. A certain number of Protozoa that have no ehlorophyll or
similar pigment in their bodies are, nevertheless, free from the
necessity of preying upon other organisms in order to obtain their
sustenance, since they are able to live upon organic substances in
solution, the products of the metabolism or decay of other living
organisms. Such forms are termed saprophytic (or saprozoic). since
their mode of life is similar to that of a saprophyte, such as a fungus.
It is not necessary that they should be supplied with ready-made
proteins in their food, since they are able to build up their protein
constituents from substances of simpler chemical nature. Many
examples of saprophytic forms are found amongst the free-living
Flagellata.

Lauterborn (17) has coined the useful term sapropelic (from the Greek
myAds, mud) to denote a mode of life which must be regarded as a special
type of the saprophytic method, partly also of the holozoic—namely, the
maode of life of those fresh-water organisms that live in a mud or ooze composed
almost entirely of the decaying remains of dead plants and other débris of
a similar nature. A very characteristic fauna occurs under these conditions.

IV. Finally, many Protozoa of all classes live as parasites—that
is to say, at the expense of some other living being, which is termed
the host.

These four modes of life can be used only to a very limited extent
for classificatory purposes ; it is only possible to do so in those
cases where a particular habit of life, long continued, has resulted
in definite structural characteristics, and more especially in the
loss of organs requisite for other modes of life—as, for example, in
the case of the subdivision Phytoflagellata, of the order Flagellata,
where the holophytic habit has become so ingrained that only
structural features proper to vegetable life are retained.

In other cases it is clear that a given habit of life in different
organisms does not necessarily indicate close affinity between them.
In the first place, we find closely allied forms living in different
ways. Examples of all the four methods of metabolism described
above are to be found in the single order Flagellata, and through-
out the Protozoa there are commonly to be found parasitic forms
closely allied to free-living forms. In the second place, different
types of metabolism may be found as transitory phases in the life
of one and the same individual or species. Thus the common
Euglena (Fig. 4), a flagellate possessing chromatophores and living
normally in a holophytic manner, is able to maintain itself as a
saprophyte if deprived of the sunlight necessary for a holophytic
mode of life (p. 188)  Striking examples of variability in the
maode of nutrition are seen also in the section Chrysomonadina of
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the Flagellata, where a given species may be either holozoie or
holophytic,* according to circumstances.

The bionomics of Protozoa—that is to say, their relations to their
environment and to other organisms—constitute a very important
branch of knowledge, both practical and theoretical, especially in
the case of parasitic forms. Considering the subject from the point
of view of the four modes of life already described, it is clear, in
the first place, that the holophytic forms are entirely independent
of all other living organisms, and require for their continued
existence only sunlight and a suitable environment, containing the
necessary inorganic substances, at a temperature which permits
the continuance of vital processes and activities.

Saprophytiec organisms, however, in so far as they require for
their sustenance materials produced by living bodies, are dependent
directly or indirectly upon other organisms for their existence.
Purely holozoic forms, also, eannot exist without other forms of
life upon which, or upon the produects of which, they can feed.
But neither holozoic nor saprophytic organisms are dependent,
as a rule, upon any other particular form of life, but only upon living
things generally ; though in some cases such forms may be specialized
in their nutrition to such an extent as to be unable to exist without
some particular food.

A parasitic form, on the other hand, is entirely dependent, as a
rule, for its existence on some particular organism or limited group
of organisms which eonstitute its host or hosts. It must, however,
be understood clearly that an organism living in or upon the body
of another organism is not necessarily a parasite by any means,
In the first place, a distinetion must be drawn between parasitism
and symbiosis, by which is meant an association of two organisms
for mutual benefit.f Good examples of symbiosis are seen in
some of the Sarcodina, Radiolaria, and Foraminifera, the proto-
plasm of which contains constantly intrusive organisms, known as
zoochlorellee or zooxanthelle, according as they contain a green or a
vellow pigment. Zoochlorelle are green alga of the order Proto-
coccacee ; zooxanthellee are holophytic flagellates of the suborder
Cryptomonadina—e.g., Cryptomonas schaudinni, symbiotic in the
foraminifer Peneroplis (Winter, 28). These organisms penetrate

* For example, the species Chromulina flavicans. Sece Biitschli (2), vol. ii., p. 865.

Tt The term *° symbiosis * is often much misused, especially by medical writers,
by whom it is commonly applied to any association of two distinet organisms ;
for instance, * pure mixed cultures ” of ammba with some species of bacillus,
where the ammbae are simply feeding on the bacteria, are often spoken of as
** symbiosis,” although the advantage is clearly only on one side in such an asso-
ciation. It should be understood that the term ** symbiosis ' is a technical term
of long standing in biology, and is used not merely n its strict etymological sig-
nificance of ** living together,” but in the special and restricted sense of ** living
together for the mutual benefit of the two organisms concerned.” '
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into the body of their host, lose their flagella, and nourish them-
selves by means of their pigment, which has the nature and proper-
ties of plant-chlorophyll ; that is to say, it decomposes carbon dioxide
in the sunlight and liberates oxygen. The carbon dioxide is
obtained from the respiratory processes of the host, which in its
turn utilizes the oxygen produced by the symbionts (p. 197), and
thus each organism supplies the needs of the other. When the
host enters upon its reproductive processes and breaks up into a
vast number of swarm-spores, the symbionts develop flagella and
swim off, doubtless to seek for lodging elsewhere.

It is a matter of convenience to distinguish as epizoie those
organisms which live upon, or are attached to, and as enfozoic
those which live within, the body or substance of the particular
form of life with which they are associated. KEpizoic forms may
be entirely harmless to the ereature upon which they occur ; they
may simply utilize its body as a coign of vantage where they readily
obtain their food, which may consist in some cases of nutritious
substances dropped or rejected by the animal that carries them ;
or they may obtain the benefits of shelter or transport, especially
when the epizoic form in question is itself of sedentary habit.
Every naturalist is acquainted with the sea-anemones that live
habitually upon hermit-crabs, probably to the advantage of both
animals—at all events, to the detriment of neither. There are
many similar cases among Protozoa. The appendages of Crustacea,
especially of the Cladocera and Copepoda, are often thickly beset
with sessile Vorticellids and Acinetaria, which obtain a convenient
lodging, but provide their own board. Other forms occur similarly
on the stems of hydroids, as, for example, Acinela papillifera on
Cordylophora lacustris. Amaoebae are found creeping on the exterior
of Caleareous Sponges, nourishing themselves on diatoms and other
organisms. Similar instances could be multiplied indefinitely.

On the other hand, epizoic forms may be dangerous parasites,
nourishing themselves at the expense of the animal they infest,
and sometimes inflicting much damage upon it. It can be easily
understood that an epizoic form which at first lived harmlessly upon
some animal, drawing its supplies of food from the surrounding
medium, might acquire the habit ultimately of obtaining its nourish-
ment from the living substratum upon which it has planted itself,
Examples of epizoic parasites are the flagellate Costia necatriz
(p. 272) and the ciliate Tehthyophthirius multifiliis (p. 450), both of
which are epizoic parasites of fishes, attaching themselves to the
skin and destroying the epidermis ; as a result, the way is left open
for fungi and bacteria to penetrate the skin, and so produce ulcera-
tion and suppuration, which may be fatal.

All certain instances of Protozoa acting as external parasites are
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found amongst aquatic animals, and it can be readily understood
that a delicate protoplasmic organism could only pass from one
host to another in a fluid medium, or by the help of special mechan-
isms adapted to aerial transport or transmission by contact. It
should be mentioned, however, that some human contagious skin-
diseases are suspected to be due to the agency of parasites of the
nature of Protozoa.*

Like the epizoic forms, there are many entozoic Protozoa which
inhabit the bodies, and especially the intestines, of other animals,
but which are in no way to be regarded as parasites ; they feed
merely on various substances to be found there, such as waste
particles of food, excreted or faecal matter, or on other organisms,
such as bacteria, yeasts, and the like—in short, on substances which
from the point of view of the host are superfluous, or even harmful.
Many examples of such organisms could be cited ; a good one is the
common Chlamydophrys stercorea, found in the faeces and digestive
tract of man and many animals. The common intestinal flagellates
belonging to the genus Trichomonas (Fig. 5) and other genera are,
similarly, not to be regarded as true parasites in any sense of the
word. The common Lophomonas blattarum (Fig. 45) from the
intestine of the cockroach feeds chiefly upon bacteria and yeasts.
Many of these intestinal Protozoa are perhaps useful, rather than
harmful, to their hosts.

On the other hand, the vast majority of organisms, Protozoa or
otherwise, that live in the interior of other living creatures are there
for no good or useful purpose ; their habitat is alone sufficient to
render them suspect. Two modes of parasitism may be distin-
guished from a general point of view. On the one hand, the para
site may merely intercept the food of the host and rob it of its
sustenance. On the other hand, the parasite may nourish itself
upon the living substance or vital fluids of its host.

Organisms which rob the host of its food may do so in one of two
ways. They may appropriate the raw food-material, which they
then ingest and devour after the strictly holozoic method of feeding ;
examples of this mode of life are possibly to be found in the extensive
infusorian fauna to be found in the stomachs of ruminants. Or
they may absorb the fluid produets of the digestion of the host by
diffusion through the surface of the body of the parasite ; examples
of this mode of parasitism are to be seen, probably, in the case of
the Gregarines so common in the guts of insects. Parasites of the

* For example, the so-called Coccidioides immitis, a name given to bodies found
in certain South American skin diseases ; see Blanchard (633), p. 168, Molluscum
contagiosum has also been attributed to parasites veferred by some to the Protozoa.
In both these instances, however, the exact nature of the parasitic bodies is far
from clear; the parasite of molluscum contagiosum should probably be referred
to the Chlamydozoa (p. 470).

7
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type that may be denoted as food-robbers are in general very
harmless to their hosts.

Those parasites, however, that nourish themselves on the sub-
stance of the host may produce the most dangerous effects on its
health and well-being.  As in the case of the food-robbers, parasites
of this kind may absorb their food in one of two ways. They may
devour solid portions of the host’s body in a holozoie manner ; an
example of this is seen in Entameba histolytica (Fig. 90), the parasite
of amwebic dysentery, which devours portions of the host’s tissue,
such as epithelial cells, or blood-corpuscles. But more usually the
parasites absorb their nourishment in a fluid form through the
surface of their body, doubtless by the help of enzymes secreted by
them. Henece it is typical of true parasites to have lost all trace
of special organs for the capture, ingestion, or digestion, of solid
food.

Just as in the epizoic mode of life a harmless or even beneficial
commensalism may degenerate by insensible gradations into
dangerous parasitism, so the same is true of the entozoic habit.
An organism which begins by being a scavenger readily becomes a
food-robber. Lophomonas, for instance, may be seen to contain
starch-grains and other substances which probably belong to the
food of its host. A further but easy gradation leads to the entozoic
organism devouring portions of its host. A good example of this is
seen in two of the entozoic amwbe of the human intestine : the
common Enfamaeba coli (FFig. 89) appears to be chiefly a scavenger,
harmless to its host, and not deserving the reproach of parasitism ;
on the other hand, E. histolytica is a dangerous parasite. So also
an entozoic organism, which begins by merely absorbing the pro-
ducts of digestion, may end by absorbing the substance of its host.
It is highly probable that in many entozoic organisms the mode of
feeding may vary according to circumstances, and that an organism
which may be a harmless commensal under some conditions may
become a more or less dangerous parasite under others,

The entozoic Protozoa which are truly parasitic may inhabit a
variety of situations in the bodies of their hosts. In some cases the
host is another species of Protozoon, into the body of which the
intruder penetrates, living cither in the cytoplasm or the nucleus.
Ameba are very subject to the attacks of intranuclear parasites,
and the young stages of many Acinetans are parasitic upon other
Infusoria. When the host is one of the Metazoa, the invading
organism may be in like manner intracellular or intranuclear in
habitat ; or it may penetrate into the tissues, living amongst and
between the constituent cells ; or it may inhabit, finally, one of the
internal cavities of the body, such as the digestive tract, general
body-cavity, spaces containing blood or lymph, cavities of the renal
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or urinary organs, ete., either living free in the cavity it inhabits, or
attached to the lining epithelinm.

As diverse as the modes of parasitism among Protozoa are the
effects they produce on their hosts. Some parasites produce no
perceptible disturbance in the well-being of their host ; even when
they destroy cells and portions of tissues, the damage may be slight,
and is quickly made good without appreciable permanent injury
being done. From this condition of more or less perfect harmless-
ness there is a continuous gradation in the ascending capacity for
harmfulness, culminating in species which bring about the death of
their hosts with greater or less rapidity. Hence parasitic Protozoa
are commonly distinguished as pathogenic or non-pathogenic ; but
since there is no precise limit to the degree of sickness or indis-
position which justifies the application of the term ** pathogenie,”
it is perhaps more convenient to distinguish them as lethal or non-
lethal. It is not possible, however, to lay down hard-and-fast
distinctions in these matters, since a parasite which is not lethal
under some circumstances may become so under others ; for instance,
an animal living a free and natural life may be quite well able to
1esist the attacks of parasites to which it succumbs in captivity.
Moreover, it must be borne in mind that such terms as * lethal ” or
** pathogenic ” can only be applied to a parasite in its relation to a
particular host, since, as will be shown below, a parasite which is
harmful to one host may be harmless to another,

1t is far from clear in what way the pathogenic effects of parasitic
Protozoa are produced. If the action and reaction of host and
parasite were relations dependent simply on the number or relative
total bulk of parasites present in a given host, the problems of
parasitism would be comparatively simple ; but in many cases this
is obviously very far from being the case. The effect produced by
a given species of parasite upon a given species of host is a specific
reaction, which differs markedly when one of the two dramatis
personee is changed. It is not uncommon to find insects with their
digestive tract or body-cavity crammed with parasitic Gregarines
of relatively large size, but apparently none the worse for it. On
the other hand, large mammals may succumb to the effects of
minute parasites in relatively scanty numbers—in the sense, that
is, that the aggregate bulk of the parasites may be infinitesimal
compared to the bulk of the host. A better comparison is furnished
by considering closely-allied species of parasites and hosts respec-
tively. A rat may have its blood swarming with Trypanosoma
lewist, without apparently being any the worse for it.  On the other
hand, in a man dying of sleeping sickness, caused by 7. gambicnse,
or in a ruminant dying of nagana (tsetse-fly disease), caused by
T'. brucii, the trypanosomes may be so scanty as to be exceedingly
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difficult to detect.® These facts suggest strongly that the parasites
produce specific toxins ; but the ** sarcocystine ”’ produced by para-
sites of the genus Sarcocystis (Sarcosporidia)f is almost the only case
up to the present, in which a toxin has been isolated from a Pro-
tozoan parasite. Laveran and Pettit (19), however, claim te have
obtained * trypanotoxins 7 from trypanosomes,

Considering the facts of parasitism generally, as a problem of
natural history, two guiding principles must be borne in mind
clearly : the first is that any organism, parasitic or otherwise, tends
to be adapted in the best possible manner to the circumstances of
its natural environment ; the second is that, so long as a parasite is
entirely dependent on its host for its existence, it is to its utmost
disadvantage to bring about the death of its host. When, therefore,
a given parasite is constantly lethal to a particular host or hosts,
one of two explanations must be sought for : either the case is one
of a disharmony—that is to say, of imperfectly-adjusted relations
between the host and parasite ; or the parasite must obtain from
the death of the host advantages in the matter of the continuance
of the species sufficient to compensate for the temporary loss
through destruction of individuals.

The conditions to which a parasite requires to be adapted are
different in many ways from those that influence the life of a free-
living organism. When once a parasite has obtained a footing in
its proper host, the problem of food-supply is solved for it, since
it finds itself lodged in the midst of abundant nutriment so long as
its host lives. On the other hand, if the species is to be main-
tained, it is essential that the parasite should be able to infect new
hosts, a difficult undertaking, and one in which the chances are
all against the parasite in most cases. To insure dissemination of
the species a large number of offspring must be produced, and
special mechanisms and adaptations may be necessary to insure
their reaching their destination. Hence, the more parasites become
specialized and adapted to their peculiar mode of life, the more the
organs and functions of nutrition tend to become simplified, and
the greater the tendency to elaboration and extreme fertility of the
reproductive function.

Considered generally, a parasitic Protozoon reproduces itself
within a given host with one of two results : in the first place, with
that of overrunning the host and establishing itself there ; in the
second place, with that of producing forms destined to infeet new
hosts. Forms produced in the first manner may be termed the
“ multiplicative phases ™ ; their function is to produce a stock of
the parasite. IFrom the stock are given off what may be termed

* Compare Laveran and Mesnil (391), pp. 146-1540.
t Laveran and Mesnil (18) ; Teichmann (25) ; Teichmann and Braun (26).
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the * propagative phases,” which as a rule do not multiply further
in the host in which they are produced, but await their chance of
being transferred to a new host ; and if such a chanee be not given
to them, they die off and are replaced by fresh propagative forms
from the stock (see further below, Chapter 1X., p. 166).

So long as the nutritive or multiplicative funetion is the most
important one in the life of a parasite, and until it has matured its
propagative phases, the death of the host is the greatest disaster
that can befall it. The ideal host, from the point of view of a para-
site, is one that is * tolerant 7’ to it—that is to say, one that can
support the presence of the parasite and keep it supplied with the
nutriment it requires, without suffering in health or vigour to any
marked extent. When once, however, the parasite has made the
necessary provision for propagating the species, the life or death
of the host may become a matter of indifference to the parasite,
or may even in some cases be necessary for the dissemination of the
offspring. This will be apparent from a consideration of the methods
by which parasitic Protozoa infect new hosts.

The passage of a parasite from one host to another includes two
manceuvres @ the passing out from the first host, and the passing
into the second. Primitively it may be supposed that this migra-
tion was effected simply by the unaided efforts of the parasite itself—
that is to say, that the active motile parasite would force its way
out of one host, move freely in the surrounding medium, and sooner
or later attack and penetrate a fresh host. This primitive method
of transference doubtless occurs in many cases, especially amongst
epizoic forms (e.g., [ehthyophthirius, p. 450). In the case of entozoic
parasites its occurrence is less common, but it is found in a certain
number of cases. The young stages of many Acinetaria, parasitic
in Ciliata, probably seek out their hosts and penetrate into them ;
after a period of juvenile parasitism they leave the host’s body and
become free-living, non-parasitic organisms. Active migration of
this kind, however, is very rare amongst entozoic parasites. In the
first place, the conditions of life within a living body, in the midst of
organic fluids, are so different from those in the open water, whether
salt or fresh, that it is hardly to be expected that a delicate unicellular
organism adapted to the one mode of life could stand the sudden
change to the other. In the second place, it is clear that active
migration of parasitic Protozoa could only be effected when the host
is an aquatic animal, and not when it leads a terrestrial life. The
only instances of active migration known with certainty to oceur
in the case of Protozoa parasitic on terrestrial animals are those
in which the parasite can penetrate a mucous membrane, and is
thus able to pass from one host to another when two such surfaces
are in contact. In this way the trypanosome of dourine in horses
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(1. equiperdum) passes from one host to another during coitus, and
the transmission of the parasite of syphilis is another instance.

Speaking generally, and excluding for the moment those cases
in which the transmission is brought about by means of an inter-
mediary host, the propagative phases of the parasitic Protozoa
take the form of inactive, resting stages in which the body of the
parasite iz protected against adverse external conditions by tough
protective membranes. In the form of resistant cysts or spores,
the parasites in a dormant state offer a passive and inert resistance
to the elements ; they are disseminated like seeds, and they ger-
minate when they reach a suitable environment, but not till then,

Many, perhaps the majority of parasitic Protozoa, occupy posi-
tions in the body of the host whence the propagative phases can pass
without difficulty to the exterior. This is the case when the para-
site is lodged in organs which have ducts or passages leading directly
or indirectly to the exterior—such as, for instance, the digestive
tract and its dependencies, or the urinary organs and duects. In all
such cases the propagative stages of the parasite pass harmlessly
to the exterior. The host may in this manner get rid entirely of its
parasites, without, however, necessarily acquiring immunity to
fresh infections ; or, on the other hand, the parasite may keep up its
numbers in the hmt. by continual multiplication to produce a stock
from which are sent forth incessant relays of the propagative phases
destined to infect new hosts. In the majority of parasitic Pro-
tozoa the relations to the host are of this type, and the parasites are
neither lethal nor pathogenic tc any great extent.

On the other hand, there are many instances in which parasitic
Protozoa occupy a position in the body of the host whence escape
by anatomical channels is not possible. This is the case when the
parasite inhabits some closed space in the body, such as the ceelome
or general body-cavity, or the blood-system ; or when it attacks
deeply-situated cells or tissues of the body. In some cases where
natural means of exit from the body oceur, they may be unsuitable
for the dissemination of the parasite, as in the case of those forms
parasitic in the genital organs of one sex of the host. In cases of
this kind there are at least six known methods whereby parasitic
Protozoa are disseminated and transferred to fresh hosts.

1. The resistant stages of the parasite may be set free by the
death and decay of its host. This appears to be the manner in
which some of the tissue-infecting parasites of the order Myxo-
sporidia, especially the family Mywobolide, are disseminated ; they
are for the most part parasites of fishes, and are often very deadly
in their effects.

2. The parasite may cause tumours and uleers, which suppurate,
and so set free the eysts or spores of the parasite. This, again, is
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an effect often produced by tissue-parasites, such as the Myavobolide,
or by species of Microsporidia. In such cases also the parasite is
pathogenic to its host, and frequently lethal,

3. The parasite remains in the host until the latter is eaten by
some animal which preys upon it. The propagative phases of tho
parasite are able, however, to resist digestion by the animal that
has devoured their former host, and pass unaltered through its
intestine, to be finally cast out with the dejecta. This is almost
certainly the method by which the common Monocystis of the earth-
worm infects its host. The parasite produces resistant spores in
the worm ; the worm is eaten by a bird, mole, frog, or some othor
animal, through the digestive tract of which the spores pass un-
altered ; they are scattered abroad with the faces, and may then
be swallowed by another earthworm, in which they germinate and
produce an infection.

4. As in the last case, the host, together with its parasites, is
devoured by some animal, in which, however, the parasite is not
merely carried passively, but again becomes actively parasitic.
Hence in this case there is an alternation of hosts, one of the two
hosts becoming infected by devouring the other. This mode of
infection, which is well known to occur commonly among parasitic
worms, such as Cestodes, is probably also frequent among Pro-
tozoa ; but at present only two cases of it are known with certainty.
One is that of the species of the genus Aggregata (vide infra, p. 353),
parasites of crabs and cephalopods, such as the cuttle-fish and the
octopus. In the cephalopod the parasite forms resistant spores
which pass out with the faces, and may then be devoured by crabs,
In the erab the spores germinate and give rise to a second form of
the parasite, which lives and multiplies in its new host. Tf, as fre-
quently happens, the crab is eaten by a eephalopod, the parasite
completes its life-cycle by becoming once more a parasite of the
cephalopod. Another case is that of Hemogregarina muris in the
rat-mite (p. 376, infra).

5. The Protozoa parasitic in the blood of vertebrates are dis-
seminated by blood-sucking invertebrates, such as leeches, ticks,
or insects, which take up the parasites by sucking the blood of an
infected animal. Later on the parasite may be inoculated into a
second vertebrate host by the invertebrate when it sucks blood at
a later feed. In some cases the transference of the blood-parasite
may be effected in a purely direct and mechanical manner by the
invertebrate, but in most cases the invertebrate plays the part of a
true host, in which the parasite multiplies and goes through a cyele
of development. Hence in such cases also there is an alternation
of hosts and a complicated life-cycle, of which the life-history of
the malarial parasite is a good example (vide infra, p. 359). It
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need only be noted here that in such cases resistant spores or cysts
become unnecessary and superfluous for the propagation of the
parasite, and tend to disappear from its developmental cvele,

6. In some cases the parasite may penetrate the ovary of its host,
pass into the ova, and thus infect the embryo and the next genera-
tion. Transmission of this kind is known in a certain number of
cases ; it is never the sole method of transmission, but is always
supplementary to other methods. For instance, in “ pébrine * of
silkworms, caused by Nosema bombycis, the spores of the parasite
are liberated in the ordinary way from the caterpillar either with the
faeces or by its death, and are then eaten accidentally on the leaves
by other silkworms ; but a certain number of the parasites pene-
trate into the ovary and form spores, which pass through the pupal
and imaginal stages of the host into the next generation of silk-
worms, which are born infected. In this way the parasite is able
to tide over the winter season, when the ordinary method of infee-
tion would be impossible. The blood-parasites of the genus
Piroplasma (p. 384, infra) afford another example of germinative
infection in the ticks which transmit them.

To turn now to the methods by which parasitic Protozoa pene-
trate into new hosts ; there are four known methods, which, after
what has been said, can be summarized very briefly. The com-
monest is the method of casual or contaminative infection, where
the host infects itself accidentally by taking up the propagative
phases of the parasite from its surroundings—most usually by way
of the mouth, with the food, but it may be by way of the respira-
tory organs. Other modes of infection are the contagious, as in
dourine, already mentioned ; the inoculative, as in malaria and
other diseases caused by blood-parasites ; and the so-called * heredi-
tary * or * germinative ” method, as in Nosema bombyeis and other
cases.

From the foregoing summary of the methods by which parasitie
Protozoa are propagated from one host to another, it is clear that
there are very few cases in which it is of direct advantage to the
parasite to cause the death of its host. Even where it is necessary,
for the propagation of the parasite, that the host should be destroyed
by some other animal, as in the case of the Monocystis of the earth-
worm, the interests of the parasite are not furthered, and may,
indeed, be damaged, if it cause disease or death to the host. In
the case of blood-parasites, transmitted by the inoculative method,
it may be necessary for the propagation of the parasite that the
required phases should be sufficiently abundant in the blood of the
vertebrate host to insure the invertebrate host becoming infected
when it sucks the blood ; then large numbers of the parasite may be
detrimental to the well-being of the host to a greater or less extent,
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and one interest of the parasite may, so to speak, elash with another.
But in all cases alike it is perfectly clear that the death of the host
before the parasite has matured its propagative phases leads simply
to the extirpation of the parasite, and is a suicidal policy on its
part, a glaring disharmony in Nature. This conclusion is borne out
by a general survey of the facts of parasitism in the Protozoa, since
the vast majority of these parasites are quite harmless to their
hosts, and lethal parasites, greatly in the minority when compared
with harmless forms, must be considered as exceptional and aberrant
types of parasites, from a general point of view,

The parasitic Protozoa of lethal properties present a problem
which can be best attacked by considering and comparing two
cases of closely allied parasites, the one harmless, the other lethal,
to their hosts. Very instructive cases of this kind are furnished
by trypanosomes (vide infra, p. 285). The common parasite of the
rat, Trypanosoma lewisi, is perfectly harmless as a rule to its host,
and the infection runs a very definite course. When the parasite is
introduced into the blood of a healthy and susceptible rat, it enters
at once upon a period of rapid multiplication, which lasts about
twelve days. At the end of that time the parasite swarms in the
rat’s blood, without perceptibly affecting its general health, After
about twelve or thirteen days the multiplication of the parasite
ceases entirely ; the swarming period lasts generally about a month,
and after that the parasites begin steadily to diminish and dis-
appear, until after a variable length of time, usually three to five
months, the blood is quite free from them, and the rat, cured from
the attack, is now quite immune to the parasite, and cannot be
infeeted by it a second time.

The behaviour and effects of a pathogenic trypanosome, such as
T. brueii, when introduced into a rat’s blood, contrast sharply
with that just described. Not only do the trypanosomes begin
to multiply at once, but they never cease to do so while the host
remains alive. By the fifth or sixth day there are practically more
trypanosomes in the blood than blood-corpuseles, and the death
of the host soon follows when this stage has been reached.

Trypanosoma lewisi is a type of a well-marked group of try-
panosomes, which may be conveniently denoted the lewisi-group
(Fig. 11). Such are T'. cuniculi of the rabbit ; 7'. duftoni of the
mouse : 1. rabinowitschi of the hamster ; T'. blanchardi of the dor-
mouge ; 7. microti of Microtus arvalis ; and T'. elyomis of the lérot
(Eliomys quercinus). All these species of trypanosomes are ex-
ceedingly similar in their appearance and structure ; each species,
however, appears to be perfectly specifie to its particular species
of host. The trypanosome of the rat, for instance, will not flourish
in any other host, not even in a mouse, under normal circumstances,
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Roudsky suggests that all this group of trypanosomes constitutes
in reality a single species ; in any case, it is reasonable to regard
them as forms recently evolved from a common ancestor, incipient
species which have not advanced beyond the stage of physiological
differentiation.

In like manner, T'. brucii is a type of a group of trypanocsomes
which may be termed the brucii-group (Fig. 12) ; other members
of it are T. gambiense, the parasite of human sleeping sickness ;
T. evansi, causing surra in horses ; 1. equiperdum, of dourine in
horses ; and several other species. These forms also are exceedingly
similar in appearance and structure, though ecasily distinguishable
from members of the lewisi-group. They are all of them very
lethal, as a rule, to their hosts ; and they differ further from the try-

Fic. 11.—Trypanosomes of the lewisi-group. A, T. lewisi (rat); B, T. dutloni
(mouse) ; C, T. ewniculi (rabbit); D, T'. microti (Microlus arvalis) ; E, T
elyomis (Eliomys quercinus) ; A and C, from preparations ; B, after Thiroux ;
D, after Laveran and Pettit; E, after Franga. All figures magnified 2,000
diameters.

panosomes of the lewisi-group in the fact that a given member of
the brucii-group is not specific to a particular host, but ean flourish
and exert its lethal powers in a great variety of vertebrate hosts—
a faet which, coupled with their very similar morphology, renders
the exact determination of the species of this group very difficult,
and often a matter of controversy. All these facts point to the
brucii-group being also descended from a common ancestral form ;
they may be regarded as incipient species in which the process of
evolution has not yet the degree of physiological specialization
reached in the lewisi-group. This view receives support from the
fact that a new race or species of the brueii-group has been made
known this year (1911)—namely, T'. rhodesiense, a trypanosome
pathogenic to human beings which appears to have come into
existence as a species very recently.
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A further point of great interest in this conneection is that
T. brucii in Africa appears, from the observations of Bruce, to
oceur as a natural parasite of wild game, and to be as harmless to
these its natural hosts as T'. lewisi is to rats. The physiological
difference between these two species is that 7'. lewisi is perfectly
specific to its natural host, whereas 7. brucii is capable of flourish-
ing in others, with most deadly effects. Hence the pathogenic
properties of T'. brucii would appear to be exerted on hosts to which

Fia. 12.—Trypanosomes of the brucii-group. A, B, C, T. brueii of “ nagana,” three
forms —slender, intermediate, and stumpy ; D, E, F, T'. gambiense of sleeping
gickness, the three corresponding forms ; G, H, 7', evansi of * surra,” two forms;
LT vivax ; J, T. nanum. A toC, 1, and J, after Bruce, Hamerton, Bateman,
and Mackie (411); G and H, after Bruce (404); D to F, from preparations.
All figures magnified 2,000 diameters.

it is a new parasite, and not on those to which, like 7'. lewisi, it
has established harmonic relations in the course of evolution.
The pathogenic properties of T'. brueii, and doubtless of other
similar forms, may from this point of view be characterized as a
disharmony associated with the first steps in the origin of species.
The problem of the origin of diseases caused by parasites is
essentially a problem of the same nature as the origin of species,
The first step in the formation of new species is a process of varia-
tion in an established species.  Similarly, in the process of forma-
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tion of new species of parasites, the first step would be the acquisi-
tion by the parasite of the power of living in hosts other than that
to which it is specific. How such a variation might arise in Nature
is impossible to conjecture in the present state of knowledge ; but
some experiments that have been carried out upon 7. lewisi show
that conditions can modify the apparent fixity of its characters.
Roudsky (22, 23) found that after prolonged culture on artificial
media, and subsequent rapid passages through rats, it was possible
to infect mice with 7. lewisi. Wendelstadt and Fellmer (27) have
shown that 7', lewisi, if inoculated into cold-blooded vertebrates, ean
persist there for a time, and then becomes virulent to rats.* In
both cases it is evident that the normal specific properties of the
parasite have been induced to vary by changes in the conditions of
life, with the result that they become similar to those characteristic
of the pathogenic trypanosomes.

If it be true that a parasite attacking a new host is at first patho-
genic to it, but tends in the course of evolution to establish more
harmonic relations with the host, the question arises as to how
such relations are brought about. There are two organisms con-
cerned, and the problem affects them both. In the case of the
host the adaptation to the effects of the parasite may be both
individual and racial, in the latter case to be perhaps largely ex-
plained by the elimination of individuals less fitted by their con-
stitution to resist the parasite. In the case of the parasite, also, the
problem may be considered from both points of view ; deadly strains
of the parasite contribute to their own destruction. Interesting
observations bearing on the individual adaptability of strains of
Sehizotrypanum cruzi have been made by Chagas (425). This para-
site, when inoculated into guinea-pigs, was found to kill them in
about six days; this is its initial virulence to this host. After
repeated passages through guinea-pigs, it was found that the viru-
lenee diminished, until guinea-pigs inoculated with strains of attenu-
ated virulence lived as much as six wecks before they suceumbed
to the effects of the parasite. If, when this result had been attained,
the parasite was given a single passage through a marmoset, it was
then found to have regained its primary virulence to guinea-pigs.

The study of the exact mechanism of the physiological relations
between parasites and their hosts is the task of the investigations
upon immunity and kindred problems which now engross so large
a share of the attention of scientific workers, but which cannot be
considered here in detail.

Bibliography —For references, see p. 476.

* See also Slecping Sickness Bulletin, No. 22, p. 412, and No. 24, p. 8L



CHAPTER III

THE ORGANIZATION OF THE PROTOZOA—EXTERNAL FORM
AND SKELETAL STRUCTURES

A UNICELLULAR organism of any kind is a more or less minute mass
or corpuscle of the living substance, protoplasm, containing
usually other substances, fluid, solid, or even in some rare instances
gaseous, in greater or less amount—substances which are either
the product of its own vital activity or have been taken up into
the body from without. As will be shown in more detail in the
next chapter, protoplasm is a substance or complex of substances
which, considered in the aggregate, exhibits the physical properties
of a viscid fluid. Some samples of protoplasm may be less, others
more fluid, but the essentially fluid nature of the whole mass of
protoplasm composing the cell-body is very obvious, as a rule, in
the case of Protozoa.

A drop of a fluid substance, when suspended in another fluid with
which it is not miscible, tends immediately, under the action of the
physical laws of surface-tension, to assume the geometrical form in
which the surface is least in proportion to the mass ; that is to say,
it tends to become a perfect sphere, except in so far as this tendency
may be altered or modified by the contact or pressure of other
bodies, or by the operation of other forces or conditions which
oppose the action of surface-tension.

The sphere may therefore be regarded as the primary form of
the living cell—the form, that is to say, which the organism tends
to assume under the influence of physical foreces when not checked
or inhibited in their operation by other factors. A great many
Protozoa exhibit the spherical form in a striking manner, especially
those species which float more or less freely in the water, such as the
Heliozoa (Fig. 3) and Radiolaria (Fig. 13). But the majority of
Protozoa depart more or less widely from the primitive spherical
form, for reasons which must be considered in detail.

In the first place, departure from a spherical form may be merely
temporary, the result of vital activity producing altered conditions
of surface-tension. In order that a drop of fluid may assume a
spherical form as the result of surface-tension, its surface must bo
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homogeneous—that is to say, of similar nature in all parts; if,
however, its surface be heterogeneous, and differs in different parts,
local inequalities of surface-tension may be the result, and then a
perfectly spherical form cannot be maintained so long as the surface
remains heterogeneous. Thus an organism, such as an ammba, In
which the protoplasm is quite naked and exposed at the surface of
the body, tends always to have a spherical form in the resting state ;
but when it enters upon a phase of vital activity, it may assume
various forms which can be explained by supposing that the surface-
tension is altered at one or more regions of the surface as the result
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Fro. 13.—Thalassicolla (Thalassophysa) pelagica, Haeckel, an example of a species
of floating habit combined with radiate symmetry and spherical body-form,
CK, Central capsule ; KP, extracapsular protoplasm ; «l, vacuoles in the
calymma (sce p. 251); ps., pseudopodia. The small dots in the calymma
represent ** yellow cells ™ (p. 252).  After Lankester, magnified 25 diameters,

of local changes in chemical constitution, brought about by the
vital activity of the protoplasm (Rhumbler, 34, and p. 200 infra).
In consequence, the spherical form characteristic of the resting
state undergoes modification in various ways when the organism
becomes active. In floating forms the sphere throws out radiating
processes, so-called ** pseudopodia,” in all directions (Figs. 3, 13).
In creeping species the body assumes the indefinite and constantly
changing form, with pseudopodia extruded in every direction, which
is characteristic of the amaba (Fig. 2), and hence commonly termed
“amaeboid.” In all such cases, when the animal passes into a
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resting, inactive condition, or when the vital activity is temporarily
inhibited by some shock or stimulus, such as an electric eurrent
suddenly turned on, physical forces reassert their sway, and under
the influence of surface-tension the pseudopodia are retracted, and
the body rounds itself off and returns to the spherical form.

Apart, however, from temporary and variable departures from
the primary and fundamental spherical form, many unicellular
organisms exhibit a constant body-form which is often widely
different from the sphere, and which is characteristic of particular
species, or for the corresponding stages in the life-history of a
given species, and varies only within the narrowest limits, if at all.

The problem of form-production in Protozoa, like all other bio-
logical problems, may be considered from two points of view. In
the first place, there is the question why a particular species has
such and such a form. The answer to this question must be sought
in the habits and mode of life of the species and its relation to the
environment, In general it may be said that each species pos-
sesses, or tends to possess, the body-form best adapted to its par-
ticular mode of life, though it is not always easy to trace the
correlation of form and habit in special cases. A broad distinction
may be drawn, however, between species which move freely in
their environment and those which are fixed and sessile in habit,
In freely-moving species, again, a further distinction can be drawn
between those which float or swim in the medium, and those which
creep on a firm substratum. Free-swimming species tend to the
form of an ovoid, more or less elongated, with the longitudinal axis
lying in the direction of forward movement (Fig. 14). Creeping
forms tend to be more or less flattened, and spread, as it were, upon
the substratum, leading in extreme cases to the differentiation of a
ventral surface, in contact with the substratum, from a dorsal
surface on the opposite side. Sedentary forms tend to be more or
less vasiform, often with the point of attachment drawn out into a
stalk or peduncle of greater or less length. A frequent peculiarity
of the body-form in Protozoa, whether fixed or free, is the tendency
to a more or less pronounced spiral twist. Bilateral symmetry, on
the other hand, is a comparatively rare phenomenon in these
organisms ; examples are found among the Flagellata—e.g., Lamblia
intestinalis (Fig. 117).

The second question which arises is, Given a particular specific
form, how is the form developed and maintained, on physiological
or mechanical principles ? To this question the answer must be
songht in the structure of the individual, and more especially in
the formation and possession of special structural elements, more
or less rigid in nature, which determine the form and support the
soft body. Such structures may be external to the body, in the
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form of cuticular productions or envelopes of various kinds, or
internal, in the form of an axis or framework. Both these types
of form-determining or skeletal elements, as they may be termed
broadly, may be present together in a given organism.

L. Cuticular and Exoskeletal Structures—In the Sarcodina gener-
ally, and in a few examples of the Mastigophora and Sporozoa, the
body-protoplasm is quite naked at the surface, as already stated,
and not covered by any euticle or firm covering. With these
exceptions, the bodies of Protozoa are clothed by a firm cortical
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Fra. 14.—Prorodon feres. N, Macronucleus ; #, micronucleus ; o, mouth ; @s.,
wsophagus surrounded by rod-apparatus (p. 433); f.o., food vacuoles ; c.ov.,
contractile vacuole surrounded El feeding-vacuoles ; al., alveolar layer;
sf, meridional rows of cilia ; a., anal pore. After Schewiakoff, magnified 660
diameters.

layer, which is produced either as a differentiation of, or secretion
by, the most superficial layer of the protoplasmic body, and which
receives various names in different cases.

The very first beginnings of a cortical layer are seen in some
species of amcwbie, such as Amwba verrucosa—species in which the
protoplasm, extremely viscid and slow-flowing, forms a delicate
investing pellicle at the surface. In these cases the pellicle is so
thin that it does not hinder the amwboid movement appreciably
(Fig. 23). A further advance is seen in some of the Flagellata,



THE ORGANIZATION OF THE PROTOZOA 33

where a thin cuticle is present which permits changes in shape,
caused by the contractility of the enclosed protoplasmic body.
Such forms are not amcboid, but exhibit rhythmical changes of
form produced by contractions of the superficial body-layer in a
manner somewhat recalling peristaltic movement, and are com-
monly said to be mefabolic (Fig. 15) ; and
since such movements are characteristic
of some species of the genus Euglena,
they are sometimes called euglenoid,

In most cases, however, in which a
cuticle or firm cortex is present, a definite
and characteristic body-form is main-
tained, subject only to such changes as
may result from curvatures of the body,
or temporary shortening of its axis in a
particular direction, brought about by
the contractility of the living body, An
envelope of this kind, which may vary in
consistence from a thin, flexible cuticle
to a rigid inflexible cuirass, or ** lorica,”
inhibits completely the natural tendency
of the fluid protoplasmic body to round
itself off—a tendency, however, which
frequently reasserts itself during resting
phases of the organism, when the cortex
may be softened or absorbed. Hence it
15 very common to find that the resting
phases of Protozoa revert to the primi-
tive spherical form, whatever the shapa
characteristic of the organism in an
active state.

A close-fitting cortex or cuticle which
is essentially a part of the body itself
must be distinguished clearly from strue-
tures built up by the organism externally Fic. ll.‘j'._l*'{"“‘!ff*‘“-} tenaz, t;;':{
to the body to afford shelter or support. 11}1:“11;: e it i e
such a structure is termed variously a metabolic movement. @s.,
*ghell,” “test,”” or ‘ house.” The (g}*"”l"“"g““}i R i

3 : a of the contractile vacuole ;
formation of protective shells, into which N., nucleus, After Stein.
the body can be completely retracted,
and from which it can emerge to a greater or less extent, is of
extremely common oceurrence amongst the naked-bodicd Sarcodina.
The forms of these shells, their structure and mode of formation,
exhibit an almost infinite variety, and can only be described here in
& quite general manner,

3
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As regards material, the shells may be composed of elements
secreted by the organism (* autophya,” Haeckel), as in Hyalosphenia
(Fig. 16, B), or of foreign particles taken up by the animal from its
surroundings (** xenophya '), as in Difflugia (Fig. 16, A). Skeletal
elements secreted by the organism may be of organic or inorganic
nature. In the former case they are probably chitinous - in most
cases, or composed of a substance allied to chitin ; in the latter they
are either calcareous or siliceous. A good example of the formation
of a shell is seen in Fuglypha (Fig. 59), where the chitinous plates
composing it are formed first of all in the interior of the proto-
plasmic body, and pass to the surface to build up the shell. When
the shell is built up of foreign particles, the material employed may
vary greatly, and consists generally of particles of sand, grit, ete.,

Fig. 16.—Examples of shells or houses formed by Protozoa. A, Difflugia spiralis,
which forms a house built up of foreign bodies ; B, Hyalosphenia cuncala, in
which the house is built up of plates secreted by the animal itself (compare
also Fuglypha, Fig. 59). Both these species belong to the order Amebaa ;
the pseudopodia (ps.) are seen streaming out of the mouth of the shell. After
Leidy ; A magnified 250, B 500 diameters.

taken up at hazard from the environment. Such shells are de-
scribed technically as * arenaceous.” In the case of Difflugia,
Verworn (36) was able to cause it to build up its test of various
materials, such as particles of coloured glass or other substances,
when these were supplied to it exclusively. Many species of
Foraminifera, however, form their tests exclusively of particular
materials under natural conditions. Thus, in the genus Haliphy-
sema (Fig. 17) the test is formed of sponge-spicules ; in Technitella
thompsont the calcareous plates of echinoderms are selected ; and
other instances could be cited inwhich the organism selects habitually
for its shell certain materials from a varied environment in which
the particular materials required may be far from common in
oceurrence relatively to other particles apparently equally suitable
(see especially Heron-Allen and Earland). Verworn (36) found that
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in the case of Difflugia the foreign particles used are taken up by the
pseudopodia during the process of being retracted ; the surface of
the pseudopodium then becomes wrinkled, and particles of débris
are caught in these wrinkles, and so drawn into the interior of the
protoplasmic body, in which they are stored up in the fundus of
the shell, like the plates in Euglypha, and are utilized in the growth
of the shell, or in repairing damages to it, or in building a new shell
when the animal reproduces itself by division.

Fic. 17.—Haliphysema tumanowiczid, a foraminifer which builds up its house out
of sponge-spicules. A, part of the protoplasm stained to show the nuclei (n.) ;
B, a living specimen with expanded pseudopodia (p.). After Lankester (11).

The simplest architectural type of shell or test is a simple spherical or
oval capsule, usually with a large aperture at one pole through which the
protoplasm is able to ereep out in order to capture food or perform the function
of locomotion (Fig. 16). The wall of the test may be imperforate, or may
have fine pores through which also the protoplasm can stream out. With
continued growth of the organism, the original shell may become too small
for its requirements. Then the organism may reproduce itself by fissior.
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and the daughter-individual forms a new shell for itself. In many cases the
shell formed by the daughter is larger than that of the parent ; for instance,
in Cenlropyxis aculeala “and other species, in which the young uulnuhmlﬁ
multiply by fission, and each time they do so, the new shell formed is larger
than the old one, until the full size of the adult individual is reached
(Schaudinn, 131), after which point the new shell formed after the process
of fission is of the same size in both the parent and the daughter-individual.
In such cases the shell is always a single chamber, and is described technically
as ** monothalamous.”™

In other cases, however, the organism does not multiply by fission when
it has outgrown its first shell, but forms a new shell of larger size which is in
continuity with its first shell ; the protoplasmic body now occupies both the
chambers of the shell formed in this way. With further growth more chambers
are formed, giving rise to a complex * lm]}llmlmnuub shell composed of
many chambers all occupied by the protoplasmic body (p. 232, infra). For a
detailed study of the dev elopmental mechanics of shell- furma,tmn see

Rhumbler (35).

2. Internal Skeletal Structures.—In many cases in which the proto-
plasmic body is naked at the surface, or bears only an extremely
thin cuticle, a definite body-form may be maintained by means of
internal supporting fibrils or other similar structures (Koltzoff,
30, 31). Insome cases such structures may be of temporary nature.
A beautiful example of this is seen in the delicate organic axes
formed in the pseudopodia of Heliozoa (Fig. 22), in the form of
slender needle-like rods seereted by the protoplasm to stiffen the
pseudopodia, and absorbed again when the pseudopodia are re-
tracted. In other cases, supporting structures of organic nature
may be permanent constituents of the protoplasmie body ; such are
the axial rods, or " axostyles,” found in many flagellates, such as
T'richomonas (Fig. 5, ax.), Lophomonas (Fig. 45), ete., slender flexible
rods of organic substance which form a supporting axis for the body.
Previous to division the axostyle is absorbed, and new axostyles
are formed in the daughter-individuals, The axostyles are stated
to arise from a centrodesmose (p. 103, infra) formed in the process
of division of the blepharoplast (Dobell, 236) or of the centriole of
the nucleus (Hartmann and Chagas, 62); the centrodesmose per-
sists after division is complete, and its two halves become the
axostyles of the two daughter-individuals. In Trichomonas eberthi,
however, Martin and Robertson (348) find that the axostyles arise
after division quite independently of the centrodesmoses or other
nuclear structures. In Oclomitus (Fig. 116) two axostyles are present.

From supporting structures of organic nature, such as the
axostyles or the organic axes of the pseudopodia mentioned above,
it is not difficult to derive the more rigid and permanent elements
known as ** spicules,” in which the organic basis becomes indurated
by deposits of inorganic mineral substance. In some cases spicules
may perhaps consist entirely of mineral substance deposited
directly within the living substance without any organic basis. In
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either case the spicules grow by aceretion—that is to say, by deposi-
tion of fresh layers of inorganic substance upon that already laid
down—and if such aceretion takes place at one end of a rod-shaped
spicule, it may have the result that the opposite extremity of the
spicule is pushed outwards by the continued growth, with the result
that the oldest portion of the spicule projects freely far beyond the
limits of the body.

As regards material, spicules are usually either calcareous or
siliceous—in the first case generally carbonate of lime, in the second

Fra. 18.—Acanthocystis chetophora, a Heliozoon with a skeleton of slender radiating
siliceous spicules, each forked at the distal end. In the interior of the body
are seen numerous symbiotic alge (dark) and non-contractile vacuoles (elear) ;
one vacuole of larger size is seen, probably the contractile vacuole. sp., sp.,
Spicules ; ps., ps., psendopodia.  After Leidy, magnified 750 diameters.

case amorphous silica. In the family Aeanthomelride among the
Radiolaria the spicules are formed of a substance which was thought
to be of organic nature, and was named ** acanthin,” but which
has been found to consist of strontium sulphate.

As regards their form and relation to the body, the spicules in
the simplest cases are rod-shaped or needle-like elements disposed
radially or tangentially. A simple type of spicular skeleton is seen
in Acanthocystis (Fig. 18), in which elongated siliceous rods, fre-
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TFia. 19.—Clathruling elegans, a Heliozoon with a latticp-li@-u:e skeleton, attached IIJJ.'
a stalk. Two individuals are seen, the younger wu_Lh its stalk au{w.lmd to the
head of the older ; in the younger the lattice-work is still very delicate

. Both
individuals are sending out numerous radiating pseudopodia, very delicate
and slender. After Leidy, magnified 750 diameters.
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quently branched at their distal ends, are arranged like radii of the
spherical body, projecting freely for some distance from the surface.
In other cases the spicules may be disposed tangentially to the body,
as in the family Collidee amongst the Radiolaria, and in other forms
belonging to this order. From a simple type of skeleton composed
of separate spicules, more complicated types of skeletons are de-
rived by fusion of the spicules to form a connected framework.
The commonest type of this is a fusion of tangentially-disposed
spicules to form a lattice-work ; an example of this is seen in
Clathrulina (Fig. 19), in which a lattice-like skeleton is formed at
the surface of the body, standing off from it like a shell. Skeletons
of this type are especially characteristic of the Radiolaria, a group
in which the architecture of the skeleton may reach a wery high
degree of complication and exhibits endless variety. The lattice-
like framework, made up of tangentially-arranged spicules united
together, may be further strengthened by radially-disposed beams.
As the animal grows, it may outgrow the framework first laid down,
and another lattice-work is formed concentric with the first, and
connected with it by radial beams; later on a third and a fourth
such framework is formed, as the organism continues to grow in
size. Skeletons formed in this way may be ** homaxon ”—that is to
say, built up on the axes of a sphere ; or * monaxon,” with one
principal axis ; or may follow various plans of symmetry, or may be
asymmetrical (p. 250, infra).

Bibliography.—For references, see p. 477.



CHAPTER IV

THE ORGANIZATION OF THE PROTOZOA (Continued)—
THE PROTOPLASMIC BODY

THE substanee composing the bodies of Protozoa was termed
originally sarcode by Dujardin ; but after it had been shown to be
identical in nature with the living substance of the cells of animals
and plants, the same term was employed universally for both, and
the word protoplasm, coined by von Mohl to designate the living
substance of plant-cells, supplanted the older term sarcode, which
has now quite dropped out of current use.

It would be impossible within the limits of the present work to
discuss in detail the various theories that have been put forward
with regard to the nature and constitution of protoplasm ; they
can only be summarized in brief outline here. Protoplasm, when
seen under the microscope with powers of moderate strength,
presents itself as a viseid, semi-fluid substance, sometimes clear and
hyaline in special regions, but always showing, throughout at least
the greater part of its substance, numerous granulations, which
vary greatly in size, from relatively coarse grains to those of the
minutest size visible with the power of the microscope used. The
most important of these granulations are the so-called ** chromatin-
grains,” which are discussed fully in Chapter VL. ; in this chapter
only non-chromatinic granules are dealt with. The coarser proto-
plasmic grains may be present in greater or less quantity, or may
be entirely absent ; they are to be regarded for the most part as
so-called metaplastic bodies—that is to say, as stages in, or by-
products of, the upward or downward metabolism of the organism.,
On the other hand, the minute, ultimate granules, or ** microsomes,”
are never absent, except over limited areas, in any sample of proto-
plasm. It is on the constant presence of granules that the so-called
granular theory of protoplasm, especially connected with the name
of Altmann, has been founded. On this view, each minute granule
is regarded as an elementary organism, or * bioblast,” capable in
itself of all vital functions, and equivalent to a single free-living
bacterium, just as a single cell of a Metazoan body may be compared
with a single Protozoan organism. Protoplasm, on this view, is re-

40
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garded as a colony of bioblasts, imbedded in a fluid matrix, com-
parable in a general way to a zoogleea-colony of bacteria.

A special and important class of metaplastic granules are the so-called
*“ dentoplasmic 7 bodies, consisting of reserve food-materials stored up in
the protoplasmic substance. Examples of such are the yolk-granules of ova,
the paraglycogen-grains of gregarines, the plastinoid bodies of coceidia,
starch-grains in holophytic forms, ete.

Amongst the granulations of the protoplasm, special mention must be
made of the bodies known generally as chondriosomes and mitochondria, but also
by a variety of other names (cytomicrosomes, bioblasts, spherules or sphero-
plasts, and, collectively, ergastoplasm). The chondriozomes are not to be
classed with the temporary, metaplastic inclusions, but are permanent ele-
ments of the cell-protoplasm. The chondriosomes of Protozoa have recently
been the subject of detailed study by Fauré-Fremiet (38'5). In the living
condition they are small transparent bodies, feebly refractile, and of a pale
grey tint. In shape they are generally spherical, and vary from 005 p to
I'5 p in diameter. In some cases the chondriosome appears homogeneous in
strueture ; in others it presents the appearance of a vacuole with fluid con-
tents and a denser peripheral layer. In contact with water or with weak
alkalis they swell up immediately. When the nucleus (in Infusoria the
micronucleus) divides, the chondriosomes also divide simultancously, and the
daughter-chondriosomes are sorted out between the two [lu,ughter-culls;
they have, however, no direct relation with the nuclear apparatus. In the
process of division each chondriosome becomes first rod-like, then dumb-bell-
shaped, and is finally constricted directly into two halves.

A purely chemical definition of the chondriosomes, according to Fauré-
Fremiet, cannot be given. They exhibit the reactions of a fatty acid, and
ean be considered as combinations of fatty acids or of phosphates of albumin.
The physiological funetion of the chondriosomes is not clear, but Fauré-
Fremiet considers that they  play an important part in the life and evolu-
tion of the sexual cell,” in Protozoa or Metazoa, and are active in the elabora-
tion of deutoplasmic substances of fatty nature, into which they may be
transformed directly.

It has been shown, however, that the minute granules of proto-
plasm do not lie isolated from one another, suspended freely in a
matrix, but are seen in the microscopic image to be connected with
one another by fine lines or darker streaks, the whole forming a
delicate network, at the nodes of which the granules are lodged.
In some cases the granule itself is perhaps only an optical effect
produced by a node of the network. On these appearances has
been founded the so-called reticular theory of protoplasm, connected
especially with the names of Heitzmann, Schifer, and others. On
this view protoplasm has been regarded as composed of an exceed-
ingly fine reticulum, a network or feltwork ramifying in all planes,
bearing the granulations at its nodal points, and bathed throughout by
a fluid, more or less watery sap, or enchylema. The fibrillar theory of
Flemming may be regarded as a modification of the reticular theory.,

Against the reticular theory of protoplasm, it may be urged that
it leads to physical difficulties, in view of the generally fluid nature
of protoplasm. For the reticulum must itself be either of a fluid
or a solid nature ; if fluid, it presents the condition of one fluid
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suspended in the form of a network in another fluid with which 1t
does not mix—a condition which could not exist for more than an
instant of time, since the fluid reticulum must break up immediately
into minute droplets. 1If, on the other hand, the reticulum is of
rigid consistence, the protoplasm as a whole could not be fluid,
any more than a sponge soaked in water could behave as a fluid
mass in the aggregate. The difficulty can, however, be overcome
by supposing the apparent reticulum to be the optical expression,
not of a fine network of fibrils, but of delicate lamellae limiting
minute closed chambers, or alveoli. Then the fine line seen with the
microscope joining any two adjacent nodal points would be the
optical section of the wall or lamella separating two contiguous
alveoli, and protoplasm as a whole would possess a honeycombed
structure comparable to that of a fine foam or lather—the fluid
lamelle of the foam represented by the apparent reticulum of the
protoplasm, and the air-contents of the individual bubbles repre-
sented by the enchylema. Or, to express the state of things in a
different manner, protoplasm could be regarded as an emulsion of
very fine structure, composed of two fluids not miscible with one
another—namely, the more fluid enchylema, which is suspended
in the form of minute droplets in the more viscid substance forming
the alveolar framework. This is the so-called alveolar theory,
especially connected with the name of Biitschli ; by this conception
of protoplasmie struecture, not only are the necessary physical con-
ditions satisfied, but an explanation is given for many peculiarities
of protoplasmic bodies, such as the radiate arrangement of the
meshes of the reticulum commonly observed either at the surface of
the body or around solid or fluid bodies contained in the proto-
plasm, and so forth.

The various theories that have been mentioned all assume tacitly
that protoplasm is monomorphic—that is to say, that it possesses
one fundamental type of minute structure. Fischer, on the other
hand, seeks to unite all the different theories by supposing that
protoplasm is a polymorphic substance—that is to say, one that
may exhibit a diversity of structure at different times and under
different conditions, as the result of changes produced by its inherent
vital activity. Thus, he supposes that a given mass of protoplasm
may be at one time homogeneous, and at another time granular,
reticular, fibrillar, or alveolar, as the result of a process of * vital
precipitation,” and that by reabsorption of the structural elements
it may return to a homogeneous condition. Fauré-Fremiet (38 and
38°'5) also regards protoplasm as a homogeneous fluid, which is pre-
cipitated by reagents, and which normally contains, in suspension,
a certain number of granulations, some temporary, others per-
manent in nature ; compare also Degen (154).
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Those investigators of the Protozoa who have expressed an
opinion on the subject have been for the most part in favour of the
alveolar theory of protoplasm, since it was first propounded by its
author, Biitschli (see especially Rhumbler). Protozoa as a rule
are very favourable objects in which to study the foam-like structure
of the protoplasm (compare Schaudinn, 130, p. 188). But what-
ever view be held as to the ultimate structure of protoplasm, its
essentially fluid nature is very apparent in these organisms, and is
a point upon which it is very important to be clear. The fluid
condition of the living substance is manifested directly by the
streaming movements to be observed in it, and indirectly by a
number of phenomena, such as the tendency, already mentioned,
of the body to round itself off when at rest, and the tendency of all
vacuoles to assume a spherical form. A vacuole is a drop of fluid
suspended in the protoplasmic body, and may be regarded as
formed by the bursting and running together of many minute
alveoli, just as a large bubble in a foam may arise by the union of
many smaller ones; or by the gradual enlargement of a single
alveolus by diffusion of fluid into it from neighbouring alveoli, until
it attains proportions relatively gigantic. Vacuoles assume uni-
formly spherical contours, except when they are deformed by
mutual pressure from crowding together or from other causes. In
some cases the protoplasm may be so full of coarse vacuoles that it
exhibits an obvious frothy structure, which must by no means be
confounded with the ultimate alveolar structure of the protoplasm,
a structure which is exceedingly delicate, only to be observed with
high powers of the microscope and with careful attention to all
details of microscopic technique. Examples of vacuolated bodies
are seen especially in Heliozoa—e.g., Actinospheerium (Fig. 3).

The statement, however, that protoplasm generally is of fluid
nature admits of its exhibiting many degrees of fluidity, and some
samples of protoplasm are far more viscid than others. This is
true both of different species of organisms, of the same species at
different phases of its development, and of different parts of the
same organism. In some cases portions of the protoplasm may be
stiffened to a degree that perhaps oversteps the ill-defined boundary
between the liquid and solid states of matter. In a great many
Protozoa, perhaps the majority of them, the protoplasm of the
body is divisible, more or less distinctly, into two regions—
namely :

1. An external or cortical zone, termed ectoplasm or ectosarc ; in
appearance and consistence typically clear, hyaline, more refringent,
finely granular or without visible granulations, and of more viscid
nature ; in function protective, kinetie, excretory, and sensory.

2. An internal or medullary region, the endoplasm or endosare ;
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opaque, less refringent and coarsely granular ; the seat of trophie
and reproductive functions.

These two zones of the protoplasmic body are, in the more primi-
tive forms, differentiations of the protoplasm more or less tem-
porary and transient in nature. For instance, in an amaba which
is in active movement, fluid endoplasm is constantly flowing along
the axes of the pseudopodia towards their tips, where it comes into
contact with the surrounding medium, the water or other fluid in
which the amaba lives. Under the influence of the medium the
endoplasm is converted into ectoplasm, becomes of stiffer, less fluid
consistence, and loses its coarse granulations. At the same time,
at the hinder end of the amwba, ectoplasm is continually passing
into the interior of the body, where it becomes liquefied and granular
in structure, and is converted into endoplasm (Rhumbler, 34).

In Protozoa, however, which do not exhibit amoeboid movement,
the ectoplasm and endoplasm may be two independent layers, well
defined and perfectly separate the one from the other. The ecto-
plasm is the seat of those functions which are connected with the
relation of the organism to the outer world, to the environment
in which it lives ; the endoplasm, on the other hand, is concerned
specially with the internal affairs, so to speal, of the protoplasmie
body. In the following two chapters the various organs of the
Protozoa will be considered under the headings of the layer from
which they are formed, and according to the funetions they perform

Bibliography.—For references, see p. 477.



CHAPTER V

THE ORGANIZATION OF THE PROTOZOA (Conlinuwed)—
DIFFERENTIATIONS OF THE ECTOPLASM AND ENDOPLASM

A. Ectoplasmic Organs.

Tue various structures and organs produced from the ectoplasm
are best classified by the functions they subserve, under the headings
of protective, kinetic and locomotor, exeretory, and sensory
mechanisms,

1. The protective function of the ectoplasm is often seen in
organisms in which no cuticle or envelope is present. It has been
observed, for instance, that the species of Myxosporidia that
inhabit the gall-bladders or urinary bladders of their hosts resist
the effects of the medium in which they live so long as their ecto-
plasm is intact, but suceumb if it be injured.

In most Protozoa other than those belonging to the class Sarco-
dina, however, a special protective envelope or cortex is present at
the surface of the body, and such forms are commonly said to be
corticate. A cuticle may be formed in various ways, distinguished
by the use of different terms. It may represent the entire ecto-
plasm, modified in its entirety to form an envelope, as in the peri-
plast of the Flagellata ; it may represent a transformation or modi-
fication of only the most superficial layer of the ectoplasm, as in
the pellicle of the Infusoria and of some amebe—for instance,
Amaba verrucosa, the epicyte of the gregarines, ete. ; or it may arise
as a secreted layer deposited at the surface of the ectoplasm, and not
derived from a modification of the substance of the ectoplasm itself,
in which case it is termed a ** cell-membrane.”

Whatever its mode of origin, the cuticle may be developed to a
very variable degree, from the thinnest possible membrane, some-
times very difficult to discover, to a thick and tough investment
which may be termed a ** cuirass 7 or ** lorica 7 (** Panzer '), when
it is formed by thickening of a pellicle ; or a * house ™ or ** shell,”
when it is a greatly thickened cell-membrane standing off from the
body. In many cases the cuticle undergoes local thickenings to
form spikes or hooks, which may serve as organs of attachment,
' as in the epimerite of gregarines (Fig. 142),
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In addition to the passive protection afforded by a cuticle, organs
of active defence may be present in the ectoplasm in the form of
bodies known as frichocysts, found commonly in many ciliate In-
fusoria (p. 447, Fig. 187); they are little oval or spindle-shaped
bodies which on suitable stimulation are converted explosively into
a stiff thread which is shot out frem the surface of the body. (For
the nematocyst-like organs known as ** polar capsules,” in Myxo-
sporidia and allied organisms, see p. 399, infra.)

2. The ectoplasm is shown to be the seat of movement both by
the fact that motile organs arise from it and by the frequent
presence in it of special contractile mechanisms. The motile
organs which are found in the Protozoa are pseudopodia, flagella, cilia
with their various modifications, and undulating membranes ; any
of these structures may subserve the function of food capture in
addition to, or instead of, that of locomotion. These organs will
now be deseribed in order, after which contractile mechanisms will
be dealt with.

(1) Pseudopodia are organs of temporary nature, extruded from
the protoplasm when required, and retracted when no longer needed.
They can be formed, probably, in all cases in which the body
protoplasm is naked, or limited only by a cuticle not of sufficient
thickness to inhibit the movements of the underlying protoplasm.
They arise simply as an eruption of the protoplasm at some point
at the surface of the body, forming an outgrowth or process which
varies greatly in different cases as regards size, length, width, com-
position, and activity.

Pseudopodia always arise in the first instance from the ectoplasm,
and may consist throughout of this layer alone, in which case they
are relatively stiffer and more rigid ; or a core of endoplasm may
flow into the pseudopodium when it has grown to a certain length,
in which case the pseudopodium is more fluid and flexible. The
formation of a pseudopodium is best studied in & common amaoba,
such as Amaba proteus (Fig. 2) or 4. limax (Fig. 20) ; it is then seen
to arise as a protrusion of the ectoplasm, forming a shallow promi-
nence at the surface of the body. The prominence continues to
grow out from the body, and is at first hyaline, transparent, and
free from granulations, since it consists of ectoplasm alone., In
some cases the pseudopodium may grow to a relatively very large
size, and still consist of clear ectoplasm alone, as in Entamaba
histolytica (Fig. 90), a form rather exceptional in this respect ; more
usually, so soon as the budding pseudopodium has reached a certain
not very great size, a core of granular endoplasm flows into it and
forms the axial part of the pseudopodium. It is then easier to study
the formation of the pseudopodium, since the granules in the endo-
plasm permit the characteristic flowing movements and currents to
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be followed. In the growing pseudopodium a strong current can
be observed flowing down the axis to the tip, and there spreading
out and breaking up into weaker currents which turn round and
flow backwards along the surface of the pseudopodium. In ammba
with a very viscid surface layer the back-currents are very feeble,
ceasing a short way from the tip of the pseudopodium, and often
scarcely discernible, or even absent altogether ; in species with a
fluid ectoplasm, however, the back - currents are distinctly seen,
and may even pass back and bend round again to join the forward
axial current, as described by Rhumbler (34) in Admaba blatice.
While the extrusion of the pseudopodium is an active process,
the retraction requires nothing but the action of purely physical
forces of surface-tension to explain it. The protoplasm then flows
back into the body of the animal, and may present some character-
istic appearances in doing so. If one surface is in contact with the
substratum on which the animal is creeping, the adhesion of the
pseudopodium often causes the tip to be drawn out into slender
processes like spikes or hairs. At the same time the surface of the

Fia. 20.—Diagram to show the protoplasmic currents in a limax-
ammba which is moving forward in the direction indicated by
the large arrow on the left. The smaller arrows indicate the
direction, and their length the intensity, of the currents in
different parts of the body. A forwardly-directed ** fountain
current *’ starts from near the hinder end, and passes along
the axis of the body to the extremity anterior in movement ;
there it turns outwards and passes back along the sides of the
body, diminishing rapidly in intensity, and finally dying out in
t!;(!:l regions where the two dots are placed. After Rhumbler
(34).

pseudopodium may present a wrinkled appearance, as the viscid
ectoplasm shrinks in consequence of the rapid withdrawal of the
fluid endoplasm.

The pseudopodia of different species of organisms, or even of
the same species at different periods of the life-cycle, vary greatly
in form, appearance, and structural characters, and the more im-
portant variations require a special terminology. In the first
place, the pseudopodia may be broad and thick relatively to their
length, as in Amwba proteus (Fig. 2) ; they are then termed “ lobose
(** lobopodia ), and usually have a core of endoplasm. A typical
lobose pseudopodium is, in fact, nothing more than an outgrowth
of the body-protoplasm as a whole. In the most extreme cases of
this type, the whole body flows forward in one direction, forming,
as it were, a single pseudopodium. Such a mode of progression is
characteristic of Amaba limax (Fig. 20) and other similar forms,
in which the body glides forward like a slug as the animal creeps
over substratum ; the end which is anterior in movement is rounded,
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while the posterior end commonly becomes drawn out into processes
similar to those seen in a pseudopodium in process of retraction.
In other forms, such as 4. proteus (Fig. 2), the pseudopodia are sent
out on all sides and balance each other, in which case there is very
little translation of the body as a whole, and the pseudopodia serve
chiefly for food-capture. If, however, the outflow of the pseudo-
podia is strongest on one side of the body, the organism moves in
that direction as a whole, and the larger, more strongly developed
pseudopodia counteract and overcome the pull exerted by those
that are weaker. It will be readily understood, therefore, that the
most rapid powers of progression are possessed by the slug-like
amcebae, in which a single pseudopodium drags the whole body along
without opposition from others.

Rhumbler (34) has drawn attention to the existence of two
modes of progression exerted by amabae of the lobose type. In the
more fluid species which ereep upon a substratum to which they
adhere more or less firmly, like dmaeba protews, the animal pro-
gresses by a flowing movement, such as has been described ; this is
the commonest type of amoweboid locomotion. On the other hand,
in species of the type of A. werrucosa and A. ferricola the very
slightly fluid body is limited by a thin pellicle, and does not adhere
to the substratum ; then progression is effected by * rolling ”
movement. The animal throws out a number of pseudopodia on
one side, which cause it ultimately to overbalance and roll over to
that side ; by continued repetition of this procedure, a slow progres-
sion in a particular direction is effected. At other times, however,
A. verrucosa may flow along like other amabze,

Contrasting with the lobose pseudopodia are the slender, thread-
like, so-called ** filose * pseudopodia, formed entirely of ectoplasm.,
Pseudopodia of this type can effect a slow creeping movement, but
are not very effective for locomotion, and serve for food-capture
principally, or even entirely, as in the radiate floating forms
(Heliozoa and Radiolaria) ; food is entangled by them and drawn
into the body. The filose pseudopodia may radiate from the
body in all directions, remaining separate from one another, or
they may anastomose to form networks, and are then termed
“ reticulose.” Pseudopodia of the reticulose type are specially
characteristic of the Foraminifera (Fig. 21). Radiate pseudopodia
which do not form anastomoses, on the other hand, characterize
the groups of the Heliozoa and Radiolaria, organisms of floating
habit. As noted above, pseudopodia of the radiate type are
generally supported by an axial rod, a secreted structure of firm,
elastic nature, and are hence known as axopodia. The actual rod
reaches some way into the endoplasm, often to the centre of the
body, as in Acanthocystis (Fig. 18), Wagnerella (Fig. 48), ete. ; it
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Fia. 21.—Gromia ovi-
formis, M. Schultze
(=0G. oveoidea,
Ehumbler), living
gpecimen with out-
stretched pseudo-
podial network
(ps.), in which a
diatom (d.), Navi-
cula sp., is en-
tangled and will be
drawn into the
shell (sh.). Other
diatoms are seen
inside the shell, and
at its fundus
several nueclei are
seen asclear spheri-
cal bodies in the
]:_:-rntﬂdplusm, The
pseudopodial net-
work is drawn at
a magnification of
about 200 linear,
but for want of
space is repre-
sented extending
over about one-
third of the area
over which it com-
monly spreads. A
part of the pseu-
dopodial mnetwork
is reflected back
over the shell, and
streams out back-
wards from the
pole opposite  to
the shell - mouth.
After M. Schultze.
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is probably of endoplasmie origin, and is pushed out from it in a
centrifugal direction. As it grows out, the ectoplasm forms a
sheath over it, and extends usually some way beyond it. When
the pseudopodium is retracted, the axial rod is liquefied and
absorbed by the protoplasm.

Food-capture is effected by the pseudopodia in various ways (see
p. 189). In forms with lobose psendopodia they flow round the body
to be ingested, enclosing it
on all sides, and finally
imprisoning the prey in
a closed chamber of the
living substance, together
with a drop of water which
forms the food -wvacuole
(Fig. 2, P!, P in which
the prey is digested (p. 192,
infra). A very noticeable
feature of pseudopodia of
all kinds is their adhesive-
ness, due to the secretion
of a slimy substance at the
surface of the ectoplasm.
In Difflugia, if the pseudo-
podia be touched gently
with a glass rod, the slime
can be drawn out into
threads, like the mucus of
a snail (Rhumbler, 34).
The adhesive power of the
pseudopodia is of service
both in adhering to the
surface upon which they

e i creep and in the capture

‘1. 22.—Portion of an Achinospherium, magni- e

fied about 660 linear. ect., Ectoplasm with of their food. 5
larger vacuoles; end., endoplasm with smaller The slow - fl owing

vacuoles ; N., nucleus; ps., pseudopodia; gammbe. such as A. verru-
ax., delicate axial rod in the pseudopodia. :
After Leidy. cosa, do not as a rule flow
round the body to be in-
gested, but draw it into their interior, as if by suction. In this
manner 4. verrueosa absorbs and devours filamentous algz (Fig. 23).
which are " imported 7 into the interior of the body and there coiled
up and digested. Rhumbler has shown that this process can be
imitated by drops of fluid ; for instance, a drop of chloroform in water
will draw in a thread of shellac and coil it up in its interior in a

manner similar to the ingestion of an algal filament by an amaba.
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The psendopodia of the filose type adhere firmly to organisms
suitable for food with which they come in contact, and it can be
observed that the prey is both held fast and killed by them, in-
dicating that the pseudopodia secrete some toxie substance in
addition to that of an adhesive nature. In the reticulose type,
diatoms and organisms of various kinds are entangled in the
pseudopodial network (Fig. 21), and are generally digested there
also.

In a few cases psendopodia exhibit a peculiar form of movement
known as nufation. An example of this is seen in the remarkable
Heliozoon deseribed by Schaudinn (43) under the name Cam ptonema
nulans (Fig. 47), which possesses slender axopodia in which the axial

’

Fia. 23.—Four stages in the ingestion of an Oscillarian filament (f.) by Amaba
verrucosa. In A the ameeba has crept along the filament ; in B one end of
the amaba is bending up, and is about to fuse with the rest of the body,
producing a twist in the filament; in O'*two have been produced ; in D a
considerable length of the filament has been drawn into the amaeba, and is
twisted up into & stout coil. A4, B, and €, are drawn at intervals of quarter
of an hour, I several hours later. After Rhumbler (34).

filament does not extend the whole length of the pseudopodium.
The pseudopodia perform a slow rotating movement, and “ describe
the mantle of a cone, sometimes acute, sometimes obtuse, remaining
stretched out straight for their entire length, and bending only at their
base.” Similar movements are performed by the pseudopodia of
Trichospheerium (p. 229) and Wagnerella (p. 246). In Camplonema
the pseudopodia also have the power of bending suddenly when
brought in contact with prey, which they capture like the tentacles of
a polyp. The bending takes place beyond the point at which the
axial filament ceases. Movements of this kind are transitional to
those seen in flagella.

(2) Flagella are vibratile thread-like extensions of the protoplasm,
capable of performing very complicated lashing movements in
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every direction. A flagellum consists of an elastic axial core
enclosed in a contractile sheath or envelope (Fig. 24), from the
extremity of which the core protrudes freely in some cases, forming
a so-called * end-piece.” The flagellum takes origin from a more
or less deeply-seated granule, the blepharoplast, or basal granule,
which will be described in dealing with the nuclear apparatus
(p. 82, infra). The elastic axis, arising from the blepharoplast,
can be regarded as a form-determining element of endoplasmic
origin, the sheath as an ectoplasmic motor substance. A flagellum
is usually eylindrical in form, with the axial
filament central in cross-section, but may be
band-like, with the axial filament at or near
one edge; it is usually of even thickness
throughout its whole length, but when the
axial filament is exposed to form a terminal
end - piece the flagellum tapers to a fine
point.

Like pseudopodia, flagella serve primarily for
locomotion, and secondarily for food-capture,
which is effected by causing food-particles to
impinge on some point or aperture at the surface
of the body, where they are ingested. In their
relation to locomotion two types of flagella can
be distinguished, termed by Lankester pulsella
and tractelle respectively. A pulsellum is

- -EF

Fra. 24. — Structure
of the flagellum of

Euglena, azx., Axial
filament ; ¢.p., con-
tractile protoplasm
enveloping the
axial filament ; e.p.,
end - piece of the
flagellum, consist-
ing of the axial fila-
ment exposed ; 7,
root of the flagel-
lum passing into
the body (compare
Tig. 84). After
Biitschli (3).

tractella are of two types.

situated at the end of the body which is
posterior in movement—that is to say, it is a
flagellum which by its activity propels the body
forwards. Flagella of this type occur in Oxyrrhis
(p. 278) and in the Choanoflagellata (p. 271),
but are comparatively rare in the Protozoa. In
the majority of cases the flagella are tractella—
that is to say, their action is such as to drag the
body after them—hence they are situated at
the end which is anterior in progression. Con-
sidered generally, the movements performed by
In some cases the entire flagellum is

thrown into even, sinuous undulations, and the body of the
flagellate progresses with a smooth, gliding movement, which may
be extremely rapid, and is then well expressed by the French
phrase “ mouvement en fleche ”’; this type of movement is well
seen in the trypanosomes and allied genera, such as Leptomonas,
ete. In most free-living flagellates, however, the flagellum is held
out stiff and straight for the proximal two-thirds or so of its
length, while the distal third performs peculiar whirling or pulsating
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movements,* which drag the body along in a succession of more or
less distinet jerks.

In many flagellated organisms, forwardly-directed flagella may
be combined with so-called “ trailing flagella ™ (** Schlepp-geissel ),
which are directed backwards, ranning along the side of the body,
either quite free (Fig. 25) or united to the body
by an undulating membrane (Fig. 5). Insuch
cases the trailing flagellum is perhaps the chief
organ of propulsion, acting as a pulsellum, while
the forwardly-directed flagellum or flagella may
function more as tactile organs or feelers than
as locomotor organs. The flagellum may also
serve as an organ of temporary attachment in
some cases, especially in parasitic flagellates ;
it then often exhibits at its distal extremity a
distinet bead-like swelling or enlargement,
doubtless of adhesive nature. Such terminal
enlargements are sometimes seen, however, in
free-swimming forms.

There are many grounds for assuming the existence
of a gradual transition from flagella to pseudopodia,
and especially to the slender axopodia seen in
Heliozoa, ete.  In organs of each kind the type of
structure is essentially similar, an axis of firm elastic
nature, which is pushed out from the endoplasm, in
many cases from a basal granule of centrosomic nature
(p. 82), and is covered over by a sheath of contractile
fluid cetoplasm. The difference between them is one

of degree, the axopodia being refatively shorter in w25 — Anisonema
proportion to their thickness, and consequently less grande, ventral view,
flexible, but the nutating and bending movements 'shuwingtlm“hetm-u-
seon in axopodia are essentially similar in type to mastigote "' arrange-
those manifested by flagella. The Heliozoa are con- ment of the anﬂi la.
nectod with the Flagellata by transitional forms which ~ @.f., Anterior flagel-
indicate that their pseudopodia have arisen as lum ; p.f., posterior
modifications of flagella (p. 248). Goldschmidt, who trailing  flagellum ;
discusscs the whole question (41, pp. 116-122), de- S, cesophagus; c.v.,

contractile vacuole
surrounded by a
number of feeding
vacuoles : N.,

scribes in a Cercomonas-like flagellate the shorten-
ing of the flagellum, and its transformation into
a  pseudopodium which swings to and fro. A

flagellum may be considered as having arisen by nuclews : an., anus
maodification and speecialization of an axopodium, (eytopyge).  After
and as capable in many instances of reverting to Stein.

that type of organ, (Compare also p. 465, infra.)

(3) Cilia are slender, thread-like extensions of the ectoplasm which
differ from flagella mainly in three points : they are as a rule much
shorter relatively to the size of the body; they are present
usually in much greater numbers, and in their most primitive type

* For a detailed description and analysis of these movements, see Delage and
Hérouard (6), pp. 305-312.
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of arrangement form, as it were, a furry covering to the body ; and
their movements are different from those of flagella. A cilium
performs simple regular movements of alternate contraction and
relaxation, whereby it is first bent like a bow, with a slight spiral twist
(Schuberg, 44), and then becomes straightened out again; from
this it may be inferred that the contractile substance is developed
mainly on one side of the elastic axis—on that side, namely, which
becomes concave during contraction—instead of ensheathing the
axis completely, as in most flagella. Then the bending of the
cilium would be the result of active contractility, acting against
the elasticity of the axis, which is operative in causing the
cilium to straighten out again when the contractile substance is
relaxed.

Cilia are usually implanted in rows on the surface of the body,
and their movements are co-ordinated in such a way that the con-
traction—or, as it may be better termed, the pulsation—of a given
cilium takes place slightly after the one in front of it, and before the
one behind it (Fig. 26). On the other hand, the neighbouring cilia
of adjacent rows pulsate in unison ; consequently, when a ciliated

lllltzzallizallllizzl

Fra. 26.—Diagram of ciliary movement, representing the successive phases of
contraction and expansion in a row of cilia. After Verworn.

surface is seen from above with sufficient magnification, the move-
ments of the cilia produce an optical effect similar to that seen in a
cornfield when the wind blowing across it gives rise to an appearance
of waves following each other in a continuous succession. When,
however, a row of cilia is seen in side-view, the suecessive beats of
the cilia may produce the illusion of a rotating wheel ; hence the
origin of such names as Rotifer, Trochophore, ete., applied to
Metazoan organisms bearing rings or girdles of stout cilia.

In spite of the apparent differences between cilia and flagella,
there is no difficulty in regarding cilia as derived ancestrally from
flagella by a process of modification and specialization in strueture,
movement, number, arrangement, and co-ordination. Like pseudo-
podia and flagella, cilia may serve both for locomotion and food-
capture. In many cases the cilia specialized for these two functions
may be sharply distinet ; the food-capturing cilia, found in connec-
tion with the mouth and the peristomial region, ave commonly
much longer than the locomotor cilia, and show the tendency to
form fusions presently to be described. In sedentary forms loco
motor cilia may be absent in the ordinary state of the animal, and
only developed temporarily during motile phases. On the other
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hand, in a purely parasitic form such as Opalina (p. 439), in which
a mouth is entirely absent, only locomotor cilia are present.

The chief modifications of cilia, apart from variations in size and
*function, are the result of a tendency to adhere or fuse together ;
thus arise various types of organs, of which the most common are
the cirri, membranellee, and undulating membranes. Cirri are organs
resembling bristles, formed by fusion of a tuft of cilia, just as the
hairs of an ordinary camel’s-hair paint-brush adhere when moistened
s0 as to form a flexible pencil. In many cases the cirri have frayed-
out ends, in which the component cilia are distinct from one
another ; and reagents often cause a cirrus to break up into
separate cilia. Cirri have a locomotor function, and are especially
characteristic of the ciliate Infusoria which are of creeping habit
(order Hypotricha, p. 440, infra). The eirri oceur on the ventral
surface of the body—that is to say, on the side of the body turned
towards the substratum on which the organism creeps, using the
cirri practically as legs.

Membranellee are flapping or swinging membranes formed by
fusion of two or more transverse rows of cilia implanted side by
side, and adhering to form a flat membrane, the free edge of which
often has a fringed or frayed border, representing the free ends of
the component cilia. Membranelle oceur usually in the region of
the peristome in spiral rows, implanted one behind the other, and
each membranella performs simple movements of alternate flexion and
expansion, comparable to those of a single cilium. Both in structure,
origin, and movements, the membranelle must be distinguished
clearly from the undulating membranes presently to be described.

Undulating membranes are sheet-like extensions of the ectoplasm,
which perform rippling movements, comparable to those of a sail
placed edgewise to the wind ; or, better still, to the undulating
movements performed by the dorsal fin of a sea-horse (Hippocampus)
or a pipe-fish (Syngnathus) when swimming. The undulating mem-
branes of Ciliata consist simply of a single row of cilia fused together,
Such membranes are found commonly in the wsophagus of In-
fusoria ; in the vestibule of Vorticellids there are two membranes
of this kind. In some genera, such as Plewronema (Fig. 27), they
represent the principal food-capturing organ, and reach a great
development. Pleuronema swims about by means of its cilia, and
comes to rest sooner or later in a characteristic attitude, with the
cilia projecting stiffly from the body ; the large undulating membrane
is then protruded from the mouth, and serves by its movements to
waft food-particles down the wsophagus.

Undulating membranes are also of common occurrence in the
Flagellata, where they are of a different type from those of Ciliata,
The undulating membrane in this class is always found in connec-
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tion with a flagellum, and is to be regarded as a web of the ecto-
plasm (periplast) connecting the flagellum to the surface of the
body. Such a condition may arise either by attachment of a back-
wardly-directed trailing flagellum to the side of the body, as in
Trichomonas (Fig. 5) and Trypanoplasma (Fig. 36), or by the
shifting backwards of the point of origin of an anterior flagellum,
as is well seen in the transition from erithidial to trypaniform phases
in the development of trypanosomes (Fig. 131). As a rule, only the
proximal portion of the flagellum is involved in the formation of

Fre. 27.—Pleuronema chrysalis. M, The undulating membrane ; o, mouth ;
N, macronucleus ; », micronucleus ; e.v., contractile vacuole ; f.v., food
vacuole ; @., anal pore. After Schewiakoff, magnified 660 diameters.

the undulating membrane, and the distal portion projects freely
beyond it ; but in some cases a distal free portion of the flagellum
may be quite absent, and then flagellum and undulating membrane
are co-extensive (Fig. 12, J). Undulating membranes in Flagellata
appear to be specially related to the endoparasitic mode of life, and
in free-living species they are found rarely, if ever ; they may be
regarded as an adaptation to life in a broth-like medium, such as the
intestinal contents, or the blood of a vertebrate, containing many
suspended particles or corpuscles. In such cases the membrane
may assist the organism to foree its way between the solid bodies
suspended in the fluid medium. Unduvlating membranes may, how-
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ever, serve for other functions than that of locomotion, in flagel-
lates as well as in eiliates. In large, stout forms of trypanosomes,
for example, the animal may remain perfectly still while its mem-
“ brane is rippling actively, and in that case the function of the mem-
brane is probably to cause currents in the fluid surrounding the
body, and to change and renew the liquid bathing the body-surface,
In such a case it has been noted that the undulating membrane
may from time to time reverse the direction of its movements, the
waves running for a time from the hinder end forwards, and then
for a time in the opposite direction (Minchin and Woodeock, 42,
p- 150). It is probable that the undulating membranes which pass
down the vestibule of Vorticellids can reverse their movements in a
similar manner, since this passage serves both for passage of food-
particles to the mouth and for the ejection of exereta from the anal
pore and the contractile vacuoles.

The only structures found in free-living Flagellata which can be
compared at all with undulating membranes are the peculiar
“ collars ”* found in the Choanoflagellata (Fig. 110), and also in the
collar-cells of sponges. Each collar is an extension of the ecto-
plasm which grows up from the edge of a circular area round the
insertion of the flagellum, forming a membrane like a cuff or sleeve
surrounding the basal portion of the flagellum, but quite distinct
from the flagellum itself, and not formed in actual connection with
it like the undulating membrane of a trypanosome. The collar
differs further from a true undulating membrane in not being
energetically motile, but only slowly protrusible and retractile. It
has been stated, both for Choanoflagellates and for the collar-cells of
sponges, that the collar is formed by a spirally-folded membrane.
Their function appears to be that of assisting in food-capture by
a sessile, flagellated organism.

(4) Contractile mechanisms in Protozoa, when they are visible,
take the form of so-called myonemes, minute contractile fibrils run-
ning in various directions in the ectoplasm, like an excessively
minute system of muscle-fibres. Such elements are not found in
Sarcodina or in the non-corticate forms of the other classes; in
naked forms with amwboid movement the ectoplasm, as has been
pointed out above, is only a temporary differentiation of the proto-
plasmic body, which can arise by conversion of the endoplasm, and
which ean be changed back again into endoplasm. Myonemes oceur
commonly, however, in those Flagellata, Sporozoa, or Infusoria,
which owe a definite body-form to the presence of a firm cuticle or
cortex, representing a stable ectoplasm. The myonemes are often,
however, extremely fine, and sometimes escape detection in cases
in which we can infer their presence with certainty from the move-
ments or contractions of the organism or of its ectoplasm. As a
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general rule they are visible more or less clearly in the larger, but
not in the more minute, species. Thus, in trypanosomes, myonemes
can be made out in large forms as delicate lines running parallel to
the undulating membrane (Fig. 28), but in small species of trypano-
somes it may be impossible to discover them, although the nature
of their movements may leave no doubt as to the existence of con-
tractile mechanisms in the ectoplasm. In other cases, both motile
species possessing myonemes and non-motile species lacking them
may occur within the limits of a single group, as in Gregarines,
where the motile species show a very distinet layer of myonemes
(Fig. 29); while the non-motile
forms have a much thinner ecto-
plasm, represented practically by
the cuticle alone, with no trace
of myonemes. In the non-motile
trophozoites of the Coecidia myo-

Fra. 28.—Trypanosoma pe-cm, stout  Fre. 20.—Gregaring munieri, showing

form stained with iron-hmmatoxylin the layer of myonemes at the surface
to show myonemes. After Minchin, of the body, slightly diagrammatie.
x 2,000. After Sehneider.

nemes are similarly absent. In the ciliate Infusoria the myonemes
run parallel to, and beneath, the rows of cilia, and in species of
large size and great powers of contractility, such as Stenfor, the
myonemes are lodged in canals and show a transverse striation
(Fig. 186, 7).

According to Schaudinn, these motile mechanisms, both flagella
and myonemes, are derived from the achromatic spindle of a
dividing nucleus. In the development of a frypanosome from a
non-flagellated condition, he deseribes the entire kinetic apparatus
as arising from a nuclear spindle consisting of two polar centro-
somes connected by a centrodesmose (p. 103, infra), and by mantle
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fibres, but with chromosomes apparently rudimentary or absent.
Such a spindle is stated to persist and to grow greatly in length,
one pole of it finally projecting beyond the anterior end of the body.
The centrosome at the proximal pole of the spindle becomes the
blepharoplast or basal granule of the flagellum ; the ecentrodesmose
itself becomes the flagellum, or at least its axial elastic filament ;

Fic. 30.—Development of the locomotor apparatus of trypanosomes. A—F, De-
velopment of Prypanosoma noctuw : A, the single nucleus of the “ookinete ™
is dividing into two unequal halves ; in each half a centriole is seen, connected
with its twin by a centrodesmose; B, the division of the nucleus complete ;
the two sister-nuclei still connected by a centrodesmose uniting the centrioles ;
, the smaller nueleus (#. ) is dividing unequally to furnish a third nueleus (h.g.);
D, E, the third nucleus is dividing to furnish a proximal (b.g.1) and a distal
(b.g.2) eentriole, while the fibrils of the achromatic spindle become the myo-
nemes (my. ); F, development of the trypanosome—XN, trophonucleus ; #, kineto-
nucleus; b.7.1, basal granule (true blepharoplast) of the flagellum. In € the
ﬁignmut () present in the earlier stages is being thrown off. After Schau-

mn (132).

¢, stage in the development of the merozoite of Trypancsoma rolaforium
into the trypanosome-form; N, trophonucleus, still connected by a cen-
trodesmose with », the kinetonucleus, which has budded off b.y., the basal
granule of the flagellum. After Machado (469).

the distal centrosome is carried out on the tip of the flagellum ; and
the mantle fibres form the myonemes, stated in this case to be eight
in number, of the body, which are continued on into the contractile
sheath of the flagellum (Fig. 30). However fascinating the views
put forward by Schaudinn, with regard to these points, may be, it
must be stated that the greatest doubt attaches to the correctness
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of the observations upon which they are founded, and that they
lack confirmation entirely.*

3. Organs apparently of excretory function are present in many
Protozoa as the so-called ** contractile vacuoles,” one or more droplets
of clear liquid which make their appearance in the ectoplasm, grow
to a certain size, and then burst, emptying their contents to the
exterior. When the contractile vacuole reaches its full size, it often
bulges inwards far beyond the limits of the ectoplasm, and hence
may appear to lie in the endoplasm; but its first appearance is
always in the ectoplasm, to which it strictly belongs.

In non-corticate ameeboid forms the contractile vacuoles simply
empty themselves to the exterior, and the changing form of the
body does not permit of determining whether the position of the
vacuole is a constant one. It is common in amaba for the vacuole
to be lodged in the region of the body which is hindmost in progres-
sion ; but this may be simply the mechanical consequence of the
streaming movements in the protoplasm, whereby the vacuole is
carried along to the hinder end of the body. In corticate forms,
on the other hand, the contractile vacuoles are constant both in
number and position, and void their contents through a definite
pore in the cuticle, directly or indirectly ; in many Flagellata and
Infusoria, for instance, the vacuoles do not discharge directly to
the exterior, but into the wsophagus or into a reservoir-vacuole
communicating with the cesophagus.

The growth of the contractile vacuole is caused by fluid draining
into it from the body-protoplasm. Inamaebae and forms of simple
structure no channels supplying the contractile vacuole are visible,
and it must be supposed to be fed by a process of diffusion through
the protoplasm from all parts of the body. In the highly-organized
ciliate Infusoria, however, the deepest layer of the ectoplasm has a
loose, spongy texture, and forms a definite excretory layer full of
spaces containing fluid, which drains into one or more main canals

* It must be added further that, to judge from the figures left by Schaudinn
and 'lml.lliu'ilml on Plate xxix. of his collected works (** Fritz Schaudinn’s Arbei-
ten,” Hamburg and Leipzig, 1911), the statements cited above appear to be
founded on preparations made by a method of technigue which is recognized
generally as giving unsound cytﬁlngmnl results—mamely, the method of dried
films stained by the Romanowsky stain. Schaudinn’s statements are nevertheless
cited above on account of the numerous theoretical discussions and speculations
in modern protozoological and cytological literature of which they have been the
foundation. For my part, I disbelieve entirely in the theory that the flagellum
represents a centrodesmose between two centrosomes ; 1 regard it as a simple
outgrowth from a blepharoplast of a nature essentially similar to the axopodinum
of a Heliozoon. It is curious that no one has as yet extended Schaudinn’s theory
to the axopodia, the axial filament of which should also represent a centrodesmose,
if that view iz correet for the axial filament of the flagellum, a view that seems
to me quite unthinkable from a phylogenetic standpoint. Is it to be supposed
that the formation of each pseudopodium by a Heliozoon represents a rudimentary
mitosis ?
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supplying the contractile vacuole or vacuoles. Thus, in Stentor
(Fig. 8) the single vacuole is fed by a canal running the length of
the body, and in Paramecium (Fig. 185) the two vacuoles are each
surrounded by a number of canals forming a star-shaped figure,

As regards the function of the contractile vacuoles, it should be
noted in the first place that their contents are always fluid and
watery, and never contain solid particles of any kind. The fluid
which a contractile vacuole drains from the body is doubtless
replaced by water absorbed from the surrounding medium by
diffusion through the superficial layer of the protoplasm, or it
may be through the mouth in some cases. The contractile vacuole
is generally regarded as the organ of
nitrogenous excretion, comparable
functionally to the urinary organs of
the Metazoa, but it is highly probable
that the liquid discharged from it
eontains also the carbon dioxide pro-
duced by the respiratory process.
Hence the contractile vacuole may
be regarded as both excretory and
respiratory in function (see also
p. 197, infra).

4. In the majority of Protozoa
there are no organs for which a defi-
nite sensory or nervous function can
be claimed, although these organ-
isms show by their reactions to the
environment or to stimuli that they
POssess sensory and psychical func- L . Poililiaie torita oae of
tions. In some cases, however,  the Dinoflagellata, to show the
certin orgons can o asserted to  lig Wigne () vt o
have a sensory function, exhibited  (3g¢).
in sensitiveness either to impressions
of touch or light. Thus, in many Flagellates the flagella appear to
be tactile as well as locomotor in function, and in Ciliata tactile
cilia occur, especially in the creeping hypotrichous forms.

Sensitiveness to light is a marked feature of many Protozoa,
even of quite undifferentiated forms, such as amwbze. Rhumbler
(34) has shown that many ammbae cease feeding in a strong light,
and even disgorge food that they have taken in when suddenly
subjected to the intense illumination necessary for microscopic
study. This characteristic is, however, most marked in the holo-
phytic species, to which light is a necessity for their plant-like
metabolism. In the holophytic Flagellates a red pigment-spof, or
stigma, is found constantly, situated close to the anterior end of the
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body (Fig. 4, st.). The belief that the stigma is the seat of light-
perception receives support from the fact that in some cases it is
found associated with lens-like structures, which evidently serve
to concentrate light upon it and act as dioptric elements, as in
Pouchetia (Fig. 31).

B. Endoplasmic Organs.

The bulk of the endoplasm in proportion to that of the whole
body varies greatly in different Protozoa. In Flagellata, for
example, the protoplasmic body must be considered as consisting
almost entirely of endoplasm, the ectoplasm furnishing only the
delicate periplast and myonemes. Similarly, in motionless para-
sitic forms, such as the Coccidia or the * coelomic ™ (Gregarines
(p. 326, infra), the body within the cuticle is entirely endoplasm.
On the other hand, in Ciliata, in which the ectoplasm may give rise
to a number of different structures, the endoplasm is often a rela-
tively restricted region of the body. In these examples that have
been cited, the ectoplasm and endoplasm are probably stable
layers, and their relative proportions are consequently more or less
constant for a given phase of the life-history ; but in amceboid forms,
as already pointed out, ectoplasm and endoplasm are interchange-
able, and the amount of each layer present in an organism varies
with the extent of its body-surface ; that is to say, the proportion of
ectoplasm to endoplasm is greatest when the ameeba is moving
actively and throwing out many pseudopodia, and least when it is
in a resting condition and has assumed the spherical form.

As stated above, the endoplasm is a fluid, granular substance,
which contains various enclosures connected with the nutritive
function, and also the nucleus or nuclei. Hence it may be re-
garded as the seat of trophic and reproductive functions. The
nuclear apparatus will be dealt with in a separate chapter, since it
belongs, strictly speaking, neither to the ectoplasm nor the endo-
plasm, though commonly lodged in the latter. In this chapter
only the structural elements connected with the function of food
ingestion and assimilation will be deseribed.

The contents of the endoplasm vary greatly, according to the
mode of life of the organism. In saprophytic and most parasitic
forms no special organs are found in connection with the nutritive
function, the food being simply absorbed in a soluble condition
at the surface of the body, probably by the aid of enzymes secreted
by the organism, but not by any recognizable organs. In holozoie
and holophytie forms, however, special organs, differing widely in
each case, are present for the assimilation or elaboration of food.

1. In holozoie Protozoa the organs of assimilation take the form
of food-vacuoles, minute droplets of fluid in which the solid particles
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ingested as food are suspended and gradually digested. In some
cases, however, and especially when the prey is relatively large,
no distinet fluid vacuole can be made out surrounding it, but the
food appears to be simply lodged in the endoplasm itself ; the
vacuole is “ virtual.” When the digestion is completed, the in-
soluble fecal residues are cast out of the body.

In Protozoa in which the body consists of naked, non-corticate
protoplasm, the food is ingested, and the fwecal remains are expelled,
at any point on the surface of the body. In corticate Protozoa,
on the other hand, in which the body is limited by a rvesistant
envelope or cuticle of a certain strength and thickness, food can-
not be ingested at any point, but is taken in through a special
aperture, a cell-mouth or cylosiome. In such cases the organs of
food-capture are either flagella or cilia, and by their action the food
is wafted into the mouth. Primitively the mouth is a superficial
aperture in the cuticle, opening into the endoplasm by means of a
longer or shorter tube, the cwesophagus or cyfopharynz. In the
Peritricha (p. 433), however, the mouth and wesophagus are, as it
were, carried into the body at the end of an in-sinking of the ecto-
plasm, which forms a long tube or vestibule, comparable in its
mode of formation to the stomodzum of the Metazoa. In any case
the food-vacuoles are formed at the bottom of the wsophagus, in
the endoplasm. The mode in which the vacuoles arise, and the
processes of digestion and defacation, are discussed in a subsequent
chapter (p. 189, infra).

2. In holophytic forms assimilation is carried on by cell-organs
of the same nature as those found in the green cells of ordinary
plants. Of primary importance are the chromatophores, or chromo-
plasts, bodies containing chlorophyll or allied pigments by means of
which the organism is enabled to decompose carbon dioxide in the
sunlight, setting free the oxygen and utilizing the carbon for huild-
ing up the living substance. The chromwtnphores vary greatly
as regards size, form, and number present in the cell-body. Other
bodies of constant oceurrence are pyrenoids, small glistening cor-
puscles which appear to serve as centres for the formation or storage
of starch or similar substances of amyloid nature produced in the
process of anabolism (see infra, p. 188).

In any Protozoa, whatever their mode of nutrition, the endo-
plasm contains usually various enclosures, which can be classed
generally as melaplastic—that is to say, as products of the upward
(anabolic) or downward (catabolic) metabolism of the living sub-
stance. Instances of anabolic products are the grains of starch or of
the allied substance, paramylum, found in the holophytic forms,
and the reserve food-materials—fat, * paraglycogen,” and other
substances—often stored up in considerable quantity in prepara-
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tion for developmental changes, especially in the female gamete,
in a manner analogous to yolk-grains in an ovam. Instances of
bodies resulting from eatabolie activity are waste-products of various
kinds in the form of granules, erystals, pigment-grains, ete., often
present in great numbers, and giving the endoplasm an opaque and
coarsely-granular appearance. A familiar instance of such waste-
products is seen in the grains of melanin-pigment formed in the
bodies of the malarial parasites (Fig. 156) as a result of the absorp-
tion and decomposition of the hmmoglobin of the red blood-cor-
puscle,

Many bodies present in the protoplasm of Protozoa may be con-
sidered as originally of metaplastic nature and origin, but as
utilized secondarily for various functions. Such are the oil-drops
in the intracapsular protoplasm of Radiolaria (p. 251), which appear
to have a hydrostatic function, and also to serve as reserve food-
material in the development. It is also highly probable that both
internal and external skeletons originated simply as excretions in
the first instance —that is to say, as waste-products of the
metabolism which have been utilized for the function of support,
and subsequently adapted and modified in accordance with the
special requirements of the organism,

Finally, as bodies of hydrostatic function, though not to be
included necessarily under metaplastic products, are the peculiar
gas-vacuoles of Arcella, bubbles of gas which can be secreted,
absorbed, and formed again, as circumstances may require, in and
by the living protoplasm.

Bibliography. —For references see p. 477.



CHAPTER VI

THE ORGANIZATION OF THE PROTOZOA (Continued)—THE
NUCLEAR APPARATUS -CHROMATIN, NUCLEUS,
CHROMIDIA, CENTROSOMES, AND BLEPHAROPLASTS

Or all the parts or organs of the cell-body, there is none of greater
importance for the life and activities of the organism than the
so-called nucleus, a term which, understood literally, means simply
a kernel or central portion of the body, and conveys no idea of the
true nature of the structure in question or of its significance for the
life of the organism.

The cell-nucleus, in all its various modifications of form and
structure, is essentially and primarily a collection of grains and
particles of a peculiar substance which has received the name
chromatin, on account of its characteristic tendency to combine
with certain colouring matters and dyes. A nucleus may consist,
perhaps, in some cases of little more than a single mass of chromatin,
or of several such masses clumped together. In most cases, how-
ever, the chromatin is combined with other substances which may
be termed comprehensively achromatin, and which are built up with
the chromatin in such a way as to produce a complicated nuclear
structure, as will be deseribed in detail presently.

The chromatin-substance is not necessarily, however, concen-
trated entirely in the nucleus in all cases. In many Protozoa,
especially amongst the Sarcodina, as, for example, Areella (Fig. 32),
Difflugia, and many other genera, the cell-body contains, in addi-
tion to one or more nuclei, extranuclear granules of chromatin,
termed chromidia,* which may be scattered in the cytoplasm

* The term * chromidia,” in the German form ** Chromidien,” was coined by
Hertwig (66) to denote the extranuclear grains of chromatin, and the whole mass
of them in the cell-body was spoken of as a *° Chromidialnetz.” Subsequent
authors, however, have used the word in its singular form, * chromidium,” in &
collective sense, to denote the entire mass of chremidia present in a cellular organ-
ism, and not, as might have been expected, to mean the individual grains or
particles of ehromatin which constitute the chromidial mass. In order to avoid
confusion, it is proposed in this work to use the term chromidiosome to denote the
smallest chromatin-particles of which the chromidial mass i= made up, and which

row and multiply by division like other elementary living bodies. It is clear,
EHW{:THI‘, that the chromidicsomes of which the chromidial mass seattered in the
cytoplasm is built up are in no way different in kind from the minutest granules
of chromatin contained in the nuclens. The term * chromidiosome ™ must there-
fore be applied to the ultimate, individual grain or particle of chromatin, alike
whether it be lodged inside or outside a nucleus.

G5 3
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throughout the cell, or may be aggregated in certain regions of
the body to form * chromidial masses” or “ chromidial nets.”
It is even found that in some species a true nucleus may be absent
temporarily during some phases of the life-cycle, all the chromatin
being then in the form of chromidia, from which nuclei arise by a
process of condensation and organization of the chromatin in com-
bination with achromatinic elements. Such a condition may be
regarded as a temporary reversion to a more archaic and ancestral
condition, since, as has been pointed out already (Chapter I.), the
Protista of the lower or bacterial grade of organization do not
possess, speaking generally, a true nucleus, but only scattered
grains of chromatin. Hence the chromidial condition of the
chromatin may be ranked as an earlier and more primitive state,
from which the strietly cellular grade of organization has been
evolved by concentration of some or all of the chromatin to form a
nucleus. In the tissue-cells of Metazoa, as a general rule, and in
many Protozoa, the chromatin is concentrated entirely in the nucleus
or nuclei, and chromidia do not occur.

Whatever view be taken as to the primitive or secondary nature
of the chromidial condition (a question upon which individual
opinions may differ considerably), the following facts can be stated
definitely with regard to the chromidia. In some cases the chromidia
can be observed to arise as extrusions of chromatin from the nucleus,
which either casts off a certain amount of chromatin into the eyto-
plasm, while preserving its individuality, or may undergo complete
fragmentation, becoming resolved entirely into chromidia, and
ceasing to exist as a definite nucleus. In other cases, chromidia
arise from pre-existing chromidia, by growth and multiplication
of the chromidiosomes, thus keeping up a chromidial mass or stock
which is propagated from cell to cell through many generations,
independently of the nuclei present in addition to them in the cell.

The chromidial mass itself may vary considerably in structure
in different cases or at different seasons ; the chromidiosomes may
be arranged in elumps, strands, or trabecul®, on a protoplasmic
framework, and the mass is often vacuolated and contains substances
other than chromatin. In Difflugia, Zuelzer (85) has shown that
in the autumn the chromidial mass assumes a vacuolated or alveolar
structure, and in each alveolus grains are formed of a carbohydrate
substance allied to glycogen, which functions as reserve food-
madterial for the organism during the reproductive processes initiated
at that season.

On the other hand, as chromidia arise from nuelei, so nuclei may
arise from chromidia. In many Protozoa, as, for example, Arcella
(Fig. 32), the formation of so-called ** secondary 7 nueclei (which,
however, do not differ from other nuclei except in their mode of
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origin), by concentration of chromidia into a clump or mass which
acquires gradually the structure and organization of a true nucleus,
18 a frequent and normal occurrence in the life-cycle, as will be
seen in subsequent chapters. Those who regard the chromidial
condition as the more primitive will see in the formation of secondary
nuclei from chromidia the ontogenetic recapitulation of the phylo-
genetic origin of the nucleus as a structural element of the cell-body.

From the foregoing it is seen that nuclei, in the Protozoa, do not
necessarily arise from pre-existing nuclei ; the generalization ** Omnis
nucleus e nueleo,” though it probably holds good universally for
the cells of Metazoa, cannot be maintained for Protozoa if the term
“nucleus ”* be taken in its strict sense. On the other hand, there

Fro. 32.—Areella vulgaris, to show formation of secondary nuclei from the chro-
midia. A, Ordinary type of individual, with two nuclei and a ring of chromidia ;
B, example in which secondary nuclei are being formed in the chromidial
ring. N!, Primary nucleus ; N2, secondary nueleus in process of formation ;
chr., chromidial ring ; o, aperture of the shell. After R. Hertwig (635).

is no evidence that chromatin, within or without the nucleus, can
ever arise de novo or in any way except from pre-existing chromatin,
the particles of which grow and multiply as the result of processes of
assimilation such as constitute the most essential characteristic
of the living substance generally.

There is no doubt, however, that chromatin may itself give rise
to other substances of achromatinic nature, and probably of simpler
constitution, by a process of breaking down of its complex sub-
stance ; and also that there may be present in the cell various
substances very similar to chromatin in their properties and charac-
teristics, representing stages in the building-up of the complex
material of the chromatin-substance. In one or the other of these
two ways it is possible to account for bodies in the cell known by
various names, such as “ metachromatinic grains,” * chromatoid
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grains,” and so forth—bodies which are often mistaken for true
chromatin, but which must be carefully distinguished from it, just
as metaplastic bodies are to be distinguished from protoplasm.
Among such bodies must be mentioned more especially the so-called
* volutin-grains,”* which have attracted much attention of recent
years, and which occur in various bacterial or unicellular organisms.
The volutin-grains resemble chromatin in showing affinities for
so-called ** nuclear stains,” which they hold more firmly than the
chromatin itself, when treated with reagents that extract the stain.
According to Reichenow (78), volutin is a nucleic acid combination
which is to be regarded as a special reserve-material for the forma-
tion of the nucleo-proteins of the chromatin-substance ; during
phases of the life-cycle in which the chromatin in the nucleus
increases in quantity, the volutin in the cytoplasm diminishes, and,
conversely, when the quantity of chromatin is stationary, the
volutin-grains increase in number. Volutin-grains are thus seen
to be bodies of totally different nature from chromidia, with which
they are often confused on account of their similar appearance and
staining reactions ; chromidia are formed, typically, as extrusions
from the nucleus into the eytoplasm ; volutin-grains, on the other
hand, are formed in the cytoplasm, and represent, as it were, a
food-substance which is absorbed by the nueleus in the growth and
formation of the chromatin. In some cases, however, the meta-
chromatinic grains may represent chromidial extrusions from the
nucleus which are breaking down or being modified into other
substances ; compare, for example, the extrusion of vegetative
chromidia, which degenerate into pigment, from the nucleus of
Actinospherium during a depression-period (p. 209),

The occurrence in the cell-body of volutin and other substances
which resemble chromatin very closely may often render extremely
difficult the task of identifying and distinguishing the true chro-
matin, especially when it is not concentrated into a definite nucleus,
but is scattered in the cytoplasm in the form of chromidial grains.
The test upon which reliance is most usually placed for the identi-
fication of chromatin is its staining properties, and especially its
readiness for combining with basic aniline dyes and certain other
colouring matters. But this test is extremely inadequate and un-
reliable ; on the one hand, as has been stated above, there are
substances, such as volutin, which are coloured by ** nuclear ”
stains more intensely than the true chromatin itself ; on the other
hand, in cellular organisms which possess true nuclei containing
undoubted chromatin, the staining reactions of the nuclei may be
strikingly different in different cases. A good example of each of

~* The name ** volutin ” was coined by A. Meyer in 1904, and is derived from the
fact that the substance was first studied by him in Spirillum volulans.
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these statements is furnished by the trypanosomes parasitic in
vertebrate blood : on the one hand, these parasites often contain
in their eytoplasm so-ealled “* chromatoid grains,” probably of the
nature of volutin (Swellengrebel, 514), which stain in a similar
manner to the nucleus ; on the other hand, the nuclei of the
parasites react to stains in a manner very different from the
nuclei of the blood-cells amongst which they live. In short, it
is not possible to name any stain or class of stains which can be
relied upon either to combine with chromatin alone, or to stain
chromatin in the same manner and to the same degree, at all times
and in all cases® (compare Fig. 33). When,

therefore, the adjectives ** chromatinic ”” and e ~
“achromatinic ™ are used in the course of
this work, it must be clearly understood
that these terms signify that the bodies or
substances to which they are applied con-
sist or do not consist, as the case may be,
of chromatin, and not that they stain or
do not stain with certain dyes.

As regards the chemical nature of chro-
matin, it is characterized by containing
protein-substances more complex in com- Fg. 33.—Diagram to repre-
position than any other part of the cell; it  sent in a graphic manner
3 2 = a the action of colouring
is not possible to say definitely, however,  gatters that stain echro-
whether it is to be regarded as a single matin. The circle drawn

} - l : -E t e o -[ f} : withan lillltlt-['l“l"llrlt{:(l].ll'l{'l
chemical substance or as a combination or "o hn0sed to represent
mixture of several. Its nfbst salient feature a  theoretically |lt'1l'fuc}t-
e ol By LSSt Ry . chromatin - stain, which
is its variability ; judged by mie (:‘.I(}h(‘,ﬂ‘ll(}i'bl S R P e ey
tests, no two samples of ehromatin can be ﬂ,lwa-{:-:, and nothing else
considered identical in composition, whether but chromatin ; the circles

. drawn with interrupted
from different cells or even from the same  lines ropresent the action
cell at d_'[ffﬁrent, thneg+ Ccrt;}in Eu]JBt&ﬂEEﬁ, af t!llﬂ)ltl!l.t-n‘F Htﬂ-ll_l.!-!- actu-

svecially vhosvhorus 1 : ally ; they will stain chro-
cially characteristic of nucleo-proteins, but  thoughnotinvariably, but
; = & bl t Th E ¢ they will also stain other
it is not possible a ¢ present time t0  ginsswhich are not chro-
define or identify chromatin by its chemical  matin.
properties or composition.

All experience at the present time tends to show that the final
test for the identification of chromatin in the cell is its relation to
the wvital activities and life-history of the organism. The term
* chromatin ™ is thus to be regarded as denoting a biological or
physiological, but not a chemico-physical, unity. A given body

* Methyl-green, acidulated with acetic acid, has sometimes been indicated as a
must distinetively nuclear stain ; but Hertwig (64) has shown that in the nuelei
of Actinosphwrivm this stain colours the plastin-framework, and not the chro-
matin, and this author easts doubt on the alleged value of this stain as a rcagent
for demonstrating chromatin in the nucleus.
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or grain in the cell cannot be definitely identified as chromatin, in
all cases, by any chemical or physical test, but only by its relation
to the life and development of the organisni as a whole, and more
especially to the function of reproduction and the phenomena of
sex, as will be shown more fully by means of conerete instances in
subsequent chapters. The sum of modern knowledge with regard
to the vital activities of living bodies and the life-histories of
organisms, whether plants or animals, Protozoa or Metazoa,
indicates that the chromatin exercises a regulative and determina-
tive influence over the functions and properties of the cell-body.
Direct experimental proof of the all-importance of the nucleus for
the life of the cell is obtained by eutting Protozoa into pieces, some
containing portions of the nucleus, others consisting of eytoplasm
alone (p. 210, infra). Those pieces that contain nuclear substance
are able to regenerate the lost parts of the body and to perform
all the functions of life, and in particular those of assimilation,
growth, and reproduction ; those, on the contrary, that contain no
portion of the nucleus rapidly lose the power of assimilation, and
are unable to regenerate the body, to grow or to reproduce; and
though they remain for a time irritable and capable of movement,
they soon lose these properties. There are a number of facts which
indicate that in the physiological activities of the cell the chief
function of the nucleus is the formation of ferments ; it is therefore
all-important in regulating the assimilative processes of the living
substance (p. 194).

The conception of chromatin as the directive and regulative centre
of the cell-body renders intelligible a number of phenomena con-
nected with it, such as the elaborate mechanisms which, as will be
described in the next chapter, are gradually evolved and perfected
for the exact partition of the chromatin in the reproduction of
the cell by division, and the relation of chromatin to the
sexual proeess. Further, the extremely variable nature of the
chromatin-substance becomes at once intelligible on this view of
its relation to the specific characters and properties of the organism ;
for since every species of living being—perhaps, even, every in-
dividual of the same species—differs to a greater or less extent
from every other : then, if such differences are determined by the
chromatin, it follows that the chromatin must also differ to a
corresponding degree in each case, and that consequently uni-
formity of character in different samples of chromatin cannot be
expected to occur,

Hertwig (67, 92) considers that a certain quantitative relation of
nucleus and eytoplasm is necessary in any cell for the normal
continuance of the vital functions. This nucleo-eytoplasmic ratio
(" Kernplasma-Relation ) is subject to wvariations at different
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periods of life-history, but is the same, normally, for corresponding
phases of the life of the cell ; it can be influenced by external con-
ditions, such as food and temperature, and also by internal factors,
undergoing changes in a regular manner, in harmony with changing
functional conditions of the cell. In cultures of a given species
at a lower temperature, multiplication is slower and the organisms
grow larger and possess larger nuclei ; with increase of temperature
the reverse takes place (compare p. 206, infra). It has also been
observed that, in long-continued cultures of Protozoa, periods of
active assimilation and multiplication arc followed by periods of
depression, during which assimilation and reproduction are at a
standstill, even in the midst of abundant nutriment (see especially
Calkins, 5). The depression-periods are characterized by an in-
crease of the nuclear substance relatively to the cytoplasm, a
“ hyperchromasy *” of the cell, which may lead to the death of the
individual unless compensated by the elimination and absorption
of part of the nuclear substance (p. 209, infra) ; when the balance
has been thus restored, the organism becomes normal and feeds
and multiplies again. From this conception of a definite relation
between the mass of the nucleus, or rather of the chromatin, and
that of the cytoplasm, Hertwig has deduced a number of important
consequences to which reference will be made in subsequent chapters.

The influence exerted by the chromatin upon the life of the
organism may be manifested in two ways, which may be termed,
for convenience, actual and prospective, respectively. In the first
case it regulates the metabolism and funetions, both trophic and
kinetie, of the cell in which it is contained, and is then commonly
termed wvegetative chromatin, or trophochromatin. In the second case
it may be dormant and inactive in the cell that contains it, remaining
latent, as it were, until carried on to future generations in the
course of cell-reproduction ; at a later period the whole or a part
of this latent chromatin may become active, determining the nature
and properties of the offspring, and thus serving as the vehicle for
hereditary transmission of the characters of antecedent generations.
Such temporarily dormant chromatin is commonly termed genera-
tive chromatin, or idiochromatin. 1t is probable that in all Protozoa
the cell-body contains chromatin both in the active and inactive
state, the one regulating the vital functions of the living body,
the other remaining dormant, in reserve for future generations.

The validity of this conception, aceording to which the chromatin
present in an organism is regarded as being either vegetative or
generative in function, must be fested by its capacity to account
for the facts of the development and life-cyele which will be con-
silered more fully in subsequent chapters. There are no means
of recognizing and distinguishing vegetative and generative chro-
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matin except by their respective relations to the life-cycle, at certain
periods of which, as will be seen, the nuclear apparatus is entirely
reconstituted, effete vegetative chromatin being eliminated from
the organism, either cast out or absorbed, and its place taken by
reserve generative chromatin. It is only necessary to remark that
some authorities speak of vegetative and generative chromatin as
if they were two distinet kinds of substance, whereas they are
probably to be considered rather as two phases or states of one and
the same chromatin. Vegetative chromatin is that which is in a
state of functional activity, and which thereby tends to become
exhausted and effete in its vital powers, exhibiting in consequence
the phenomena of * senility.” Generative chromatin, on the con-
trary, by remaining inactive, conserves its ** youth ™ unimpaired,
and constitutes a reserve from which the worn-out vegetative
chromatin can be replaced. Generative chromatin of one genera-
tion may become vegetative chromatin in the next.

As regards their distribution in the cell-body, in some cases
vegetative and generative chromatin cannot be distinguished by
the observer as separate structural elements, but are mixed up
together in the same nucleus ; in other cases, however, they occupy
distinet situations in the body. Thus, in Sarcodina it is common
for the vegetative chromatin to be lodged in the principal nuclens
or nuelei, while the generative chromatin occurs in the form of
chromidia, as in Areella (Fig. 32), or vice versa. In the Infusoria
there are two kinds of nuclei, which are shown by their behaviour
to consist, the one of vegetative, the other of generative chromatin.
Chromidia, when present in the cell, may also differ in kind, being
in some cases extrusions from the nucleus of purely vegetative
chromatin, in process of elimination, while in other cases, as
already mentioned, the chromidia, or a part of them, represent
the generative chromatin (see p. 150, infra).

The nuclei of Protozoa exhibit great variety of structure and
form as compared with the relatively uniform structure of the
nucleil of Metazoa. As stated already, the constituent substances
or structural elements in any nucleus may be distinguished broadly
as chromatinic and achromatinic : the former consisting of the
chromatin, the primary and essential element never absent in any
nucleus ; the latter comprising various accessory structures, an-
cillary to the chromatin, and not all of them invariably present
in any given nucleus. Amongst the principal achromatinie con-
stituents of nuclei in general must be mentioned the following :
(1) linin, occurring in the form of a framework, which stains feebly
or not av all by chromatin-stains, and which presents the appear-
ance of a delicate reticulum or network, the optieal expression of
an alveolar structure ; (2) a fluid enchylema or nuclear sap, filling
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the interstices of the linin-framework ; (3) plastin, a substance
which has staining reactions different to those of chromatin, and
which oceurs in lumps or masses forming the ground-substance of
the nucleoli or karyosomes presently to be described. The whole
nucleus is commonly enclosed in a membrane, but this structure is
probably formed in different ways in different cases, and may be
absent. In addition to these
various constituents, there are
commonly present also in con-
nection with nuclei bodies of
kinetic nature. Such are the
centrosomes or centrioles, which
appear to control, or at least
to act as centres for, the move-
ments which the various parts
of the nuecleus perform during
the process of reproduction by
division.

The structure and appear-
ance of nuclei depend chiefly
on the manner in which the
chromatin is distributed. Two
principal types of structure may
be distinguished : in the first
the chromatin is concentrated

F1i. 34.—Cyeclical vegetative changesin the
resting nuclei of T'richospharivm siebolds.

into a single mass or grain, or, if
other grains are present in the
nucleus, they are smaller and
relatively insignificant in size ;
in the second a number of
grains are present which are
more or less equal in size. In
the condition with a single,
or one greatly preponderating,
mass of chromatin, the nuclear
space is not as a rule filled by
it, but presents the appear-
ance of a vesicle containing

A, Stage with finely-meshed chromatic
network and large karyosome (see p. 76);
B, the meshes of the network widening,
the karyosome budding off blocks of
chromatin into it ; €, the same process
carried farther ; D, coarse network con-
taining scanty chromatin at the nodes,
karyosome wanting ; & to G, the chro-
matin increases greatly in quantity,
covering the linin-framework—in  the
meshes of the network are becoming
finer ; f{, the network has become fine-
meshed again ;3 1, a karyosome is being
formed by condensation of the chro-
matin at certain points, leading to the
condition of A4 again.  After Schandinn,
% 2,250,

the chromatin-mass at or near its centre ; consequently such nuclei
are commonly termed * vesicular 7 in type, and the chromatinic
mass may be termed generally, and without further determination
of its precise nature, an endosome (*° Binnenkorper ’).  When, on
the other hand, the chromatin is in the form of numerous grains,
triey are generally distributed more or less evenly throughout the
nuclear eavity ; such nuclei are termed ** granular.”
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Every transition from the one type of structure to the other may
be found in the nueclei of Protozoa ; in a vesicular nueleus the prin-
eipal mass of chromatin may break up into smaller grains which
become distributed throughout the nuclear cavity ; in a granular
nucleus some or all of the grains of chromatin may be clumped
together, and become fused to form a principal or single mass of
chromatin. Such changes may take place during successive periods
of activity of one and the same nucleus (Fig. 34). It is usual to
speak of the eondition of the nucleus as “ resting * when it is not
actually undergoing the process of reproduction by division ; but
it must be borne in mind that, so long as the cell is in a state of
physiological activity of any kind, the nucleus also shares in this
activity, and, strictly speaking, cannot be said to be resting. The
activity of the nucleus is expressed in continual changes in its
structure and rearrangements of its chromatin-substance and other
constituents. In the gregarine Porospora gigantea, Léger and
Duboseq (72) have observed changes taking place rhythmieally in

oo o le)le

Fra. 35.—Successive stages of the karyosome (see p. 76) of Porospora gigantea,
showing the transformation of a hollow into a homogencous karyosome by
expulsion of a vacuole of clear viscous fluid into the nuclear cavity, where it
forms a little mass of chromatin in front of the micropyle. After Léger and
Duboscq (72).

the living condition (Fig. 35) ; compare also Chagas (48'5). Hert-
wig (64) has shown that the structure of the nucleus of Aefino-
spherium can be correlated with the funetional aectivities of the
cell. Thus a condition with the chromatin all concentrated to
form a central endosome is found prior to division of the nucleus,
and is also found when the animal is being starved ; on the other
hand, when it is supplied with abundant nutriment and is feeding
actively, the chromatin-grains spread over the whole nuclear space.
Sinee, however, abundant food also leads to frequent nuclear
division, the condition with the chromatin concentrated at the
centre also occurs during active cell-metabolism, as well as during
hunger-periods.

In the simplest condition of the nucleus the grain or grains of
chromatin are lodged in a space or vacuole, containing a clear fluid
or nuclear sap, but not enclosed by a definite membrane. Nuelei
of this simple type of structure are seen in some of the primitive
forms, such as the small amabae of the limax-type, in which the
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nucleus consists of a large mass of chromatin suspended in the
nuclear sap. In some cases no other structural elements can be
made out ; in others the nuclear sap contains granules of peripheral
chromatin varying in size from the most minute and searcely
visible particles to distinet grains. For a simple nuclens of this
type the term “ protokaryon ™ has been proposed ; it is just such
a nucleus as may be imagined to have arisen by a concentration
of chromidiosomes at one spot in the cell-body, and in many cases
such nuclei can be seen to be formed actually in this manner. The
kinetonucleus of trypanosomes may be considered as a nucleus of
this type in which the single mass of dense chromatin fills almost
or quite completely the space in which it lies. In other cases there
may be a clump of chromatin-grains more or less equal in size,
filling the nuclear cavity, as in the nucleus of hmmogregarines,
When there are numerous grains of chromatin, those placed super-
ficially may be united to form a limiting layer which may be termed
a “false” or * chromatinic” membrane, in distinction to a true
nuclear membrane, which is an achromatinic structure. Even in
nuclei of the most simple type, however, substances or structures
accessory to the chromatin are probably always present.

In the first place, it is very probable that the grain or grains of
chromatin do not lie loosely and freely in the nuclear vacuole, but
are suspended in it, in all cases, by a delicate achromatinie frame-
work, presenting the appearance of a fine network or reticulum, at
the nodes of which the chromatin-grains are lodged. It is true that
in many of the minute and primitive forms no such framework has
been made out, and is believed by many observers to be absent ;
but on that view it is difficult to account for the definite position
of the chromatin, its changes of position during division, and the
frequent appearance, during this process, of an achromatinic spindle,
phenomena that may be noted even in the simplest cases. The
achromatiniec framework is often very fine and delicate, and its
substance stains feebly or not at all with the colouring matters
commonly employed in microscopical technigue ; hence it is very
probable that it has often been overlooked in cases where it is
really present. When there is but a single mass of chromatin, or
one grain very much larger than all the others, the achromatinic
reticulum presents the appearance of very delicate threads of
linin radiating from the principal mass of chromatin to the
periphery. When, on the other hand, there are numerous grains
more or less equal in size, the reticulum is seen as fine lines passing
from each grain of chromatin to each of the grains adjacent to it.
In all probability the apparent * threads ™ of the reticulum are but
the optical expression of the walls or partitions separating alveoli,
and there is no reason for considering the achromatinie reticulum or
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linin framework as different in any essential point from the
alveolar framework of the general protoplasm, with which, in nuclei
that lack a true membrane, it is perfectly continuous. Hertwig (66)
regards the eytoplasmic framework as achromatinic substance in
mtimate combination with chromatin ; the nuelear framework, on
the other hand, as pure achromatinic substance (linin) from which
the chromatin has become separated out and organized into special
structures, independent of the framework in which they are lodged.
Similarly, the nuclear sap filling the nuclear space and the inter-
stices of the reticulum must be identified with the enchylema of
the body-protoplasm. As compared with the alveolar structure
of the general protoplasm, that of the achromatinic nuclear frame-
work is characterized chiefly by the larger size of the alveoli, and,
consequently, the greater distinetness of the apparent reticular
structure.

A true nuclear membrane, when present, is probably formed in
all cases from the achromatinic framework. In the nuelei of Aetino-
spheerium, according to Hertwig (G4), the membrane is a super-
ficial condensation of the achromatinic reticulum. The membrane
may attain to a considerable thickness and appear doubly-con-
toured in optical section, separating the nuclear framework com-
pletely from the extranuclear protoplasm ; but it is always a structure
very readily absorbed and re-formed, and it appears to present
no obstacle to the passage of substance from the nucleus into the
G}'t"[}lﬂﬂ‘-qnh Or vice versd. Awerinzew {:-1-?}, on the other hand,
regards the nuclear membrane as a product of the eytoplasm.

In addition to the achromatinic framework, plastin is commonly, if
not invariably, present in the form of masses or bodies which receive
different names, according as they consist of pure plastin or of
plastin impregnated to a greater or less extent with chromatin,
In the vesicular type of nucleus, the endosome may perhaps consist,
in some cases, of pure chromatin, but in most cases, if not always,
it is composed of a matrix or ground-substance of plastin in which
the chromatin is lodged. An endosome of this kind is termed a
karyosome, or chromatin-nucleolus ; as a rule it has the form of a
rounded mass, oceupying the centre of the nucleus, sometimes of
more than one such mass, but in a few cases it may have the form
of a crescent or cap (** calotte ) elosely applied to the nuclear mem-
brane. In the granular type of nucleus, on the other hand, there
may be one or more masses of pure plastin containing no chromatin ;
such a body is termed a nucleolus simply, or a * plastin-nucleolus.”
In the nuclei of the tissue-cells of Metazoa, true nueleoli oceur
almost invariably ; in the nuclei of Protozoa, however, pure plastin-
nucleoli are not of ecommon oeceurrence, but have been deseribed
m a few instances—for example, in the haemogregarine-nucleus
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(Reichenow, 78).  As a general rule in the Protozoa, the plastin-sub-
stance is found as the matrix of karyosomes, but also as that of
other masses of chromatin, such as the chromosomes of the dividing
nucleus (see next chapter). Goldschmidt (41) observed that the
formation of generative chromidia in Mastigella (p. 265) was pre-
ceded by the extrusion of plastin from the nucleus into the cyto-
plasm, to serve as a matrix for the chromatin which passed out
from the nucleus subsequently. In Actinospherium, Hertwig has
shown that a karyosome or chromatin-nucleolus, present during
certain states or phases of nuclear activity, may give off its chro-
matin-substance into the nuclear framework (reticulum), leaving the
plastin-matrix as a body which is then seen to consist of a reticular
framework similar in structure to the achromatinic reticulum of the
nuclear framework, but distinguished from it by smaller meshes
(alveoli) enclosed by thicker walls, as well as by its different staining
properties. Certain phases of the development of Actinospherium
are further characterized by the formation in the nucleus of
numerous small plastin-nucleoli, each consisting of a single vesicle
(alveolus) of plastin containing nuclear sap.

Thus, a nucleus in its full complication of structure, and apart
from the centrosomic elements, to be discussed presently, consists
of the following parts : (1) An achromatinic framework or nuclear
reticulum ; (2) a true membrane, formed from the achromatinic
framework, and separating the nuclear contents from the surround-
ing eytoplasm ; (3) nuclear sap, pervading the entire nuclear cavity ;
(4) plastin, in the form of one or more bodies or masses which may
consist either of pure plastin (nucleoli) or of plastin impregnated
with chromatin (karyosomes) ; and (5) the chromatin, which may
be present either in the form of granules lodged at the nodal points
of the reticulum, and scattered evenly or unevenly throughout the
nuclear framework, or may be concentrated in a karyosome, or
may combine both these two modes of distribution in various ways.
Achromatinie framework and nuclear sap may be considered as a
part of the general body-protoplasm, enclosed within the nuclear
space, and set apart from the cytoplasm as a special nucleoplasm ;
plastin, on the other hand, is probably to be regarded as a product
derived from the chromatin itself, either as a secretion or as a
modification of its substance, to form a cement-like material or
matrix in which true chromatin is carried. The two primary con-
stituents of a nucleus are chromatin and protoplasmic framework.,

Nueclei, whatever their structure, are, as a general rule, bodies of
spherical or ovoid form ; but in some ecases, especially amongst
Infusoria, the nuclei exhibit very varied forms in different species.
The nucleus may then be sausage-shaped, or in the form of a horse-
shoe, or resemble a string of beads (" moniliform ), or be branched
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in a complicated manner. In the remarkable Acinetan Dendrosoma
radians a colony is formed by budding, which resembles super-
ficially a hydroid colony, each hydranth being represented by the
head of an Acinetan individual with suectorial tentacles ; the
branched nucleus is continuous throughout the whole colony, pass-
ing uninterruptedly from one individual to another.

Typically the cell-body contains a single nucleus, but in many
Protozoa two or more nuclei occur constantly. When there are
more nuclei than one, they may be all alike
and quite undifferentiated, or they may show
differences in size, structure, and funection.
In many Sarcodina multiple nuelei without
differentiation are found to occur constantly
in certain species ; for instance, two in Ameba
binucleata and Arcella ; several, perhaps a
dozen or so, in Difflugia (Fig. 16); from
twenty to forty up to some five hundred in
Actinospheerium (Fig. 3) ; so also in Pelomyxa ;
and in the large plasmodia of Mycetozoa many
thousands of nuelei are found.

Differentiation of nuclei, when it occurs,
may be related to various causes. In trypano-
somes and allied forms two nuclei occur con-
stantly—a principal nucleus, or trophonucleus,
so called because it appears to regulate the
general metabolism and trophic activities of
the cell-body ; and a kinefonucleus, which is in

Fic.
plasma  gqurieyorim
from the blood of the
pike (Ksox lucius).
a.fl., Anterior flagel-

36, — Trypano-

lum; =», kinetonu-
cleus ; N, trophonu-

cleus; p.fl., posterior
flagellum forming the
edge of the undula-
ting membrane, and
continued beyond it
as a very short free
flagellum posteriorly.
After Minchin (478),

special relation to the organs of movement,
flagella, and undulating membrane. As a rule
the kinetonucleus is smaller, in some cases very
minute, and has a dense compact structure,
while the trophonucleus has a vesicular struc-
ture ; but in other cases (Trypanoplasma) the

% 2,000, ; : i
kinetonucleus is the larger of the two (Fig. 36).

A nuclear differentiation of totally opposite character is seen
in the Infusoria, where two nuclei of different sizes, hence termed
“ macronucleus 7 and  micronucleus,” are constantly present ; the
behaviour of these two nuelei in relation to sexual phenomena and
reproduction (vide p. 153, infra) shows that the macronucleus is
composed of vegetative chromatin, while the micronucleus contains
the reserve generative chromatin. In some cases—for example, in
Myxosporidia (p. 403)—nuclei of different sizes oceur in relation to
sexual differences.

In some Protozoa—the so-called * Monera” of Haeckel—the
nucleus has been stated to be wanting entirely ; but this statement
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is probably based on incomplete or erroneous observation, or on
defective technique. In all Protozoa that have been examined in
recent times, at least one nucleus has been found to occur without
exception, though in some phases of the development the nucleus
may temporarily disappear and resolve itself into chromidia.

There now remains for consideration the question of the centro-
some, the centre of the kinetic activity of the nucleus. Of all the
questions connected with the nuclear apparatus, those relating to
the centrosome are the most difficult to handle in a general manner,
largely on account of the minuteness of the bodies dealt with, and
the consequent difficulty of ascertaining their structure and com-
position, even their presence, in many cases. Henece, in the litera-
ture of the centrosome, there is found considerable confusion in
the terminology, different authors disagreeing entirely as to the
precise structures to which the name centrosome should be applied,
and opposed theories, which cannot be discussed adequately in a
short space, have been put forward as to the nature and origin of
the centrosome.

As the focus of the kinetic activities of the nucleus, the centro-
some is most apparent and recognizable when the nucleus is in
process of reproduction by division, and much less so when the
nucleus is in the so-called “resting state.” Hence the study of the
nucleus during the process of division is alone decisive as to the
presence of a cenfrosome in any given case; and since in many
cases nuclear division appears to go on without centrosomes being
present, it may be taken as equally probable that, in all such cases
at least, no centrosome is present in the resting state of the nucleus,
In many cases, however, the presence of a centrosome in, or in
connection with, the resting nucleus can be ascertained clearly ;
it may then lie either outside or inside the nucleus.

When the centrosome lies outside the nucleus, as it usually does
in the cells of Metazoa, it is found typically as a minute grain or
pair of grains (* diplosome ') close beside the nuelear membrane.,
Its presence may be indicated by the radiate structure of the
surrounding protoplasm, giving the appearance of a system of rays
centred on the centrosome ; but such radiations are absent as a
rule during the resting state of the nucleus, and the appearance of
rays is often the first sign of impending activity and division of
the nucleus. In many cases the centrosome is found lying in a
mass of clear protoplasm termed archoplasm, a substance which
differs, apparently, from the rest of the cytoplasm only in being
free from granulations of all kinds. Archoplasm may, in short, be
regarded simply as pure cytoplasm, and it appears either perfectly
Fomogeneous, or traversed by striations which radiate from the
centrosome, through the archoplasm, and even beyond its limits;
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the striations themselves being the optical expression of a radiate
arrangement of the protoplasmic alveoli (meshes of the * retic-
ulum ), indicating lines of foree or tension centred in the centro-
some. In some cases it is probable that archoplasm showing
radiate striations may be present without any centrosome. In
Actinospharium Hertwig showed that rays were formed in the
archoplasm before a centrosome had been formed, and heralded its
appearance,

When the centrosome lies within the nuecleus, it is found most
frequently, in Protozoa, within a plastin-body or karyosome, a
position which it may retain permanently during both the resting
and dividing conditions of the nucleus. The simple nuclei of
the protokaryon-type probably contain in most cases a centro-
somic grain lodged in the karyosome. In a few cases, however,
an intranuclear centrosome occurs without a karyosome, or outside
the karyosome if one is present. On the other hand, there are
many examples of the occurrence of extranuclear centrosomes in
Protozoa ; but these are for the most part cases in which the centro-
some is in relation, not only to the kinetic functions of the nucleus,
but also to those of other cell-organs, as will be described presently.
Nuclei containing centrosomes have been termed * centronuclei
by Bowveri.

The centrosome is seen, as a general rule, under the form of a
minute grain, or cenlriole. This is the form in which it occurs
invariably when it has an intranuclear position, lodged within the
karyosome. But when it occurs outside the nucleus, it exhibits
structural peculiarities which may vary at different periods, and
it often presents cyclical changes corresponding to different phases
of the activity of the nucleus. Thus, in Actinospharium, Hertwig
(64) describes the centrosome at its first appearance as a relatively
large body of spongy structure, formed at one pole of the nucleus from
extruded portions of the achromatinic reticulum (Fig. 37, A—FE).
At this stage, in which the centrosome is termed a cenfrosphere, it
lies in a patch of archoplasm, and is the centre of a well-marked
system of radiations. The centrosphere then gives rise, by con-
densation of its substance, to two centrioles, or to one which divides,
and at the same time the archoplasmic radiations become fainter
and disappear (Fig. 37, I, 7). The centrioles then take part in
the division of the nucleus, and when this process is complete they
again become spongy centrospheres, which go through the same
series of successive changes that have already been deseribed. Ana-
logous eyelical changes of the centrosome have also been described
in other cases, and have led to a conflict of opinion as to whether
the term ** centrosome ” should be applied to the whole centrosomic
complex, as it may be termed, or to the centrioles, of which many
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may be present. It is simplest in theory, and probably correct in
fact, to regard the centriole as the primary, in many cases the sole,
constituent of the centrosome—an element which may be capable,
to a greater or less extent, of changes in size and structure, and
which multiplies by division. To the primary centrosome or
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Fra. 37.—Actinospherium eichhorni ; formation of the centrosome. A4, Concentra-
tion of the nuclear reticulum towards one pole of the nucleus, near which
the cytoplasm appears free from granulations, forming the archoplasm ;
B, €, D, passage of a portion of the nuclear reticulum to the exterior to form
the * spongy centrosome ” lying in the archoplasm ; E, spongy centrosome
with striations passing from it through the archoplasm to the nucleus ;
F, @, the centrosome passes back again to the vicinity of the nucleus and
undergoes a reduction of substance—the archoplasm also diminishes tem-
porarily in quantity ; H, division of the centrosome. After Hertwig (G4).

centriole there may be added adventitious elements of protoplasmic
or nuclear origin, thus forming a centrosomie complex which may
attain a size relatively considerable in some cases.

So far the eentrosome has been discussed only in its relation to
6
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the kinetie activities of the nucleus, a funection which may be re-
garded as its primary and most characteristic role. It may act
also, however, as the centre of other kinetic functions of the cell-
body, especially in relation to motile organs such as flagella ; it
then appears as the so-called “ basal granule,” from which the
flagella take origin. The basal granule appears as a thickening
at the base of the flagellum. It may be continued farther into
the eytoplasm, or connected with the nucleus, by means of one
or more root-like processes known
as the rhizoplast. A centrosome
which is in relation to a motor
cell-organ is termed generally a
blepharoplast. The rhizoplast may
have various origins ; in some cases
it represents the centrodesmose
(p. 103) which connects the bleph-
aroplast with the nuclear centro-
some, or the remains of such a
connection ; in other cases it repre-
sents the remains of the nuclear
spindle of the previous nuclear
division, as in the swarm-spores of
Stemonitis flaccida (Jahn, 69) and

A B C
Fra. 38.—Mastigina setosa, after Gold-  Fra. 39.—Connection of the flagellum
schmidt (41). =., Nucleus from which and the nucleus in Mastigina setosa.
the long flagellum arises ; the body A and B, As seen in the living
is full of diatoms and other food- state ; O, after fixation and staining.
bodies. The surface of the body has a After Goldschmidt (41).

covering of short bristle-like processes.

the collar-cells of Heteroceela (Robertson, 79); while in some
instances it may be formed by outgrowth of root-like processes,
of no special cytological significance, from the blepharoplast.

The relation of the nuclear to the kinetic apparatus is best
studied in the Flagellata, where three principal conditions may be
distinguished as follows :

1. The cell-body contains but a single centrosome, which functions
also as a blepharoplast ; these two names, then, denote two different
phases of activity of one and the same body, which is a eentro-



THE NUCLEUS 83

some when it is active in relation to the division of the nucleus,
and a blepharoplast when it is in connection with flagella or other
mofile organs during the resting state of the nucleus. In this,
probably the most primitive state of things, there are, further, two
different structural conditions found to occur in different cases.
First, the centrosome - blepharoplast may be within, or closely
attached to, the nucleus ; secondly, it may be quite independent
of the nucleus, and some

distance from it in the cell- g

body, during the resting
state of the nucleus. In
the first case—of which an
example is seen in Mastigina
(Figs. 38, 39), paralleled by
collar - cells in the Leuco-
soleniid type of calcareous
sponges—the flagellum ap-
pears to arise directly from
the nucleus; in the second
case, exemplified by Mas-
tigella (Fig. 40), and by
collar-cells of the Clathrinid
type, the flagellum takes
origin quite independently
of the resting nuclens. In
both cases alike, the flagel-

lum gﬂﬂﬁ-l‘ﬂll}" dL‘?.ﬂpplr_ﬁ'LI‘s Fia. 40.— Mastigella wvitrea, after
before division of the nucleus Goldschmidt (41). =, Nucleus,

ins : a4 almost obscured by the mass of
bcglns, the 1}151}]1&1'[}1]1 B food-bodies of various kinds in
becomes the centrosome, the oytaplasm.

divides, and initiates the

division of the nucleus ; the

new flagella of the daughter-

cells grow out from the two
daughter - centrosomes dur-
ing or after division of the i)

nucleus, and in either case,
when the two daughter-cells are completely formed, their centro-
somes, as blepharoplasts, remain as the basal granules from which
- the flagella arise.

2. The cell-body contains more than one body of centrosomic
nature—namely, a definitive centrosome, in relation to the single
nucleus, and, in addition to this, one or more blepharoplasts in
relation to motile organs. Then, when division of the cell takes

place, one of two things may happen.
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In the first place, the flagellum or flagella may disappear, together
with their blepharoplasts ; the nuclear centrosome divides into
two, which control the division of the nucleus in the usual way, and
the centrosome of each daughter-nucleus divides again into two,
one of which is the definitive centrosome, the other the blepharo-
plast, of the daughter-cell. The new flagella may either grow out
from the daughter-centrosomes before they divide, and be carried
off, as it were, by the product of division which becomes the

Fra. 41.—Stages in the division of Spongomonas splendida, to show different ways
in which the daughter-flagella arise.  Compare the stages of S. wvella (Fig. 42).
A, Resting condition of the cell. B, Early stage of mitosis; the two flagella
of the parent cell are in process of absorption, together with their blepharo-
plasts. ', Daughter-tlagella arising at the poles of the nuclear spindle ; the
flagella of the parent have disappeared. [, Nueleus completely divided ;
one pair of daughter-flagella are seen arising from the karyosome of a daughter-
nucleus, in which the blepharoplasts are still enclosed ; in the other daughter-
nucleus the blepharoplasts have become distinet and the flagella are given
off from them. F, Similar stage ; the two pairs of blepharoplasts, from which
the flagella arise, are quite independent of the two daughter-nuclei. After
Hartmann and Chagas (62), magnification about 2,400 diameters.

blepharoplast (Fig. 41, C, D, E ; Fig. 42, (), or they may not arise
from the blepharoplasts until a later period, after they have
separated off from the definitive centrosomes (Fig. 42, D, K, F),
The examples figured show that these differences in the origin of
the flagella may occur as developmental variations in one and the
same species,

In the second place, the blepharoplasts and flagella may persist
throughout the division of the cell ; then either the old flagellum
and blepharoplast are retained by one daughter-cell, while the other
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forms a new blepharoplast from its centrosome, and subsequently
a new flagellum ; or the blepharoplast of the parent cell divides
independently to form the blepharoplasts of the daughter-cells
(Fig. 43). In this last type, the blepharoplast, though obviously
a body of centrosomic nature, acquires a more or less complete
mndependence of the definitive centrosome, and becomes a distinct
cell-organ, permanent for at least a certain number of cell-genera-
tions ; it may multiply and undergo various structural complica-
tions, to be described presently.

Fra. 42.—Stages in the division of Spongomonas uvella. A, Resting condition of
the cell ; two flagella arise, each from one of a pair of blepharoplasts (diplo-
some) ; the nucleus contains a large karyosome, in which the centriole is
lodged, and a few irregular grains of peripheral chromatin in the nuclear cavity.
B, Early stage of mitosis ; an achromatinic spindle is formed with the centrioles
at the poles, one centriole (on the right) having already divided into two ;
the chromatin, both peripheral and central, has united to form a dense
equatorial plate in which separate chromosomes cannot be discerned ; the
flagella have disappeared, together with their blepharoplasts. (', Similar
stage in which the daughter-flagella are growing out precociously from the
centrioles, one on the left, two on the right. [, Later stage in which the
equatorial plate has split into two daughter-plates, but no flagella have as
yet grown out from the eentrioles, of which there are two at each pole. F,
Division of the nucleus nearly complete ; no flagella. F, Nueleus completely
divided, daughter-nuclei in process of reconstruction ; from each a pair of
blepharoplasts has been budded off, still connected by a centrodesmose with
the centriole contained in the karyosome ; a pair of daughter-flagella has
arisen from one pair of blepharoplasts, but not as yot from the other. After
Hartmann and Chagas (62), magnification about 2,400,

3. In certain flagellates—for example, trypanosomes and allied
forms (* Binucleata ~)—the cell-body contains two nuclei, as already
noted : a trophonucleus and a kinetonuclens. To what extent
these nuclei are provided with centrosomes is at present a little
doubtful ; probably this point is one which varies in different cases
(compare Wenyon, 84). There are, however, three chief possi-
bilities : () There may be but a single centrosome, that of the
kinetonucleus, which acts both as blepharoplast and division-centre



Fic. 43.—Stages in the division of Polylomella agilis. A, Resting condition of the

cell ; the four flagella arise from four blepharoplasts which are connected
by a rhizoplast with the nucleus ; in the nucleus is seen a large karyosome,
which contains the centriole and is surrounded by a peripheral zone of
chromatin-grains in a nuclear reticulum. B, Early stage of mitosis ; the karyo-
some is dividing to form a bar of chromatin occupying the axis uf the achro-
matinic spindle, at the equator of which a plate of chromosomes is formed
by the peripheral chromatin of the last stage. ', Later stage ; the karyosome
has divided completely, forming two masses at the poles of the spindle con-
nected by a centrodesmose. 1), The spindle has become elongated, and the
equatorial plate has split ; the E:l.mtrin]us are scen connected by the centro-
desmose. &, Division advancing ; the polar masses have become cap-shaped,
and the daughter-plates of chromosomes have fused into conical masses ;

centrioles and centrodesmose still visible. #, Division of body lwgmmng
(7, Centrodesmose broken through, the tunclnughtm nuclei separate. H, 1, J,
Division of cell complete, one daughter-cell only represented, to show t-lm
reconstitution of the daughter-nucleus ; the polar cap becomes the karyosome,
enclosing the centriole ; the conical mass formed in Stage E by fusion of the
chromosomes in the daughter-plates becomes resolved gradually into
chromatin-grains again, and so forms the peripheral zone of the daughter-
nucleus ; each daughter-cell has two of the four blepharoplasts and flagella
of the pmvnt and the number is doubtless made up to four again by division
after the daughter-cells are set free.  After Aragao (45).
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for the cell ; then, when cell-division takes place, the kinetonucleus
first divides, and the two products of its division place themselves
on each side of the trophonucleus and act as its centrosomes, as
deseribed by Franca and Athias (56)* ; (b) the trophonucleus may
have a centrosome of its own, lodged in the karyosome, in addition
to the centrosome-blepharoplast in connection with the kineto-
nucleus ; this is probably the most usual condition with two sub-
ordinate variations, according as the centrosome-blepharoplast is
lodged within the kinetonucleus, as in Leishmania tropica (Wenyon,
84), or is situated close beside it, as in most trypanosomes ; in either
case the kinetonucleus and trophonucleus divide quite independently
of one another, as commonly seen ; (¢) it is possible, but perhaps
not very probable, that in some cases there may be a blepharoplast
for the flagellum distinet from the cenfrosomes of the two nuclei ;
such a condition, perhaps, occurs in Trypanoplasma. In all cases
alike, division is initiated by the centrosome from which the
flagellum arises; next the kinetonucleus, and lastly the tropho-
nucleus, divide.

The various forms of flagellar insertion described in the foregoing para-
graphs admit of a simple and uniform phylogenetic explanation. Starting
with a non-flagellated organism in ‘i'l.-'hicg‘l a simple protokaryon contains a
single centriole (Fig. 44, ("), we may suppose the flagellum at its first origin
to grow out from the centriole in the nucleus (0"). No such condition is
actually known amongst flagellates, though it may be compared to the origin
of the axopodia from a central grain in an Aectinophrys-type of Heliozoon
(see below); in the flagellates the ecentrosome-blepharoplast always, ap-
parently, moves out of the nucleus, either remaining in close proximity to it
(1*) or becoming quite independent of it (1"), the two variations of the first
type.

The second type may be derived by division of the centrosome-blepharo-
plast to form the definitive centriole and the blepharoplast ; the latter may
&}su I'mtnu.in in close proximity to the nucleus (2*) or become quite independent
of it (2b),

The third type may be supposed to arise from the hypothetical primitive
condition (0} by supposing that, not the blepharoplast-centrosome alone,
but the whole nucleus, divides to form two nuclei of unequal size and distinet
function, the trophonucleus and kinetonucleus, each with its own centriole
(3%, 3"). The centriole of the kinctonucleus, which is at the same time the
blepharoplast, may either remain within the kinetonuecleus (3") or come out
of it (3°) ; its relations to the kinetonucleus are parallel to those of the centro-
some-blepharoplast to the nucleus in types 1* and 1", Or, on the other hand,
the centrosome-blepharoplast may divide into a definitive kinetonuclear
centrosome and a true blepharoplast (37). The condition with only a single
centriole for both the nuclei may, if it exists, be derived from 3* or 3" by
supposing that the trophonuclear centrosome becomes atrophied.

When a blepharoplast exists independently of the nuclear
apparatus, it may retain the form of a single grain or basal granule
of the flagellum, when this organ is single, or it may multiply to

* The statements of Franca and Athias are not, however, confirmed by Lebedeft

(468), and it may be doubted whether any species of trypanosome or other ** bino-
cleate ”* exists which has but a single division-centre in the cell.
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form two or more grains when there are numerous flagella. Thus,
in Lophomonas, which shows the extreme of complication, there are
numerous basal granules corresponding to the tuft of flagella
(Fig. 45). Kach basal granule in this case is divided into a proximal

1. 44.—Diagrammatic representation of the possible phylogenetic origin of the

different types of flagellar attachment in flagellates. For the sake of sim-
plicity it is supposed that the animal has but a single flagellum. ¢*, Non-
flagellated cell with a eentriole in the nueleus ; OV, in a cell like the last a
flagellum arises from the centriole ; 1%, condition with a flagellum arising
close beside the nucleus ; 1, condition with the blepharoplast quite separate
from the nucleus ; 2, division of the single centriole into a definitive centro-
some and a blepharoplast, which becomes quite independent (20) of the
nucleus ; 32, division of both nuclens and centriole to form distinet kinetic
and trophic nuclei, each with its own centriole ; 3%, the kinetonuclear centriole
remains within the nueleus ; 3, the kinetonuelear centriole becomes distinet
from the nucleus ; 37, condition with a single centriole in the cell ; 3%, condition
with a blepharoplast distinet from the centrioles of the two nuelei.

and a distal granule, and the pairs of granules are arranged in a
ring, interrupted at one point ; the tuft of flagella takes origin from
the distal granvles of the ring. When the nucleus divides, the
daughter-centrosomes give rise to new rings of blepharoplasts,
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from which daughter-tufts of flagella grow out ; the old tufts, with

f blepharoplasts, persist for some time after the new

ones have been formed (Fig. 45, ('), but ultimately they degenerate
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supported on the edge of a membranous structure, or ** calyx,”

which

(44

led by a peculiar striated body, the

collar ” of Grassi, or *“ parabasal apparatus ” of Janicki (Fig. 45,

el.).

its furn is surrounc

n 1

Janicki (71) has found a corresponding parabasal apparatus

in other flagellates, especially in Trichonymphide ; the significance
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of this peculiar structure remains for the present problematical.
In the spores of Derbesia, Davis (“ Annals of Botany,” xxii.,
pp. 1-20, plates i. and ii.) has described a condition very similar
to that of Lophomonas—namely, a double ring of blepharoplasts,
which, however, fuse together to form a ring of homogeneous
appearance. The blepharoplast-grains are given off from the
nueleus.,

Centrosomic bodies may be related, not only to flagella, but also
to pseudopodia, especially in those cases in which the pseudopodia

1. 46.—Actinophrys sol, showing the axial filaments of the pseudopodia centred
on the nucleus. N, Nucleus; ps., pseudopodia ; ar., axial filament ; c.v.,
contractile vacuole ; f.v., food-vacuole. After Grenacher.

have become specialized in form and movement, as in the Heliozoa.
In this group the relationship of the nuclear apparatus to the
pseudopodia exhibits two types of arrangement, which are analo-
gous to the two arrangements described above in Mastigina and
Mastigella respectively, and which may be explained by supposing
that in the one case the kinetic centre lies within, in the other case
without, the nucleus itself. Thus, in Aclinophrys (Fig. 46) the
numerous pseudopodia are all centred on the single nucleus, in
which the centrosome is contained. A variation of this type is
deseribed by Schaudinn (43), in the peculiar multinucleate form
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Camptonema nutans, in which a pseudopodium arises directly from
each nucleus (Fig. 47).% In Acanthoeystis (Fig. 18) an example
is seen of the second type. the evolution of which can be traced
in the actual development ; in the buds of Acanthocystis a centriole
is contained in the karyosome of the nucleus, but during the growth

h prey is seized by the

ic
the manner in which the axes of the pseudo-

*

in wh
A is magnified 300 diameters.

, From life, showing the manner
After Schaudinn (43).

B, from a stained specimen showing
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podia arise directly from the nuclei.

'1G, 47.—Camptonema nulans. A
peeudopodia

of the bud into the adult condition the centriole passes out of the
nucleus, and becomes the so-called ** central grain ” of the adult,
a corpuscle which oecupies the centre of the body, and upon which

* In Actinospherivm, however, there is no relationship between the pseudopodia
and the nuelei. From the researches of Hertwig (64), it iz evident that in this

form the centrosomes are lost altogether during the vegetative life, and are formed
only in eertain phases of the development (p. 115).
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the axial filaments of the pseudopodia are centred, while the nucleus
is displaced to one side and becomes excentric in position ; when
the cell enters upon division, the central grain becomes the centro-
some (Fig. 64).

From the condition seen in Acanthocystis, it is not difficult to explain the
state of things which has been described by Zuelzer (86) in the remarkable
form Wagnerella (p. 246). Here also the buds formed possess each a single
nucleus containing a centriole ; in this condition they may multiply by fission
with mitosis, in which the centriole funections as a centrosome. When the
buds develop into the adult form, a centriole is extruded from the nucleus
to form the central grain. The organism attaches itself, and the body becomes
divided into three regions—head, stalk, and basal plate (Fig. 48). The
nucleus travels down into the basal plate, while the central grain remains
in the head and functions as the kinetic centre of the pseudopodia, becoming
very complicated in sirncture. It consists of a centrosome surrounded by a
sphere, which is perhaps of the nature of archoplasm, but is stated to be
rich in plastin ; when the pseudopodia are extended the sphere shows well-
marked radial striations. IFrom the centrosome minute granules are budded
off, which pass along the striations of the sphere to its surface, and from these
granules arise the delicate axial filaments of the pseudopodia; the basal
granules are therefore comparable to the ring of blepharoplasts in Lophomonas.
When the pseudopodia are retracted, the basal granules lie within the sphere,
immediately surrounding the centrosome, and the radial striations of the
sphere vanish. The centrosome itself varies in structure at different times,
going l}:mugh cyclical changes, but usually shows a distinet central granule or
centriolo.

When Wagnerells divides by fission, the central grain and the nucleus
divide independently, and the central grain does not aet as a centrosome
for the dividing nucleus, which contains its own centriole. In this form,
therefore, the central grain, though centrosomic in origin and nature. loses
its primitive relation to the division of the nucleus, and becomes specialized
exclusively as a kinetic centre for the organs of locomotion, a course of evolu-
tion perfectly parallel to that which has been traced above for the blepharo-
plasts in their relation to flagella.

While there can be but little doubt as to the centrosomic nature
of the blepharoplasts or basal granules of the flagella, and of the
central grains on which the pseudopodia of the Heliozoa are centred,
the true nature of the basal grains of cilia, on the other hand, is
less certain. The majority of those who have studied them in
Ciliata are of opinion that they have nothing to do with centro-
somes (compare Maier, 73, and Schuberg, 44, and see p. 443, infra) ;
but there are certain observations which indicate that the basal
granules of the cilia have a connection with (Collin, 50), or an
origin from (Entz, 53), the nuclear apparatus, in which case they
may be of the same nature as the multiple blepharoplasts of such
a form as Lophomonas. Hertwig (66) considers that the basal
graing of the cilia may be of centrosomic nature, and that, if they
have no connection with the nucleus, they afford support for the
view that centrosomes can arise from the cytoplasm as well as
from the nuclear framework. In view of the great structural
similarity between ecilia and flagella in other respects, it seems
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hardly likely that the basal granules would be of a different nature
in the two cases. The whole question of the nature of the basal
granules has been discussed in a recent memoir by Erhard (54).

Fic. 48.— Wagnerella borealis, Mereschk. A, Whole specimen
seen under a low magnification: H., head containing
~N the central grain ; P, stalk ; N., nucleus contained in
2 the basal plate of attachment. B, Enlarged view of
the head, after fixation and staining with iron-hema-
toxylin: e., cuticle of the stalk; ps., pseundopodia ;
ax., axial filaments of the pseudopodia, each arising
from a basal granule; c.g., central grain. After
A Zuelzer (86).

Few problems in eytology have been more discussed than the
question of the nature and origin of the centrosome, and three
opposed views have been put forward which may be termed, re-
spectively, the achromatinic theory, the nucleolo - centrosomie
theory, and the nuclear theory.
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According to the achromatinic theory, the centrosome is ** an
individualized portion of the achromatinic nuclear substance ™
(Hertwig, 66), a kinetic centre on which the movements of the
framework are focussed. The essential and primary constituent
of the centrosome is the centriole, and so long as the centrosome
remains intranuclear, as in perhaps the majority of Protozoa, it
consists of the centriole alone. When, however, the centrosome
becomes extranuclear, as in many Protozoa and almost universally

Fra. 49.—Paramaba eilhardi : stages of the life-cycle. A, Amaeeba in the vegetative
stage : N., nucleus ; n.k., ** Nebenkern ™ ; d., ingested diatom. B, €, D,
Stages in the multiplication of the encysted amaeba ; in B the Nebenkern
has divided up, the nucleus is still undivided ; in € the nucleus has divided
up into a number of daughter-nuclei, each of which has paired with a danghter-
Nebenkern ; in D the body has divided into a number of daughter-cells, each
containing a nucleus and a Nebenkern. FE, A free-swimming flagellula, derived
from one of the daughter-cells in I), and containing & nucleus and a Nebenkern.
F, & H, I, Four stages of the division of a flagellula ; in F the Nebenkern is
dividing ; in & the two halves of the Nebenkern have placed themselves on
each side of the nuecleus, which is preparing for division ; H, stage of the
nuclear spindle with the two halves of the Nebenkern at each pole ; in I the
nuclear division is nearly complete, and the body is beginning to divide. After
Schaudinn (81), all figures magnified about 500 diameters.

in the cells of the higher animals and plants, accessory cytoplasmic
elements may be added to the centriole to form a centrosomic
complex. A point still undecided, on the theory that centrosomes
are of achromatinic origin, is whether or no these bodies can be
formed, in some cases, in the cytoplasm also, as maintained by
some authorities. On Hertwig's view, mentioned above, that the
achromatinic substance of the nucleus is identical in nature with the
ground-substance of the general protoplasm, it follows that material
for the formation of the centrosome must be present in the cyto-
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plasm no less than in the nueleus. Biitschli (3) considers it possible
that the centrosome might have been originally a cytoplasmic
structure, which had nothing to do with the nucleus, but became
included in it when a nuclear membrane was formed.

Attention must be drawn here to the remarkable genus Paramaeba (Fig. 49)
founded by Schaudinn for the species P. eilhardi (seo p. 228). In this form
there is present beside the nueleus a body which was termed the * Neben-
kern,”” consisting of a darkly-staining middle piece, at each end of which
is a cap of clear substance. The Nebenkern has generally been considered
to represent a centrosome, and Chatton (49) has put forward the suggestion
that it may correspond to a karyosomse or a portion of a karyosome that has
passed out of the nuclens with the centrosome. Recently, however, Janicki
(71'5) has described two new species of Paramaeba, and puts quite a different
interpretation upon the Nebenkern. He regards the middle piece as chro-
matin, the clear caps as archoplasmic masses, each of which contains a
controsome ; and he considers the entire structure ** as a second nucleus,
as it were, fixed in division, in which the state of division has become the
permanent form.” He proposes to replace Schaudinn’s term * Nebenkern ™
by the term “ nucleus secundus,”” and considers it especially comparable to
the * sphere * of Noctiluca (Fig. 65). Division of the nueleus and Nebenkern
takes place quite independently of one another.

On the nucleolo-centrosomic theory, the whole karyosome with
the contained centriole, as found in many Protozoa, is compared
with the complex extranuclear centrosome of the higher organisms,
It is clear, however, that the karyosome consists chiefly of plastin
which is impregnated to a greater or less extent with chromatin,
and in which the centriole is imbedded. As Chatton (49) has
pointed out, the three elements which compose the karyosome are
independent of each other. When the centriole and chromatin
have left the karyosome, the plastin-mass remaining behind is
homologous in every way with the nucleolus of the metazoan cell,
and the only element common to both the karyosome of Protozoa
and the centrosome of Metazoa is the centriole.

The nuclear theory of the centrosome is associated especially
with the names of Schaudinn and, in more recent times, of Hart-
mann and Prowazek (63). According to this view, the centrosome
represents a second cell-nucleus, and every cell is to be regarded
as primarily binucleate.® The starting-point of the evolutionary
series would be such a form as Amaeba binucleata, which possesses
two similar and equivalent nuclei. In the next stage of evolution
one of the two nuelei became gpecialized more for kinetie, the other
for trophic, functions ; examples of this stage would be furnished
by Parameba (Fig. 49), with its nucleus and “° Nebenkern,” and by
a trypanosome, with its trophonucleus and kinetonucleus, the
Nebenkern of the first and the kinetonucleus of the second repre-
senting the kinetic nucleus. The central grain of the Heliozoa or
the extranuclear eentrosome of the Metazoa would represent the
final stage of evolution, namely, a kinetic nucleus deprived of all
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chromatin-elements ; while the eell-nucleus proper would represent
the trophie nucleus deprived of all kinetic elements,

On the other hand, the condition in amcebe and similar or-
ganisms, where the cell appears to contain but a single nucleus
which includes the kinetic centres, is explained by supposing that
here the kinetic nucléus is encapsuled in the trophic nucleus, and
is represented by the karyosome with its centriole ; hence the
supporters of this theory term the type of nucleus characterized
by a large karyosome an “ amphinucleus ” or *° amphikaryon,™
and, in their deseriptions of such nueclei, they speak of the outer
nucleus (peripheral zone of chromatin) and the inner nucleus
(karyosome).

The reasons against homologizing the karyosome and the extra-
nuclear centrosome have been stated already. Against the theory
of binuclearity it may be urged further—First, that to regard the
protokaryon-type of nucleus seen in the most primitive forms of
Sarcodina and Flagellata as a secondary condition is a complete
inversion of what is, to all appearance, the natural series of evolu-
tion of the nuclear apparatus ; secondly, that the binucleate con-
dition of trypanosomes and allied forms is clearly, by comparison
with other Flagellates, a specialized condition ; the trophonucleus
of trypanosomes also contains a karyosome and centriole, and
would therefore be an “ amphikaryon,” on this theory ; thirdly,
that the binuclear theory still leaves the centriole as a kinetic
centre of achromatinie origin, which is present in both trophonucleus
and kinetonueleus of trypanosomes, in both nucleus and ecentral
grain of Heliozoa (Wagnerella), ete. All that the binuclear theory
is capable of explaining is the secondary elements of the extra-
nuclear centrosomic complex. That the centriole is a body of
intranuclear origin and formation is shown clearly by its presence
in nuclei of the primitive karyosomatic type which arise, not by
division of pre-existing nuclei, but by aggregation and organization
of clumps of chromidia. It should be added that, in its most recent
exposition by Hartmann (61), the theory of binuclearity has
undergone considerable modification and restriction.

Having considered now the structure and composition of the
nucleus in its prineipal types and morphological variations, it
remains to attempt to establish a more precise conception as to
what exactly is meant by a nucleus. It is evident, in the first
place, that the essential component of a nuecleus, never absent, is
chromatin ; but it is equally clear, in the second place, that a simple
mass, or several such masses, of chromatin, do not by themselves
constitute a nucleus in the true sense of the word. The word ** chro-
matin” connotes an essentially physiological and biological con-
ception, as it were, of a substance, far from uniform in its chemical
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nature, which has certain definite relations to the life-history and
vital activities of the cell. The word “ nucleus,” on the other hand,
as many authorities and more recently Dobell (52) have pointed -
out, is essentially a morphological conception, as of a body, con-
tained in the cell, which exhibits a structure and organization of
a certain complexity, and in which the essential constituents, the
chromatin-particles, are distributed, lodged, and maintained, in
the midst of achromatinic elements which exhibit an organized
arrangement, variable in different species, but more or less constant
in the corresponding phases of the same species. If this standpoint
be accepted, and the nucleus be regarded as an essentially morpho-
logical conception, it seems to me remarkable that Dobell, in
his valuable memoir on the cytology of the bacteria, should apply
the term “ nucleus ”’ to a single grain of chromatin, or to a collection
of such grains, and should speak of a nucleus * in the form of
chromidia scattered through the cell,” or * in the form of a discrete
system of granules (chromidia),” phrases which are self-contra-
dictory on the principles that he himself has laid down,

We are confronted, nevertheless, with a considerable difficulty
when we attempt to state exactly what amount of organization
and structural complexity is essential to the morphological concep-
tion of a nucleus. If, as is probable in phylogeny, and certainly
oceurs frequently in ontogeny (compare Fig. 32), the nucleus arises
from a primitive chromidial condition of scattered, unorganized
chromatin, at what point does the mass cease to be a chromidium
and become a nucleus ? This is a question very difficult to answer
at present, a verbal and logical difficulty such as occurs in all cases
where a distinetion has to be drawn between two things which
shade off, the one into the other, by infinite gradations, but which
does not, nevertheless, render such distinctions invalid, any more
than the gradual transition from spring to summer does away with
the distinetion between the seasons. Hartmann and his school
consider the possession of a centriole as the eriterion of a nucleus
(see Nigler, 76) ; but it cannot be considered as established, in
the present state of knowledge, that all nuclei have centrioles or
centrosomes, All that can be said is that, as soon as a mass or a
number of particles of chromatin begin to concentrate and separate
themselves from the surrounding protoplasm, with formation of
distinct nuclear sap and appearance of achromatinic supporting
elements, we have the beginning at least of that definite organiza-
tion and structural complexity which is the criterion of a nucleus
as distinguished from a chromidial mass.

In the first chapter of this book a distinetion was drawn between
organisms of the ** cellular” grade, with distinet nucleus and
eytoplasm, and those of the * bacterial ” grade, in which the

T
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chromatin does not form a distinet nucleus. In all Protozoa there
is a true nucleus in at least the principal stages of the life-history,
and it is obvious that the recognition of a cellular grade, charac-
terized by the possession of a true nucleus, postulates that the first
origin and evolution of the nucleus must be sought amongst those
organisms which have been classed, speaking broadly, as the
bacterial grade. We may expect, therefore, to find in organisms
which stand on the plane of morphological differentiation which
characterizes the bacteria the early stages of the evolution of the
nucleus from the primitive chromidial condition, and even cases
in which the condition of a true nucleus has been reached. The
matter cannot be discussed further here, where it must suffice to
establish the existence of true nueclei in Protozoa ; but Dobell (52)
has described an interesting series of conditions which may be
regarded as stages in the evolution of nuclei amongst bacterial
Organisms,

Since the possession of a true nucleus has been regarded here
as the criterion of the cellular grade of organization, it is necessary
to discuss briefly the meaning and application of the term * eell.”
By many, perhaps most modern writers, the cell has been regarded
as the elementary vital unit, than which there exists nothing
simpler amongst living beings. In this sense the word “* cell ” becomes
synonymous with the term ** miero-organism,”” “protist,” or any other
word used to denote living beings of the most primitive type :
“ tout ce qui vit w'est que cellules ™ (Delage and Hérouard, 6). The
word * cell 7 was, however, applied originally to the elements that
built up the tissues of animals and plants. At first, as the word
cell implies, it was used to denote only the enclosing membrane or
framework ; but when it became apparent that the membrane was
of secondary importance, it was transferred to the contained stuff,
and so came to signify a structural element in which the living
substance, protoplasm, is differentiated into two distinet parts—
nucleus and cytoplasm. If the term “ cell 7 is not to become.so
vague and indefinite in its significance as to be absolutely meaning-
less, it is best to restrict its application to living organisms which
have reached this degree of differentiation. Dobell considers that
all Protista are nucleated organisms ; in the preceding paragraphs
reasons have been advanced against accepting this proposition as
a statement of fact, and from the point of view of phylogenetie
speculation, I, at least, find it difficult to believe that the earliest
form of life could have been an organism in which the living sub-
stance was differentiated ab initio into distinct nucleus and cyto-
plasm,

In my opinion the cell, as defined above—that is to say, an
organism in which the living substance, protoplasm, has become
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differentiated into two parts, a nucleus, in the morphological sense,
distinet from the eytoplasm—does not represent the primary and
universal form of the living organism or unit, but is to be con-
sidered as a stage in the evolution of living beings, a stage which
many living beings have not reached. Thus a bacterial type of
organism, in which the chromatin is scattered through the proto-
plasmic body in the form of chromidial granules, and which there-
fore does not possess a true nucleus, is not to be regarded as a cell,
but as representing a condition antecedent to the evolution of
the true cellular type of structure. In all Protozoa, on the other
hand, the entire plan of the organization is founded on the type of
the cell, which is to be regarded as the starting-point in the evolu-
tion of the entire animal and vegetable kingdoms (compare Min-
chin, 75). This point will be discussed further in a subsequent
chapter (p. 464).

Bibliography —For references see p. 477.



CHAPTER VII
THE REPRODUCTION OF THE PROTOZOA

Tue methods by which reproduction is effected amongst the
Protozoa vary greatly in matters of detail, as will be seen ; but the
obvious diversity in method throws into greater relief the under-
lying unity in principle. In Protozoa, as in Protista generally,
reproduction takes place always by means of some form of fission—
that is to say, division or cleavage of the body into two or more
parts, which are set free as the daughter-individuals. An essential
part of the process is the partition amongst the daughter-individuals
of at least some part of the chromatin-substance possessed by the
parent. Hence fission of the cell-body as a whole is always pre-
ceded by division of the nucleus ; and if chromidia are present, they
also are divided amongst the products of the fission of the body.
On the other hand, division of the nucleus is not necessarily
followed at once by division of the body.

Considering the methods by which fission is effected from a
general standpoint, we may distinguish three chief types of repro-
duction, each of which may show subordinate variations :

1. Division of the nucleus, or, if there are two differentiated
nuclei, division of each of them, is followed by division of the body ;
this is the commonest and most typical mode of reproduction,
known as stmple or binary fission.

2. Division of the nucleus or of each of two differentiated nuelei
is not followed immediately by corresponding divisions of the body,
but may be repeated several times, and so give rise to a multi-
nucleate condition of the body, which may be—

(@) Temporary, and soon followed by cleavage of the body into
as many daughter-individuals as there are nuclei or pairs of dif-
ferentiated nuclei ; this method is known as mulliple fission (Fig.
127) ; or it may be—

(b) Permanent, giving rise to a multinucleate body which is termed
a plasmodiuwm. Then division of the body may take place at any
time by cleavage of the body into two or more multinucleate
parts ; this process is known as plasmotomy. Ultimately, however,
in all cases a plasmodium breaks up by multiple fission into uni-
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nucleate individuals at the end of a longer or shorter vegetative
existence during which it may have multiplied frequently by
plasmotomy.

The process of fission must now be considered in more detail,
beginning with—

1. Division of the Nucleus.—As in the case of the cell-body as
a whole, the division of the nucleus is effected in various ways.
Probably the most primitive type is that in which the nucleus
becomes resolved into chromidia, from which, again, secondary
daughter-nuclei are reconstituted. This type of division may be
termed *° chromidial fragmentation.”” It is of comparatively rare
oceurrence, but examples of it are found among Sarcodina and
Sporozoa. In Echinopyxis two daughter-nuelei are formed in this
way (Hertwig, 66, p. 8). In other cases numerous daughter-nuclei
may arise, as in the formation of the nuelei of the microgametes
in Coccidium (Fig. 50), where the parent nucleus gives off into the
eytoplasm a fine dust of chromidial particles which travel to the
surface of the cell and become concentrated at a number of spots
to form the daughter-nuclei.

True nuclear division, in which the parent and daughter-nuclei
retain throughout the process their individuality and distinctness
from the eytoplasm, must be distinguished clearly from the above-
mentioned process of chromidial fragmentation. In the vast
majority of cases the nucleus divides into two halves by simple or
binary fission, which, as already stated, may be repeated several
times before cell-division takes place ; but in a few cases the nucleus
divides simultaneously into a number of portions by multiple
fission,

In the cells of Metazoa true nuclear division alone oceurs, and
n.ay follow one or the other of two sharply-marked types, termed
comprehensively direct and indirecf. In direct division the nucleus
18 constricted simply into two parts, without circumstance or
ceremony. In indirect division, on the other hand, the nucleus
goes through a ecomplicated series of changes, following each other
in a definite order and sequence, the whole process being known as
karyokinesis or milosis. In spite, however, of the intricate nature
of karyokinetic division, and the variations in matters of detail
that it exhibits in different cases, the whole process is perfectly
uniform in its general plan, and admits of being deseribed without
difficulty in generalized terms. Such a deseription is found in
every textbook of biology at the present time, and need not be
repeated here ; it will be sufficient to analyze briefly the more
important events that take place.

In the process of karyokinesis, the achromatinic elements of the
nucleus furnish the active mechanisms, while the chromatin-sub-
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stance appears to be the passive subject of the changes that are
effected.  With the achromatinic nuclear elements, extranuclear
cytoplas mic substances, such as archoplasm, may collaborate. After

Fic. 50.—Formation of microgametes in Coceidium schubergi. A, Full-grown
microgametocyte, with finely-granular eytoplasm and large nucleus con-
taining a conspicuous karyosome ; freed from the host-cell. B, The nuclear
membrane has disappeared, and the chromatin, in the form of minute chro-
midial granules, is passing out into the cell. ¢, The chromidia have collected
at the periphery of the body ; the karyosome is left at the centre, and has
become pale through loss of chromatin-substance. D), The chromidia, scen
on the surface of the body, are collecting together into irregular streaks and
clumps. K, The chromatin-streaks of the preceding stage are collecting
together into patches. F, The patches of chromatin of the preceding stage
have become dense and closely packed. @&, H, The patches of chromatin
take on a definite form as the future nuelei of the microgametes. I, Two
flagella grow out from eclose to each microgamete-nucleus, and by their
activity the microgametes, consisting almost entirely of chromatin, break
loose from the body of the gametoeyvte and swim away. J, Three micro-
eametes, more highly magnified ; in each, two flagella arise from the thicker
end ; one of the flagella (the shorter) becomes free at once, the other (the
longer) runs along the body and becomes free at the hinder end. #., Nucleus,
k, karyosome, of the microgametocyte ; n', %', nuclei of the microgametes.
After Schaudinn (99); A—F magnified 1,000, F—I magnified 1,500,
J magnified 2,250.

disappearance, as a rule, of the nuclear membrane, the achromatinic
substance, or the eombination of achromatinic and archoplasmic
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elements, assumes a characteristic bipolar form, like a spindle,
At each pole of the spindle a centrosome or centriole is to be found,
as a general rule. The two centrosomes have arisen by division of
the originally single centrosome, and may remain for some time
connected by a fibril or by a system of fibrils, forming what is often
termed a ** central spindle,” but is better named a centrodesmose. The
axis of the achromatinie spindle is formed by the centrodesmose, if it
persists, and the remainder of the spindle is constituted by the so-
ealled “* mantle-fibres ”” running from pole to pole. The mantle-fibres
are derived from the achromatinic reticulum of the nucleus and the
archoplasm ; they are probably in most cases the optical expression
of an arrangement of the protoplasmic alveoli in longitudinal rows,
under the influence of tensions or forces centred at the poles of the
spindle. Such an arrangement of the alveoli produces the optical
appearance of fibrils connected by ecross-junctions, the apparent
fibril being formed by thickened walls of alveoli in line with one
another, while the eross-junctions are the transverse walls between
consecutive alveoli. On this view the apparent fibrils of the achro-
matinic spindle are in reality merely the indication of lines of force
in the protoplasmic framework ; but some authorities consider that
in certain cases at least true fibrils are formed, which may be
isolated from each other and without cross-connections (Hertwig,
64). The spindle-fibres, whether real or apparent, are centred at
the poles of the spindle on the centrosomes, from which other
striations may radiate out in all directions through the archo-
plasmic masses (*° attraction-spheres ), and extend into the sur-
rounding cytoplasm.

While the achromatinic spindle-figure is in process of formation,
the chromatin of the nucleus has gone through a series of changes
which may differ in different cases, but which result in the forma-
tion of a number of masses of chromatin termed chromosomes. The
number, size, and shape, of the chromosomes vary greatly in dif-
ferent species, but in Metazoa these characters are generally con-
stant for the corresponding phases of the same species. Each
chromosome, when formed, consists of a great number of minute
grains of chromatin, chromidiosomes, cemented together in a matrix
or ground-substance of plastin. The chromosomes arrange them-
selves at the equator of the achromatinic spindle in the form of a
plate, hence termed the equalorial plate. The nucleolus disappears,
being absorbed or cast out, and does not contribute to the karyo-
kinetic figure, but a part at least of its substance probably furnishes
the plastin ground-substance of the chromosomes.

At this phase, when the achromatinic spindle is fully formed, with
the plate of chromosomes at its equator, the actual partition of the
chromatin between the two future daughter-nuclei usually begins,
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though in some cases it is accomplished at an earlier stage ; it takes
place in one of two ways, known respectively as equating and re-
dueing division. In equating division each chromosome divides into
two daughter-chromosomes, a process which, in the finished and
perfect karyokinesis of the higher organisms, is effected by a longi-
tudinal splitting of the chromosome, and which may be interpreted
as a simple division into two of each of the component chromidio-
somes (compare Fig. 60). In reducing division, on the other hand,
the individual chromosomes do not divide, but are sorted out, half
of them going to one pole of the spindle, and eventually to one
daughter-nucleus, the other half to the other; with the result,
finally, that each daughter-nucleus has half the number of ¢chromo-
somes possessed originally by the parent nucleus. Equating
division is the usual type of karyokinesis seen in ordinary cell-
multiplication ; reducing division, on the other hand, is seen only
in certain phases of the maturation of the germ-cells, as explained
in the next chapter.

In either type of division, whether equating or reducing, the
equatorial plate of chromosomes as a whole divides into two
daughter-plates, which separate from one another and travel towards
the poles of the achromatinie spindle.  As the daughter-plates move
away from each other, an achromatinic framework appears between
them, in which a longitudinal striation or fibrillation is seen in line
with, and eontinuing that of, the achromatinic spindle. Hence the
achromatinic spindle as a whole consists now of the older terminal
portions passing from the poles to the daughter-plates, and a new
median portion passing between the two daughter-plates ; the two
terminal portions constitute together what may be termed conveni-
ently the * attraction-spindle,” the median portion the * separation-
spindle.” As the daughter-plates travel further apart, the separa-
tion-spindle elongates more and more ; the attraction-spindle, on
the other hand, becomes shorter, usually to such a degree that the
daughter-plates are brought close up to the poles of the attraction-
spindle, which consequently is obliterated and disappears. When
full separation of the daughter-plates is attained, the separation-
spindle breaks down and disappears gradually, the middle part
alone persisting in some cases ; the chromatin of the daughter-plates
becomes rearranged to form the daughter-nuclei, going through a
series of changes similar to those by which the ehromosomes arose
from the parent-nucleus, but in inverse order. A nuclear mem-
brane is formed round each daughter-nucleus, and the process is
complete.

In the Metazoa, direct and karyokinetic division stand out as the
sole types of nuclear division, in sharp contrast and without inter-
mediate or transitional forms of the process. In Protozoa, on the
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contrary, every possible form of nuclear division is found, from the
most simple and direct to karyokinesis as perfect as that seen in
the Metazoa. The nuclear division-processes of Protozoa are there-
fore exceedingly interesting as furnishing object-lessons in the
gradual evolution of the mechanism of nuclear division ; but the
extreme diversity in these processes makes it very difficult to deal
with them in the Protozoa in a general and comprehensive manner
in a short space and without excessive detail. Speaking generally,
the indirect nuclear division seen in Protozoa differs from that of
the higher organisms in a number of points which indicate that it
stands on a lower grade of evolution. As regards the achromatinic
elements, the nuclear membrane is usually persistent throughout
the process of division, a circumstance which enables a sharp dis-
tinction to be drawn between the portions of the division-mechanism
derived from the nuclear framework and the eytoplasm respectively.
In many cases it is then seen that the eytoplasm does not take any
share in the process at all, but that the nucleus divides in a per-
feetly autonomous manner, spindle and centrioles remaining intra-
nuclear throughout the whole process. As regards the chromatin,
the chromosomes when formed are often irregular in form, size,
and number ; they often appear imperfectly separated from one
another ; they are not always arranged in a definite equatorial plate,
but may be scattered irregularly along the spindle ; and they do
not always split in the exact manner characteristic of the nuclear
divisions of the higher organisms, but divide irregularly and often
transversely.

The principal types of nuclear division in Protozoa will now be
described with the aid of a few selected examples. We may begin
with those in which the division of the nucleus is autonomous,
without co-operation of cytoplasmic elements,

Division has often been asserted to be direct in cases in which
subsequent research has revealed a more elaborate type; never-
theless, many typical cases of amitosis occur among Protozoa. In
some nuclei of the vesicular type, the chromatin appears to be
concentrated entirely in the karyosome, which may contain a
centriole also, and when the nucleus divides the karyosome becomes
dumb-hell-shaped, and is finally constricted into two halves, the
entire nucleus following suit ; as an example of this, almost the
simplest conceivable type of nuclear division, may be cited the
nuelei of the Microsporidia and allied organisms (Fig. 173, p. 416).

A type similar in the main to that just described, but slightly
more advanced in structural complication, is exemplified by the
division of the nucleus in the schizogony of Coccidium (Fig. 51, F—M);
here there is a peripheral zone of chromatin and a more distinet
nuclear membrane. After division of the karyosome, the peripheral
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chromatin is halved irregularly ; no definite chromosomes are
formed, but the grains of peripheral chromatin form clumps and
masses of various shapes and sizes. A definite achromatinic spindle
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5l.—Formation of the karyosome and division of the nucleus in the schizont
of Coccidinin schubergi. A, Nucleus of the sporozoite, with scattered grains
of chromatin but no karyosome. B, !, D, Nuclei of young schizonts in which
larger grains of chromatin collect together at the centre to form the karyo-
some. FE, Nuecleus of older schizont with complete karyosome. F, Nucleus
of full-grown schizont. G—M, Division of the nucleus of the schizont ;
the chromatin of the nuecleus becomes aggregated into larger clumps and the
karyosome becomes dumb-bell-shaped, with masses of chromatin at each
pole (& and H); the two daughter-karyosomes, at first connected by a fila-
ment or centrodesmose, travel apart, taking the imla.r clumps of chromatin
with them (7); the centrodesmose breaks through and disappears, and the
two daughter-nuclei travel apart, with formation of an intermediate body
on the filament between them (J—L) ; finally the connecting filament breaks
down and the daughter-nuclei separate (M), &, Karyosome; &2, k*, daughter-
karyosomes ; ., intermediate body. After Schaudinn (99), magnified 2,250,

Fa.

52.—Direet division of the nuelei in the obeyst of Coccidium schubergi. A, The
resting nucleus; B, €, D, clumping together of the chromatin-granuies
preparatory to division ; E, F, ¢, the nucleus elongates and beecomes dumb-
bell-shaped ; Ff, the nucleus has just divided into two halves. After
Sehaudinn (99), magnified 2,250,

also does not become differentiated. As the daughter-karyosomes,
connected by a centrodesmose, travel apart, half the peripheral
chromatin follows one karvosome, half the other, This method of
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division is a very common one in the nuclei of Protozoa, and may
show a further advance towards a true mitosis in that the peri-
pheral chromatin may shape itself into more or less definite
chromosomes, as in Kuglena.

Examples of granular nuclei which divide in the direct method
are seen in the division of the nucleus of the odeyst of
Coceidium (Fig. 52) to form the nuclei
of the sporoblasts (see p. 349, infra) and
in the corresponding divisions of the nuclei
of hmmogregarines (Fig. 53). In these
two cases the presence of a centriole in
the nucleus is doubtful, but is affirmed
by Hartmann and Chagas (89) for hemo-
gregarines ; a true nuclear membrane,

Fi1a. 53.—Direct division of the nueleus in the zygote
of Hemogregarina stepanowi. J, Degenerating
male elements attached to the zygote; N., divid-
ing nucleus of the zygote, two successive stages
(4 and B). After Reichenow (78).

however, appears to be absent, and this
form of division is not much advanced
beyond the condition of chromidial frag- :
mentation. In the macronuclens of Fic. 54.— Parameciwm cauda-

j twm : division showing the
Infusoria (Fig. 54), in which a distinet
membrane is present, the division is also
direct, and centrioles are stated to be
absent as a general rule ; in some cases,
however, true centrioles appear to be
present (Nigler). When centrioles are
absent, the achromatinic framework of

macronuclens (V) dividing
without mitosis, the miero-
nuclens (n) dividing mito-
tically. c.n.l, Old, and c.n.2,
new, contractile vacunoles.
After Biitschli and Seche-
wiakoff, in Leuckart and
Nitsche's Zoologische Wand-
lafeln, No. lxv.

the nucleus appears to be principally active in the division. In

some cases the division of the

maecronuclens of Infusoria is

not into two equal halves, but may take the form of budding

off a smaller daughter-nucleus from the main mass,

Remark-

able instances of nuclear budding of this kind are seen in the
Acinetaria, where it is related to the formation of buds by the parent

individual.

In some cases (Fig. 55). the nucleus may form a con-
: ]
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siderable number of buds simultancously, each of which becomes
the nucleus of a daughter-individual budded off from the parent.
The simplest types of mitosis show but little advance on the
processes of direct division that have just been deseribed. Taking
first the vesicular type of nucleus with a large karyosome (* proto-
karyon ), the first stage in the process is the division of the karyo-
some, as in Coceidium ; its centriole divides first, then the karyo-
some becomes constricted and divides, the two halves often plainly
connected by the centrodesmose formed by the division of the cen-
trioles. Next an achromatinie spindle is formed between the two
danghter-karyosomes, and chromosomes make their appearance,
derived partly (perhaps
in some cases entirely)
from the peripheral zone
of chromatin, partly from
the chromatin contained
in the karyosome. A
good example of this
mode of division has
beendeseribed by Aragao
(87) in an amaba named
by him A. diplomitolica
from the fact that two
types of mitosis occur In
this species. In the first
type (Fig. 56, A—G), the
little rod -like chromo-

R e Al . z somes are not arranged
'16. 55.—Budding in Podophrya gemmipara. The . i .
macronnuelens of the parent has sent off a number 11 & definite equatorial
of outgrowths, which extend into the buds and plate, but are scattered
give rise to the nuclei of the danghter-individuals - e
J'Llll:ﬂ.lf- to e ]IIJEI{!("(E off. HIJ Jjﬂ-l'l.']'lf--llllcli!llfﬂ.; 11 I:f.gu'lﬂ'l ]} R']' ':}n'g t'h(,
N, nuclei of buds.  After Hertwig, spindle ; some travel to-

wards one pole, some
towards the other, and, after separation into two groups in this
manner, the chromosomes of each group fuse together to form an
apparently solid mass of chromatin, representing the daughter-
plates ; these masses of chromatin follow each their respective
karyosomes as they travel apart, and when the nucleus is finally
constricted into two daughter-nuclei, the chromatin-masses break
up again into their constituent chromosomes, which become dis-
tributed in the peripheral zone and karyosome of the daughter-
nuclei, where they can be distinguished plainly even during the
resting state (Fig. 56, A4).
In the second type of mitosis seen in A. diplomitotica (Fig. 56,
I—K), the chromosomes arrange themselves in a definite equatorial
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plate, which divides into two equally definite daughter-plates com-
posed of distinet chromosomes ; whether this division is brought
about by splitting of the individual chromosomes is not clear.
When the nucleus is finally constricted into the two daughter-
nuclei, the chromosomes are at first aggregated close beside their
respective karyosomes, but soon distribute themselves in the
manner already described.

The simple types of mitosis described in the two foregoing para-
graphs are examples of the so-called *° promitosis ” (Nigler, 95)

F16. 56.—The two methods of nuclear division in Admaba diplomilotica. A, Resting
nuclens ; B—@, first method ; H—K, sccond method. In F and @ onl ¥
one of the two halves of the nuclear figure is drawn.  After Aragao (37).

seen commonly in nuclei of the protokaryon-type. The nuclear
membrane in this type is a negligible quantity ; it may be scarcely
or not at all developed in the resting nucleus, and when a distinet
membrane is present it may vanish entirely during the mitosis, as
in the form just described. In any case, however, the entire mitosis
goes on within the nuclear space. The chromosomes may show
every possible condition in different cases, from complete irregu-
larity in form, number, arrangement, and mode of division, to the
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formation of a definite equatorial plate which splits into two
daughter-plates. The most striking and salient feature of this type
of mitosis is furnished by the relatively huge *“ polar masses,” con-
sisting of the daughter-karyosomes with their contained centrioles.
In the division of the nucleus of Arcella (Fig. 57), however, the
karyosome first breaks up into fine grains of chromatin, from which
the polar masses and the equatorial plate are formed. The karyo-
some, as has been pointed out in the previous chapter, consists of
three distinet elements—namely, plastin, chromatin, and centriole

Fira. 57.—Nuclear division in dreella vulgaris: karyokinesis of
one of the two principal nuelei. A, Spireme-stage, resulting
from disruption of the karyosome ; H—10), formation of an
equatorial plate of minute chromosomes (¥) which split ;
FE, anaphase; F, the two daughter-nuclei shortly after
division. After Swarczewsky (101), magnified 2,250.

each independent of, and separable from, the
others. In proportion as the karyosome loses its
plastin and chromatin elements, and becomes reduced
to the centriole alone, so the primitive promitosis
will approach more and more to the type of an
ordinary mitosis. Such a reduction of the karyo-
some could take place during the mitosis if, as
happens frequently, the whole of the chromatin
F contained in the karyosome passed out to join the
peripheral chromatin in forming the chromosomes,

the plastin-substance at the same time furnishing the required
ground-substance of the chromosomes (Fig. 58). On the other
hand, the karyosome may disappear from the resting nucleus
also ; Chatton (49) has brought together a number of instances
of nuclei H]im\"ing a gradual reduction of the karvosome in
different species, and the evolution of a granular type of nucleus
in which the chromatin is scattered through the achromatin’ec
framework, leaving the centriole free or but slightly encumbered
by other elements in the nuclear cavity. When a nucleus of this
type divides by mitosis, a most typical and perfect karyokinetic
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ficure may be produced, as in Buglypha (Figs. 59, 60), only differing
from that of Metazoa in that the whole mitosis takes place within
the nuclear membrane, and eonsequently without any co-operation
of cytoplasmic elements. Chatton proposes for a mitosis of this
type the term *° mesomitosis,” as distinguished from the more ad-
vanced type, or * metamitosis,” in which a collaboration of cyto-
plasmic and nuclear elements is effected, and the entire karyokinetic

16. H8.—Division of Hematococcus pluvialis. A, Resting
condition, the nuclens with a conspicuous karyosome
and fine grains of chromatin in an achromatinie reti-
culum; B, €, preparations for nuclear division, the
chromatin passing from the karyosome into the
nuclear reticulum ; D, further stage, the karyosome
in disruption and chromosgomes beginning to be
formed ; £, puclear spindle ; F, division of the
nucleus complete, the karyosomes reconstituted in
the daughter-nuclei, the cell-body beginning to
divide ; ¢, division of the cell, the daughter-nuclei
of the normal resting type. After Reichenow
(97°5).

figure lies free in the eytoplasm after disappearance of the nuclear
membrane. Before passing on, however, to this more advanced
type, account must be taken of the more simple types of mitosis
seen in granular nuclei.

Instructive examples of the division of nuclei, in which the
chromatin is not concentrated into a karyosome, but distributed
evenly throughout the achromatinie framework, are seen in the nuclei
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Fre. 59.—Division of Kuglypha alveolala,
as scen in the living animal.

A, Condition of the animal when about
to divide. The protoplasmie body shows
three zones : (1) At the fundus of the shell is clear proto-
plasm containing the nucleus (N.) and the reserve shell-
Mates (s.p.) ; (2) the middle region is oceupied by granular
protoplasm containing ingested food-materials (f.) and the
contractile vacuole (c.v.); (3) near the mouth of the shell is a zone of hyaline
protoplasm from which the pseudopodia (ps.) are given off.

B, Early stage of division, about twenty minutes later than 4. The proto-
plasm is streaming out of the shell-mouth to form the body of a daughter-
individual, into which the reserve shell-plates are passing and arranging them-
selves at its surface to form a daughter-shell. In the nucleus chromosomes are
beginning to be formed.

¢, About twenty-five minutes later than 8. The body of the daughter and
its shell are further advanced in formation ; in the nucleus of the parent the
equatorial plate is forming, and the two centrosomes are ht-{:mniuglg visible on
the two flattened sides of the nueleus (the centrosomes are probably derived from
the division of the karyosome, no longer visible in the nucleus at this stage, or
from a centriole contained in the karyosome). [Continued af fool of p. 113.]
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Fia. (0.—Details of the structural changes of the nucleus of Fuglypha alveolatn
during karyokinesis, showing the formation of the chromosomes. A,
Coarsely - meshed condition of the nucleus; the chromatin-granules
aggregated at the nodes of the retienlum. B, Later stage ; the nucleus
beginning to show a fibrous structure as a result of the irregular cluomps
of chromatin-granules of the previous stage becoming arranged in linear
series. %, Some of the fibrils of this stage more highly magnified.
(!, Later stage ; the fibrils have become smoother and more parallel in
arrangement. C2, Fibrils more highly magnified ; they consist, as in the last
stage of darker and lighter parts (the former chromatin, the latter probably
plastin) ; between the individual fibrils are cross-conneetions, more regular
in this stage than in the last (remains of the nueclear reticulum). D, The
fibrils have become shorter and thicker, and are bending up to form the
U-shaped chromosomes. After Schewiakoff (100) ; magnification of A, B,
! and I, about 1,200 diameters.

of ciliate Infusoria, such as Paramecium. The macronucleus divides
without mitosis, as stated already, but the micronucleus exhibits a
primitive type of mitosis (Fig. 61). When division begins, the

Fra., 59—eonlinmed :

D, About fifteen minutes later than . The daughter-shell is now com-
pletely formed, and the middle granular zone of the parent is passing over
into it ; the nucleus of the parent has assumed its definitive orientation, with
the centrosomes at the poles of an axis coincident with the longitudinal axis
of the animal, and the equatorial plate is definitely formed.

E, About thirty minutes later than D. The whole of the middle zone of
the parent has passed over into the daughter-shell ; the flattened form of the
nucleus is changing into an elongated spindle-form, and the equatorial plate
is splitting to form the two daughter-plates.

F, About five minutes later than E. The daughter-plates have travelled
apart, and the division of the nucleus is beginning.

7, About five minutes later than F. The division of the nucleus is com-
Iﬂ)i!fi;g ;}1& one daughter-nucleus has passed over into the body of the daughter-

L k.

H 5; About twenty-five minutes later than & (about 125 minutes from the
beginning). Some of the protoplasm of the middle zone flows back into
the parent-shell, and each individual has its own contractile vacuole ; the two
daunghter-nuclei are reconstituted, and the karyosome has reappearcd in
cach ; pseudopodia are being protruded from the mouths of the shells ; the
division is complete, and the animals are beginning to separate.

After Schewiakoff (100) ; magnification about 470 diameters.
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amount of ehromatin inereases, and the nuclens bhecomes oval in
form. The chromatin forms a number of chromosomes shaped like
elongated rods or short threads, which arrange themselves at the
equator. At the same time the achromatinic framework shows a
longitudinal fibrillation or striation, the apparent fibrille being
centred in thickenings of the achromatinie framework which appear
at the two poles of the nucleus within the persistent nuclear mem-
brane, hence termed the ** polar plates.” Centrosomic grains are
stated to be entirely absent, and their functions are performed by
the polar plates. The nucleus continues to elongate, and the
chromosomes divide transversely to their long axis to form the
daughter-plates, which travel apart ; as they do so the fibrillated

Fra. 61.—Stages in the division of the micronucleus of Para-
mecium. A, B, Early stages ; €, spindle-stage with equa-
torial plate of chromosomes; D, spindle with the two
daughter-plates ; E—H, growth of the separation-spindle
and separation of the two daughter-plates ; 7, reconstitu- g
tion of the daughter-nuelei, which are widely separated, /
but still connceted by the greatly elongated separation- M
spindle, the eentral part of which shows a dilatation prior to its final
absorption. After Hertwig. Figs A—FE are drawn on a larger seale than
the other figures.

separation-spindle appears between them. The nucleus as a whole
now becomes dumb-bell-shaped ; the daughter-plates are lodged in
the terminal swellings, while the rapidly-growing separation-spindle
occupies the handle of the dumb-bell. The daughter-plates now
break up and reconstitute the daughter-nuclei, but the connecting
portion continues to elongate and to push the daughter-nuclei apart.
It is clear that the separation is effected by intrinsic growth of the
achromatinic framework constituting the separation-spindle, which
is often curved up into a horseshoe-figure, and shows bending or
twisting of its fibrils, as the result of the inert resistance of the sur-
rounding eytoplasm. Finally, however, alimit of growth is attained ;
the daughter-nuelei become constricted off completely from the
connecting bond, which is absorbed and disappears. The nuclear
membrane persists throughout the division.

In all the forms of nuclear division dealt with so far, nuclear
elements alone have been active in the process. A most instructive
series, showing how extranuclear elements come to collaborate in
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the mechanism of division, is furnished by some examples of the
Heliozoa, and especially by the nuclear divisions of Aetinospheerium,
which have been the subject of extraordinarily thorough investiga-
tion by Hertwig (64). In this form there are three different modes
of karyokinesis, which, however, for present purposes may be
classified under two heads : karyokinesis without and with centro-
somes. In the ordinary nuclear division during the vegetative life
of the organism, and also in the divisions by which the primary

Fic. 62.—Actinospherium cichhorni : stages of the ordinary, vegetative nuclear
division, without centrosomes, of free-living individuals (not encysted).
A, B, Formation of the chromosomes within the nucleus, and of the proto-
plazmic polar cones outside the nuecleus ; €, spindle-stage with polar cones
{p.c.), polar Flatcs (p.p.). and cquatorial plate of chromosomes (e.r.);
D, stage with daughter-plates of chromosomes which have travelled
towards the polar plates ; E—(, division of the nueleus, reconstitution of
the daughter-nuclei, and disappearance of the polar cones.  After Hertwig (64).

eysts divide into the secondary cysts (p. 138), centrosomes are
absent, but they are present in the two divisions which produce
the two reduction - nuclei thrown off from each secondary
cyst.

In the ordinary karyokinesis of Actinospherium (Fig. 62) an
equatorial plate is formed composed of a large number of small,
rod-like chromosomes, imperfectly separated from one another,
which divide transversely. The spindle arises from the achromatinie
framework of the nucleus, and terminates in two conspicuous polar



Fie. 63.—Actinospherium eichhorni: first reduetion-division, with eentrosomes
(the stages here shown follow those of the centrosome-formation in Fig. 37).
A, Centrosome with radiations in a mass of archoplasm at one pole of the
nucleus ; I, two centrosomes and archoplasmie cones, taking up positions
on opposite sides of the nueleus, in which chromosomes are beginning to appear;
!, D, formation of the nuclear spindle and equatorial plate of chromosomes ;
E, divigion of the equatorial plate ; F, division of the nucleus beginning ;
@, H, division of the nuelens and reconstitution of the daughter-nuclei ; one
daughter-nucleus will degenerate and be rejected as a reduction-nucleus ;
the beginning of this is seen in f{, where the upper darker daughter- nucleus
is the one which degenerates. After Hertwig (G4).
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plates lying within the persistent membrane. External to the
membrane are two large conical masses of archoplasm, termed the
* polar cones.” As in the micronucleus of Paramecium, the polar
plates represent functionally the centrosomes, towards which the
daughter-plates travel, and division of the nucleus is effected by
growth of the separation-spindle. The archoplasmic polar cones
appear to take little or no part in the mechanies of the division,
since their apices maintain their distance from one another, and
the growth of the separation-spindle pushes the daughter-nuclei
into their substance.

The reduction-karyokinesis is heralded by the formation of a
centrosome from the nucleus (Fig. 37 ; see p. 80, supra). The
centrosomes are at first close to the nucleus, external to its mem-
brane, but when the karyokinetic spindle is formed the centro-
somes travel to the apices of the cones. From the ecentrosomes
radiations extend through the polar cones, continuing the direction
of the longitudinal striations of the intranuclear spindle, though
separated from them by the intervening nuclear membrane. During
the division the apices of the cones move apart to a slight extent,
but the separation of the daughter-nuclei is still mainly the work
of the separation-spindle, which pushes them into the polar cones
and brings them close to the two centrosomes again; hence the
activity of the polar archoplasm can be but slight. The chromo-
somes in the reduction-divisions are more distinctly separated from
each other as the result, apparently, of a reduction in the amount of
the plastin forming the ground-substance. The nuclear membrane
persists throughout the whole process.

In Aectinophrys the karyokinesis appears to be of a type similar
to that of Actinospherium, with persistent membrane, but with
more activity in the extranuclear archoplasmic elements, In
Acanthocystis (Fig. 64), however, the nuclear membrane disappears
completely from the karyokinetic figure, and it is no longer possible,
in consequence, to distinguish the parts of the achromatinie spindle
which are of intranuclear and extranuclear origin respectively.
Nuclear and eytoplasmic elements are in complete co-operation, a
condition of things which has apparently been brought about and
rendered possible by the extrusion of the centrosome from the nucleus
in the first instance.

From the foregoing examples, it is seen that amongst the Protozoa
the material is to be found for illustrating the gradual evolution of
the mechanism of karyokinetic division, from the starting-point of
simple and direct division up to the most advanced type in which
a perfect karyokinetic figure is formed by co-operation of nuclear
and cytoplasmic substance. It is not necessary to suppose, how-
ever, that the course of evolution has always been in the direction
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of that type of mitosis found in the cells of Metazoa ; it would be
more reasonable to expect that in some cases at least other distinet
types of division-mechanisms would have been evolved—side-

Fra. 64.—Division of Acanthocystis aculeate. A, Resting state of the animal.
N., Nucleus ; ¢., central grain ; a.f., axial filaments of the pseudopodia, ps. ;
sp., spienles. B, Pseudopodia withdrawn ; nueleus in the spireme-stage ;
central grain dividing. €, Division of the central grain further advanced ;
nueleus showing distinet ehromosomes. D), Central grain completely divided
into centrosomes, between which the nucleus is placed ; in the nuecleus the
membrane is becoming dissolved, the retienlum is becoming modified in
arrangement to form the achromatinie spindle (or & part of it), and the chromo-
somes are taking up their position in the equatorial plate. K, Complete
nueclear spindle, with eentrosomes, achromatinie spindle, and equatorial plate.
F, Later stage with daughter-plates and divizion of the eell-body beginning.
¢. Division of the nueleus and of the cell-body nearly complete. After
Schaudinn (82).
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branches, as it were, of the stem which eculminates in the Metazoan
type. An example of this is seen in the peculiar karyokinesis of
Noctiluca (Fig. 65), in which the division is directed by a large
" sphere,” consisting of a mass of archoplasm containing the cen-
trioles. The sphere divides and forms the axis of the karyokinetic
figure, of which the nuclear portion is placed asymmetrically to one
side.

In considering this remarkable process of evolution, consisting in
the gradual elaboration of a highly complicated mechanism for
division of the nucleus, the question naturally arises, What is the
object of a process so elaborate ? Or, if this method of posing the
problem offends as being too teleological, we may alter the phrase-
ology, and inquire, What is the result of the process ¢ The answer
is perfectly obvious. The result effected by equating karyokinesis

Fig. G5.—Stages in the nuclear division of Noctiluca miliaris. A, Early stage,
the * spherc ™ (sph.) beginning to divide, the nuclens wrapping round it;
B, later stage, the sphere nearly divided, the two poles of the nuclear spindle
in scetion attached to the two daughter-spheres ; €, scetion across B the
sphere contains a centriole (e.), to which the chromosomes (ehr.) are attached
by achromatic fibrils. After Calkins (48).
in its most perfected forms is an exact halving, both quantitative
- and qualitative, of the chromatin-substance of the nucleus—quanti-
tative, by division of each chromatin-granule or chromidiosome,
and the partition of the division-products equally between the two
daughter-cells ; qualitative also, if we suppose that different chro-
midiosomes may have different properties, and exert their own
peculiar influence on the life and activities of the cell; then, since
each daughter-cell contains finally the sister-chromidiosomes of those
contained in the sister-cell, the qualities of its chromatin are the
exact counterpart of those of the sister-cell and also of the original
parent-cell. Hence karyokinesis may be regarded as insuring the
transmission to the daughter-cells of the distinetive properties of
the parent-cell, unimpaired and unaltered. The whole process indi-
cates clearly the immense importance of the chromatin-substance
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in the life of the cell. It is probable, also, that the elaboration of
the process of karyokinetic division in Protista was an indispensable
antecedent to the evolution of multicellular organisms, since for
the formation of a tissue it is necessary that all the cells which
build it up should be perfectly similar in their constitution and
properties, and this condition could only be brought about, prob-
ably, by karyokinetic division of the nuclei in the process of cell-
multiplication.

In the foregoing paragraphs we have dealt only with simple
(binary) nuclear division, but, as already stated, in some cases the
nucleus divides by multiple fission into a number of daughter-
nuclei simultaneously. A simple instance of direct multiple division
of a nucleus, in which, apparently, no centrioles are present, has
been described by Lebedew (93) in the nuclei of Trachelocerca
(Fig. 66 ; see also p. 448). In this form partitions are formed
within the nucleus between the grains and masses of chromatin,
and finally the nucleus becomes segmented into a mulberry-like mass
of daughter - nuclei,
which separate from
one another.

In most cases, prob-
ably, of multiple
fission the nucleus

contains a centriole,
Fic. 66.—Four stages of direct multiple fission in

the nuclei of Trachelocerca phanicopterus. After fm"lth'}mlﬂtilﬂﬂﬁsfﬂml
Lebedew (93). is brought about in a

manner analogous to
the formation of a plasmodium by multiplication of the nucleus
in a cell which remains undivided—that is to say, the centriole
multiplies by fission a number of times without the nucleus as
a whole becoming divided. Thus, in a nucleus of the simple
protokaryon type, containing at first a single karyosome and cen-
triole, division of these structures may take place within the mem-
brane without the nucleus as a whole dividing, so that the nucleus
contains finally two or more karyosomes, each containing a cen-
triole. The karyosomes are ultimately set free from the nucleus,
either by being budded off singly from it, or by the nucleus as a
whole breaking up ; then each karyosome becomes the foundation
of a new nucleus. Division of this type, which may be termed a
multiple promitosis, has been described by Zuelzer (86) in Wag-
nerella. In cases where the division of the nucleus is of the karyo-
kinetic type, repeated divisions of the centriole result in the forma-
tion of a complicated multipolar mitotiec figure, leading to a multiple
division of the nuecleus, as seen in the divisions of the nuclei in the
male sporont of Aggregata (Fig. 67), as described by Moroff (94).
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The presence of more than one centriole in a nucleus has led
Hartmann (60) to formulate the theory that such nuclei are to be
regarded as “ polyenergid ” nuclei.¥ Hartmann proposes to dis-
tinguish a nucleus with a single centriole as a “ monokaryon * from
a polyenergid nucleus or * polykaryon ™ containing many cen-
trioles ; he interprets many cases, in which a nucleus appears to
become resolved into chromidia from which secondary nuclei are
formed, as being really a setting free of monokarya from a complex
polykaryon—an interpretation which certainly gets over the diffi-
culty of the formation
of centrioles in second-
ary nuclei (see further,
p. 255, infra).

In conclusion, men-
tion must be made of
the theory of cell-divi-
sion and of the causes
which bring it about,
put forward by Hertwig
(91, 92). This theory
is based on the sup-
position, of which men-
tion was made in the
previous chapter (p. 70,
supra) — that for the

normal performance of Fie. 67.—Multiple nuclear division in the male
vital functions a cer- speront of Aggregala jucquemeti. The nucleus, of

; : . which the outline has become irregular but is still
tain '--]_"-:l"53-'“t'li-"!:»"t'r'ﬂ3 re- visible, is surrounded by ecight centrioles, from
lation must be main-  each of which striations pass towards and into
fhinad belwosn . the the nucleus. After Moroff (94), magnified 750

linear.
nuclear substance and
the cytoplasm. As a standard for the proportion of nuclear
mass and cytoplasm (* Kernplasma-Norm ), the individual im-
mediately after fission may be taken. Ixact measurements made
on Infusoria show that, while the body grows continuously in size
from one division to the next, the nucleus at first diminishes slightly

* The conception of ** energids ' is due to Sachs, who coined the term to denote
* a single cell-nucleus with the protoplasm governed by it, so that a nuecleus and
the protoplasm surrounding it are to be conceived of as a whole, and this whole
is an organic unity, both in the morphological and the physiological sense.”
Hertwig (66) has criticized this coneeption, and has shown its untenability in the
case of Protozoa, which behave as single individuals whether they possess one
nuclous or many. Hartmann, considering the centriole as the criterion of in-
dividuality rather than the nueleus, has revived the energid theory in the manner
deseribed above. It leads him to regard an ordinary Metazoan karyokinesis as
the division of a polykaryon, in which each separate chromosome represents a
distinet nuclear element or monokaryon—a conclusion which appears to lead rather
to a reductio ad absurdum of the theory.
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in size, and then grows slowly until the next division-period is
reached. As a result of the slow * functional growth ™ of the
nucleus, a disproportion between the mass of the nuclear substance
and that of the eytoplasm is brought about, producing a condition
of tension between the nucleus and the eytoplasm (** Kernplasma-
Spannung ). When the tension reaches a maximum, the nucleus
acquires the power of growing rapidly at the expense of the cyto-
plasm, and this * division-growth ’ leads to the fission of the cell,
restoring the standard balance of nucleus and eytoplasm. Relative
increase of the nuclear substance retards the cell-division, and
brings about increase in the size of the cell ; relative decrease of the
nuclear mass has the opposite effect.

2. Division of the Cell.—A distinetion has been drawn above
between binary fission, or division of the body into two, and mul-
tiple fission into many parts simultaneously. The daughter-indi-
viduals produced in either case may be similar to the parent-indi-
vidual in all respects except size, or may differ from it in lacking
more or fewer of its characteristic parts and organs, which are then
formed after the daughter-individuals are set free. In extreme
cases one or more of the daughter-individuals may possess, when
first liberated, no structure more elaborated than the essential
parts of a cell, eytoplasm and nucleus or chromidia ; in such cases
the daughter is termed a * bud,” and the process of fission by which
it arises is termed * budding ”* or gemmation, distinguished further as
“simple gemmation ” when only one bud is formed at a time, and
“ multiple gemmation” when many arise simultaneously. Inmany
cases of multiple gemmation the parent-organism does not survive
the process, but breaks up almost completely into buds, leaving
only a greater or less amount of residual protoplasm, which degene-
ates and dies off ; budding of this kind is termed sporulation.

In binary fission, when the organism is of simple structure, as in
the case of amwba, the division is equally simple. After division
of the nucleus, the two daughter-nuclei travel apart, and the body
follows suit, by flowing, as it were, in two opposite directions,
forming two smaller individuals each with a nucleus, and con-
nected at first by a protoplasmic bridge, which soon snaps and is
drawn in. The contractile vacuole, if present, is taken over by
one of the two daughter-individuals, while the other forms a new
vacuole ; in many cases the normal number of contractile vacuoles
is doubled before division begins.

In forms of more complicated structure, the division also becomes
a more complex process. Where the body-form is definite, the
plane of cleavage bears usually a constant relation to it. Thus, in
Ciliata the division of the body takes place typically transversely
to its longitudinal axis, except in the order Peritricha. In Flagel-
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Fri. 68.—Budding of Acanthocystis aculenla (compare Fig. 64, A). A, B, Division
of the nucleus, in which the central grain takes no part; ', extrusion of a
bud ; 1, three buds in process of extrusion, the nucleus of the parent dividing
again; &, free bud; F, flagellula, and @, amembula, produced from buds;
H and [, two stages in the extrusion of a centriole from the nucleus of a bud
to form the central grain of the adult form. After Schaudinn (82).
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lata, on the other hand, the division of the body is usually longi-
tudinal. In any case, the two products of fission may be equal or
subequal in size, without perceptible difference of parent and
young ; or they may be markedly unequal, in which case parent
and offspring can be distinguished clearly.

The various organs of the body may be doubled before division :
either by splitting or new growth of one set ; or, if there are many
organs of a particular kind present, such as the cilia and tricho-
cysts of Ciliata, they may be simply shared between the two
daughter-organisms ; or, finally, any given organ present in the
animal before division may be retained by one of the two daughter-
individuals, while the other forms the organ in question anew after
division. Thus, in Ciliata one daughter-individual retains the old
peristome ; the other forms a new one for itself. The greater the
number of organs formed afresh in the daughter-individual, the
more advanced is the transition from ordinary fission towards
budding.

In typical gemmation small portions of the parent-organism
grow out, into which pass either nueclei, the products of the division
of the parent-nucleus (Fig. 68), or of budding from the nucleus of
the parent (Fig. 55), or chromidia, alone or together with a nucleus.
Such buds may arise on the surface of the parent-body, or they
may be cut off in the interior of the cytoplasm of the parent, and
‘may remain for some time within its body. Endogenous budding
of this kind is seen in the Neosporidia (p. 325), in the Acinetaria,
where it is combined with nuclear budding, and in Areella (Fig. 80)
and some amaeba, where it is combined with formation of secondary
nuclei from chromidia.

DBibliography.—For references see p. 479,



CHAPTER VIII
SYNGAMY AND SEX IN THE PROTOZOA

Kiree Bapeta,
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It is a matter of common knowledge that amongst all the higher
animals and plants the phenomena of sexual generation and sexual
differentiation are of universal occurrence. Reduced to its simplest
terms, and stripped of all secondary complications, the sexual
process in an ordinary animal or plant consists essentially of the
following series of events : In the multicellular body certain cells
are produced which may be termed comprehensively and universally
the gametes. In the two sexes the gametes exhibit characteristic
differences ; those of the male sex, the spermatozoa, are typically
minute, active, and produeed in large numbers ; those of the female
sex, the ova, are, on the contrary, relatively bulky, inert, and
produced in far fewer numbers. The gametes are set free from the
body, or, at least, from the organs in which they arise, and each
male gamete, if it finds a partner and if circumstances permit,
unites with a female gamete ; their bodies fuse completely, cell
with cell and nucleus with nueleus, and the product is a ** fertilized
ovum,” or zygote, a single cell which proceeds to multiply actively
by cell-division, the final result being a new multicellular individual.

In the Protista belonging to what has been termed in the first
chapter of this book the * cellular grade "—that is to say, in the
Protozoa and the unicellular plants sexual phenomena are also of
widespread, probably of universal, occurrence, and the process of
sexual union differs only in unessential points from that seen in
higher organisms.

In the first place, since the individual in Protozoa is a single cell,
the gametes themselves are also complete individuals, modifica-
tions merely of the ordinary individuals of the species produced at
certain periods or phases of the life-cyele.

Secondly, the differentiation of male and female gametes rarely
attains to the high degree seen in the Metazoa, and may be nil ;
the two gametes may be perfectly similar in all perceptible features
of structure or constitution, as, for example, Copromonas (Fig. 111).

125
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Nexual union of similar gametes is termed isogamy ; of dissimilar,
anisogamy. When the gametes are differentiated, then one gamete
is generally smaller, more active, often with highly developed
motor mechanisms, and without reserve food-material in the
cytoplasm ; this is the mierogamefe, regarded as male. The other
gamete, on the contrary, exhibits a tendency, more or less pro-
nounced, to be large, inert, without motor mechanisms of any
kind, and to store up reserve food-material in the eytoplasm—
the maecrogamele, regarded as female. The differentiation of the
cametes is seen to be a specialization of two kinds of cell-individuals,
the one rich in motile or kinetic protoplasm but poor in trophie
substance, the other rich in trophic protoplasm but poor in kinetic
substance, In some cases the sexual differentiation may affect
also the mother-cells of the gametes, the gamefocyles, or may be
thrown back still farther in the series of generations preceding
the gametes ; in such cases a number of successive generations of
gamonts exhibiting sexual differentiation terminate in a gameto-
eyte generation from which the actual gametes arise,

Thirdly, in the process of sexual union, or syngamy, as it may
be termed comprehensively, the bodies of the two gametes do not
always fuse completely ; in some cases the two gametes come
together and merely interchange portions of their nuclear apparatus,
remaining separate and retaining their distinet individuality. The
nucleus which remains stationary in the one gamete then fuses
with the migratory nucleus derived from the other gamete.
Examples of this type of syngamy are seen in the Infusoria (Fig. 77).
The type of syngamy in which the two gametes fuse completely
is sometimes termed copulation (or total karyogamy) ; that in which
they remain separate and exchange nuclear material, is known as
conjugation (or partial karyogamy), and the two sexual individuals
themselves as conjugants (they should not, perhaps, be termed
* gametes,” strictly speaking, for reasons explained below); but
the term *° conjugation ' is often used quite loosely for either type
and lacks precision.

These differences in the sexual process between Protozoa and
the higher organisms enable us to give a wider significance, and
at the same time a more precise definition, to the word ** syngamy.”
However varied in detail, syngamy is essentially nothing more
than an intermingling of chromatin-substance derived from two
distinct cell-individuals. Plus ¢a change, plus c’est la méme chose.
The chromatin that undergoes syngamic union may be in the
form either of chromidia or of nuclei ; in the former case the process
is termed ehromidiogamiy, in the second karyogamy. Chromidiogamy.,
though probably the most primitive type, is known to oceur only
in a few Sarcodina (Difflugia, p. 230 ; Areella, p. 148). In the vast
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majority of Protozoa, as in all known cases amongst Metazoa and
plants, syngamy takes the form of karyogamy. The nuclei of
the gametes are termed pronuclei, and the nucleus that results
from fusion of the pronuclei in the zygote is termed a synkaryon.

In many Protozoa (e.g. Coccidium, Fig. 69) the fusion of the two pronuclei
is effected by means of a peculiar mechanism termed a “ fertilization-
spindle.””  When the two pronuclei are in contact, the female pronucleus
first takes an clongated, fusiform shape, having its chromatin-grains spread
over an achromatinic framework. The chromatin of the male pronucleus
is then spread over the same structure. This mechanism has nothing to do
with nuclear division, but merely effects a complete intermingling of the
chromatin of the pronuelei, after which the synkaryon assumes its normal
appearance and rounded form, In Infusoria the two pronuclei fuse in the
condition of the karyokinetic spindle in many cases.

Fr1a.! 69.—Fertilization of Coccidium (schubergi. A, Pene-
tration of the macrogamete by one of five micro-
gametes ; the female pronucleus has an elongated
form ; B, the favoured microgamete has passed into
the interior of the macrogamete, which has secreted a
membrane (obcyst) at the surface of the body, ex-
cluding the other microgametes ; €', the female pro-
nucleus has assumed an clongated, spindle-like form,
while the male pronucleus lies at one pole of the
spindle in the form of a little mass of granules; the

excluded microgametes are degenerating ; I, the granules of the male pronueleus

have spread themselves over the spindle-figure formed by the female pronueleus;

E, the fertilization-spindle seen in D has rounded itself off to form the synkaryon,

and fertilization iz complete. &, Microgametes; ¢, maecrogamete ; nd, male

pronucleus ; =Yy, female pronucleus ; f.s., fertilization-spindle ; ¢, obeyst ; -ugﬁJ

synkaryon. After Schaudinn (99), magnified 2,250,

True syngamy, as defined above, must be distinguished carefully from
certain other phenomena which are likely to be confused with it ; it must
not be assumed that every fusion of cells, or even of nuclei, is necessarily a
case of syngamy. In some Protozoa the mother-cells of the gametes, the
gametocytes, enter into a more or less close association prior to the formation
of gametes, which are produced in due course and then perform the act of
syngamy in the normal manner. An example of such association is seen
in gregarines (p. 330), where association between adult gametocytes is the
rule. Somotimes the two gametocytes associate in the earliest stages of
their growth, as in Diplocystis (Fig. 70, A), and their bodies may then fuse
completely into one; but their nuclei remain distinet, as in Cystobia
(Fig. 70, B), and give rise in due course to the pronuclei of distinet gametes.
Forms in which precocious association of this kind oceurs are deseribed as
being * neogamons ”* (Woodcock).

In many cases, union of distinet individuals ean be observed which have
nothing to do with syngzamy, since no fusion takes place of nuclei, but only
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of eytoplasm. Such unions are distinguished as plastogamy (or plasmogamy)
from true syngamy. Plastogamic union may be temporary or permanent ;
in the latter case it leads to the formation of plasmodia, as in the Mycetozoa
(p- 239). The significance of plastogamy is obscure in many cases, but in
some it may perhaps be comparable to the association of gametes already
deseribed, and in this way may throw light on some cases of so-called
“ autogamy " (see p. 138, infra).

A further case of unions which are not in any way sexual in nature is seen
in the remarkable phenomena of agglomeration exhibited by some Protozoa—
for example, trypanosomes. In this ease the organisms adhere to each other
by the posterior or aflagellar end of the body, apparently by means of a sticky
secretion formed by the kinetonueleus, so that large clumps are formed
composed of numerous individuals. The phenomena of agglomeration are
associated with conditions unfavourable to the parasite, and appear to be
due to the formation of special substances, agglutinins, in the blood of the
host. Similar phenomena are well known in bacteria as agglutination, since
in this case the agglutinated individuals are unable to separate, while in

Fra. 70.—Precocions association and neogamy of gametocytes in gregarines.
A, Diplocystis minor, parasite of the cricket: m., common membrane uniting
the two associates ; g., grains of albuminoid reserve-material. B, Cystobia
holothuriee, parasite of Holothuria tubulosa, showing the two nuelei in an
undivided body. A after Cuenot, magnified about 120 diameters ; I¥ after
Minehin.

the ease of trypanosomes that are agglomerated it is possible for the indi-
viduals to become free again if the conditions are ameliorated. In other
Protozoa, also, phenomena of the nature of agglomeration are secen in de-
generating forms (see p. 209, infra).

Certain aspects of syngamy must now be discussed in more
detail—namely, the relation of syngamy to the life-history as a
whole ; its occurrence in the world of living beings ; its significance
for the life-cycle ; and its effects on the species and the individual.

1. Syngamy in Relation to the Life-History of the Organism.—
In any living organism the principal manifestation of vital activity
is the power of assimilation, resulting in growth. As a general
rule, however, the growth of an organism is not indefinite, but has
a specific limit ; an individual of a given species does not exceed
a certain size, which may be variable to a slight extent, but which
is fairly constant for normal individuals of the species in question
under similar environmental conditions. When the limit is
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reached the organism tends to reproduce itself. In Protista, as
described in the last chapter, two principal types of reproduction
occur—namely, simple or multiple fission. In either case the
organism grows to its full specifie size, and then divides into smaller
individuals ; the greater the number of daughter-individuals pro-
duced at each act of reproduction, the more minute those daughter-
individuals. Following the act of reproduction comes a period
of growth, during which the small forms grow up into full-sized
individuals which reproduce themselves in their turn.

Thus the life-history of a Protist may be described as an alterna-
tion of periods of growth and periods of reproduction. If, how-
ever, the life-history consists of only these two events in alternating
succession, it is an infinite series, not a eyele ; continuous, not
recurrent. Possibly such a condition, varied only by states of
repose interrupting the vital activity of the organism, is found in
Bacteria and allied forms of life, where true syngamy apparently
does not occur. But it is probable that in all Protozoa, as in all
Metazoa and plants, the life-history is a recurrent eyele, of which
an act of syngamy may be taken as the starting-point ; this point
will now be discussed.

2. The Occurrence of Syngamy in the Series of Living Beings.—
With regard to this question, there are two possibilities ; first, that
syngamy and sexuality constitute a fundamental vital phenomenon,
common to all living things ; secondly, that it is an acquisition at
some period or stage in the evolution of organisms, and not a
primary characteristic of living beings. The sex-philosopher
Weininger* has argued in favour of the first of these hypotheses,
and goes so far as to regard all protoplasm as consisting primarily
either of arrhenoplasm (male) or thelyplasm (female), standing in
fundamental antithesis to one another, and combined in varying
proportions in a given cell or sample of the living substance. A
view essentially similar has been put forward by Schaudinn, and
is discussed below.,

It is beyond question that sexuality is a universal attribute of
all living beings above the rank of the Protista, whether animals
or plants. In Protista, however, syngamy has not been observed
to occur with certainty in the Bacteria and organisms of a similar
type of organization. It is true that certain rearrangements of
the chromatin, observed in some larger organisms of the bacterial
type at certain phases of their life-history, have been compared to
sexual processes, but such an interpretation is, to say the least,
highly doubtful. In Protozoa. syngamy has been observed to
oceur i a vast number of forms, but by no means in all.  In the

* Weininger, 0., *“ Sex and Character,” chapter ii.  London : W. Heimemann,

1906,
it



130 THE PROTOZOA

case of those species in which syngamy has not been observed,
there are three abstract possibilities : first, that it does occur,
but has not yet been seen; secondly, that it is secondarily in
abeyance ; thirdly, that it is primarily absent—that is to say, that
it has never occurred either in the form in question or in its ancestral
lineage, On the whole, the first of these three possibilities is the
most probable, though the second must, perhaps, also be taken
into account, as will be shown later,

So far as a generalization is possible or permissible in the present
state of knowledge, it appears that sex and syngamy are phenomena
of universal occurrence in all truly cellular organisms, but we have
no certain knowledge that they exist in any organisms of the
bacterial type of organization. With the passage from the bacterial
to the cellular type of structure, syngamy became, apparently, a
physiological necessity for the organism, and was probably acquired
once and for all.

3. The Significance of Syngamy in the Life-Cycle.—In order
to appreciate the part that syngamy plays in the life-histories of
organisms generally, it is necessary to compare briefly and in
general outline the life-cycles of Metazoa and Protozoa in typical
cases.

In the Metazoa the cycle starts from a single cell, the zygote
or fertilized ovum, which multiplies by cell-division in the ordinary
way. Thus is produced a multicellular individual, composed
always of at least two classes of cells—tissue-cells (histocytes) and
germ-cells, The histocytes are differentiated in various ways,
related to various functions, to form tissues, and so build up the
soma. The germ-cells are not differentiated for any functions but
those of sex and reproduction, and occur primarily as a mass of
undifferentiated cells constituting the germen ; they are lodged
in the soma and dependent upon it—parasitic upon it, so to speak
—Dbut in a sense distinet from it ; they draw their sustenance from
the soma, influence greatly its development and activities, but
contribute nothing to the work of the cell-commonwealth. Of
these two portions of the Metazoan individual, the soma is neces-
sarily mortal, doomed inevitably to ultimate senility and decay.
The cells of the germen, on the other hand, are potentially im-
mortal, since under favourable conditions they can separate
from the soma and give rise in their turn to a new individual of
the species with soma and germen complete again. This type of
generation is always found in every species, though “ion-sexual
methods of generation may also oceur in many cases.

In the life-cycle of the Metazoa, as sketched above in its most
aeneralized form, two individualities must be clearly distinguished,
the one represented by the soma together with the germen, con-
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stituting the complex body of a Metazoan individual; the other
represented by the single cells of which both soma and germen
alike are built up. The phrase “ reproduction,” whether sexual
or non-sexual, as applied to the Metazoa, refers only to the complex
multicellular body as a whole, and not to its constituent cells,
which reproduce themselves uninterruptedly by fission during the
whole life-cyele,

In the comparison of a typical Protozoan life-cycle with that of
the Metazoa, we may start in both cases alike from a single cell-
individual which is the result of an act of syngamy. In Protozoa,
also, the zygote multiplies. sooner or later, to produce numerous
cell-individuals ; but in this case the cells remain separate from
one another and independent, so that no multicellular body is
produced, except in the colony-building species, nor is there any
distinetion of somatic and germinal cells, save in rare cases, such
as Volvox (p. 267). In Protozoa the phenomena of vital exhaustion,
so-called ** senility ~ (Maupas) or ** depression ”’ (Calkins, Hertwig),
appear to be as inevitable as in the cells of the Metazoan body
(see pp. 135 and 208, infra); but if the derangement of the bodily
functions and the vital mechanism has not gone too far, the organism
is able to recuperate itself by self-regulative processes, of which
the most important and most natural are those involved in the
normal process of syngamy. Consequently no cell-individuals
among Protozoa are doomed necessarily and inevitably to decadence
and death, but ¢ | possess eaually potential immortality—that is
to say, the capacity for infinite reproduction by fission under favour-
able conditions. The Metazoan individual is represented in the
Protozoa only by the entire life-cycle, from one act of syngamy to
the next, and not by any living organic individual.

In the life-eyele of a Protozoon, as there is only one individuality,
g0 there is only one method of reproduction—that, namely, of the
cell, by fission ; and it must be made clear that the reproduction
of the cell-individual is not in any special relation to syngamy
in Protozoa, any more than in Metazoa.

It has been pointed out above that the life-history of a Protist
organism consists of alternate periods of growth and reproduction.
In those Protozoa in which syngamy has been observed, it is found
to take place sometimes at the end of a period of growth and before
a period of reproduction, sometimes at the end of a period of
reproduction and before a period of growth, and sometimes there
may be a difference between the two sexes of the same species
in this respect. In the first case, syngamy takes place between
full-grown individuals of the species, as in detinophrys (Fig. 71)—
so-called macrogamy, which is almost always isogamous. In the
second case, syngamy 1s between the smallest individuals produced
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by fission or gemmation, as in Foraminifera (p. 235), Areella
(Fig. 80), ete.—so-called microgamy, which may be isogamous or
slightly anisogamous. In the third case, syngamy is between two
individuals showing the utmost disparity in size, a tiny micro-
gamete and a bulky macrogamete, as in Coceidium (Figs. 69, 152) ;
the result being anisogamy of the most pronounced type.

From these facts, it is abundantly clear that syngamy in the
Protista cannot be regarded as related specially to reproduction,
but as a process affecting the life-cycle as a whole, related equally

Fie. 71.—Copulation of Actinophrys sol. A, Two associated frec-swimming
individuals. B, The two individuals are beginning to eneyst themselves ; their
nuelei (N, N.)are preparing for karvokinesis ; an outer gelatinous envelope (g)
is seereted round the two gametes, and also round each individual an inner
eyst-envelope (¢.), incomplete at the surface of contact. €, The nuclens of each
gamete is dividing by karyokinesis (first pelar spindle, p.sp.). D, Formation
of the polar bodies or reduction-nuclei (r.n.) ; the reduced pronuelei (pn.)
take a central position in the body of the gamete ; the bodies of the gametes
arc beginning to fuse. ¥, The pronuelei are fusing ; the reduction-nuclei have
passed through the wall of the inner eyst. F, The synkaryon (sk.) is beginning
to divide by karyokinesis ; the degenerating reduction-nuclei have passed out
of the inner cyst, N., N., Nuclei of the gametes before reduction. After
Schaudinn, magnified about 850.

to all vital functions of the organism, and therefore only indirectly
to reproduction—that is to say, only in so far as reproduction may
result from renewed and invigorated vitality., This is equally
true of the Metazoa, where, however, the life-cycle begins and ends
with the production of a complex multicellular body, composed
of soma and germen. Hence, in the Metazoa syngamy is brought
into relation with the production of a higher individuality, the
bedy, comparable to the whole Protozoan life-cyele, and it is in
this sense that the phrase * sexual reproduction ” must be under-
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stood ; as already pointed out, syngamy has no special relation
in Metazoa to cell-multiplication. In Protozoa sexual reproduction
means simply reproduction following the sexual act ; but sex and
reproduction must be considered as two things entirely distinet.

The comparison instituted above between the life-cyeles of the Protozoa
and Motazoa, according to which an entire Protozoan individual is the mor-
phological equivalent of a single constituent cell of a Metazoan body, iz that
which I personally have always held and taught. It is, I believe, the pre-
vailing view among zoologists, and has been enunciated cloar] y by Calkins (5).
It has, however, been attacked vigorously by Dobell (110), w ho lavs great
stress on the |:r|1§ siological analogy between the single Protozoon, as a com-
plete organism, and the entire Metazoan body. On this ground he expresses
the view that ** a protist is no more homologous with one cell in a metazoon
than it is homologous with one organ (e.g.. the brain or liver) of the latter ™ ;
he considers it ** inecredible that anybody could advocate the view that the
Metazoa have arisen from aggregated Protozoa,” and he puts forward the
view that, if the Metazoa have arisen from protist forms, it is far more

natural to suppose that they did so by developing an internal eellular structure,
and not by the aggregation of individuals to form a colony.” Similar ideas
have been put forward also by Awerinzew (890). From these and other
considerations, Dobell draws the conclusion that the Protista are not to be
regarded as unicellular, but as * non-cellular ** organisms.

So far as the word “cell” is concerned, I have already expressed the
opinion above that by the term should be understood a certain stage in the
evolution of the Protista, and that many protist organisms should not be
termed *° cells,” but only those which have reached what may be considered
as the truly cellular type of organization. I am not, therefore, concerned
with Dobell’'s attack on his own conception of the eell-theory so far as it
concerns Protists generally, but only in so far as it applies to the Protozoa.

It iz not possible here to discuss in detail the ontogenetic development of
the Metazoa. It must suffice to state that in all primitive types of embryonic
development among Metazoa the cells which build up the body originate
by repeated binary fission of a single cell, the fertilized ovum ; and that the
only cases in which the ovum breaks up into cells by the development of cell-
limits internally are those in which the development is modified by the
presence of yolk, or where there is good reason to believe that yolk was
ancestrally present in the egg. TFor confirmation of these statements the
reader must be referred to the ordinary textbooks of embryology. I must
content myself with a single instance, that, namely, with which I am best
acquainted by personal study.

In the development of a simple Ascon sponge, such as Clathrina blaneca or
other species (see chapter * Sponges™ in Lankester's * Treatise on Zoology,”
part ii., p. 68), the ontogeny may be divided into four phases or periods,
which indicate clearly, in my opinion, the general lines in the evolution of
the Metazoa from Protozoan ancestors.

1. Starting with the fertilized ovum, strictly homologous with a Protozoan
zygote, it divides by repeated binary fission into a number of cells (blasto-
meres), each similar to the ovam in every respect except size ; the process
is in every way comparable to the division of a Protozoan zygote into a
number of individuals which remain connected to form a colony, as, for
example, in many Phytomonadina.

2. Of the blastomeres thus formed, a ecertain number, variable in different
apecies, but relatively few, retain their original characteristics, while the rest
become differentiated into columnar flagellated cells forming the wall of a
cavity (blastoceele). The undifferentiated blastomeres give rise to the
archmoeytes, from which ultimately the germ-cells and gametes arise. The
flagellated cells are the ancestors of the tissue-cells (histocytes) in the future
sponge. At this stage, in which the embryo is hatched out as a free-swimming
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larva, it is perfectly comparable to a colony of flagellates such as Volvor, in
which the ordinary individuals have lost the power of becoming, or giving rise
to, gametes, which can only arise from certain special individuals.

3. The free-swimming larva, composed mainly of flagellated cells, with
thﬁ ‘archmoc vies either at the hinder pole or in the internal cavity, undergoes
changes as it swims about, which consist in some of the II;LngLLlLd cells lﬂsm{,
their flagellum, lm{-nmmft maodified in structure, and migrating into the
interior of the larva ; in this manner the two gnrm-]aynm are established, and
the organism has then, so to speak, passed from the condition of a Protozoan
colony to that of a true Metazoon.

4. When the germ-layers are established, the larva fixes itself, and of the
subsequent dmvlupnwnt it is sufficient to state that the cells of the two
germ-layers become differentiated into the tissues of the adult sponge, and
that in the metamorphosis of the larva the cells undergo a complete rearrange-
ment, which shows eclearly that every cell has an individuality as distinet
as that of any Protozoan individual, a conclusion fully borne out by the
recent experiments of Wilson and Huxle}' (Phil. Trans., B., ccii., pp. 165-
189, pl. viii.) on the power of regeneration in sponges after complete separation
of the cells from one another.

I am unable, therefore, to accept the standpoint of Dobell with regard
to the relations of Protozoa and Metazoa, but consider that the comparison
of a Protozoan individual to a single cell in a Metazoan body is fully justiﬂeﬂ
both morphologically and p]n siologically, and is a reasonable phylogenetie
deduction from the ontogenetic data. The objection that there are no animals
known which correspond to the four-cell, eight-cell, and blastula stages in
embryological development misses the point and is not strietly true; the
stage at which an embryo consists only of four or eight blastomeres is the
homologue of a Protozoan colony, and in the Flagellata species are known
in which the colony consists only of four, eight, sixteen, or thirty-two cell-
individuals (p. 275). To the query, *° Has anyone ever found a metazoon
which is composed of nothing but coherent gametes ¥’ it may be replied
that in many Volvoeinem the colony also consists only in part of gamete-
producing individuals. The theory that the Metazoa arise by cleavage of a
multinucloate plasmodium, equivalent to a single Protozoan individual, has
often been put forward, but has never found support from a general con-
sideration of the facts of Metazoan embr vology. In Protozoa the plasmodial
phase is always temporary, and ends sooner or later by breaking up into
separate uninucleate individuals.

4. The Effects of Syngamy—i(1) upon the Individual, (2) upon
the Species.— 1. Of all Protozoa, the ciliate Infusoria are the
group in which syngamy is most easily observed and studied—in
the first place because in these organisms it is readily distinguished
from simple fission, which is transverse, while in syngamy the two
conjugants apply themselves laterally to one another; in the
second place, owing to the fact that the species of Ciliata are
practically monomorphic (p. 440), and can be identified without
difficulty. Hence in this group elaborate and exhaustive experi-
mental studies upon syngamy and its relation to the life-cyele
have been carried out by many investigators, more especially by
Maupas, Hertwig, Calkins, and Woodruff. The results of these
investigators is briefly as follows : After syngamy the fertilized
individuals appear vigorous, feed actively and multiply actively.
After many generations of reproduction by fission, however, the
race, if kept in an unchanged environment, becomes less vigorous
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and shows signs of enfeeblement and “* senility ™ or * depression ”’—
a condition which, with continued isolation, reaches such a pitch
that the organism is unable to assimilate, grow, or reproduce, but
dies off inevitably unless conjugation with another individual
takes place. At a result of syngamy, the vigour of the race is
renewed, and the organisms once more grow and reproduce them-
selves actively until senility supervenes again. From these and
many other facts it would appear as if syngamy produced a
strengthening or re-organizing effect upon the organism, restoring
vigour and activity to vital functions that have become, as it were,
worn out and effete,

One very important discovery has resulted from the experi-
ments of Calkins and Woodruff—namely, that the necessity for
syngamy can be greatly deferred by change of environment. A
strain which has become senile and exhausted can be stimulated
and revived by a change of food. Even this remedy appears to
have its limits, however, a degree of exhaustion being reached
sooner or later which nothing can restore to its pristine vigour.
The animals may even reach a pitch of exhaustion so great that
they are unable to conjugate, but die off in a helpless manner.
Calkins explains such cases as due to the senility having affected
not only the vegetative, but also the generative chromatin ; pro-
ducing generative senility, which is incurable, instead of mere vege-
tative senility, for which syngamy is a remedy. Nevertheless, the
fact that the advent of senility and exhaustion can be deferred by
the stimulation of changed conditions is a very important discovery.
It must be remembered that the Ciliata are organisms of extremely
complex organization, and it is not unreasonable to suppose that
in such forms the work thrown upon the vegetative chromatin is
much heavier, and therefore the tendency to exhaustion much
greater, than it would be in an organism of simpler constitution ;
in such a form the stimulus of change of environment might defer
the advent of senility very greatly, perhaps even for an indefinite
period (Woodruff, 141).* This suggestion applies particularly to
parasitic forms, in which the organization is always greatly simpli-
fied, and in which change of environment from generation to
generation is inseparable from their mode of life. It would not be
surprising, therefore, if syngamy were found to be completely in
abeyance in a parasitic form of simple structure.

It should be noted here that examples of syngamy being in
abeyance are not wanting even in higher organisms. An instance

* In his most recent work on Paramecium, Woodruff (142) expresses the view
that “ most, if not all, normal individuals have, under suitable environmental
conditions, unlimited power of reproduction without conjugation or artificial
atimulation.” Compare also Woodruff and Baitsell (143).
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is the banana-tree. In the wild-banana, seeds are produced from
flowers of a normal type by fertilization, just as in any other flower-
ing plant; in the cultivated banana, however, the flowers are
sterile and incapable of fertilization, consequently the tree bears
fruit which are entirely seedless. Hence the cultivated banana-
tree is propagated entirely by a non-sexual method—namely, by
the production of suckers growing up from the roots, and in no
other way. Whether this complete abolition of sexuality will in
time lead to exhaustion of the cultivated race of banana remains
to be seen, but at present there seem to be no signs of loss of vigour
under cultivation.

If syngamy can be entirely dispensed with in an organism rela-
tively so high in the scale of life as a flowering plant, it seems
probable in the highest degree that the same may be true in many
cases for unicellular organisms of simple structure, and especially
for those parasitic forms which live, like cultivated plants, in a
medium rich in nutritive substances, and in an environment which
is changed at least once in each developmental cyecle. Instances
of this are perhaps furnished by the various species of pathogenic
trypanosomes, strains of which have been brought to Europe and
propagated for many years from one infected animal to another
by artificial inoculation, without the natural ageney of an inverte-
brate host. If it be true, as is generally believed, that in trypano-
somes syngamy takes place in the invertebrate host, then in the
long-continued artificial propagation of pathogenic trypanosomes
sexuality has been in abeyance for a vast number of generations
without any apparent loss of vital powers. The case of the patho-
genic trypanosomes cannot, however, be cited, in the present
state of our knowledge, as an absolutely conclusive example of
syngamy in abeyance, since it is by no means certain that this
process does not take place in the vertebrate host, where its
occurrence has frequently been affirmed (see p. 305, infra). But
it is certain that in trypanosomes generally, whether pathogenic
or non-pathogenic. syngamy is a rare phenomenon, since it has not
yvet been demonstrated satisfactorily in a single instance, either in
the vertebrate or the invertebrate host, in all the many species
that have been studied. It is possible that, in these and many other
forms of life, sexual processes may intervene only at long intervals
in the life-history, and by no means in every complete cycle of
development or alternation of hosts. It then becomes necessary
to distinguish a developmental eycle, consisting of a recurrent
series of similar form-changes in regular suecession, from a complete
life-cycle marked by the occurrence of an aect of syngamy. In
such forms as the parasites of malaria, for example (p. 358), the
life-cycle and the developmental cycle coincide—that is to say,
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syngamy occurs once for each complete cycle of development
with alternation of hosts, though it must not be forgotten
that the development in the vertebrate host comprises a vast
and quite indefinite number of generations of the parasite. On
the other hand, in such forms as trypanosomes, a complete life-
eyele, from one act of syngamy to the next. may comprise, ap-
parently, a great number of developmental cyeles and alternations
of hosts.

From the foregoing considerations it is evident that syngamy,
though usually a necessity for the continued existence of uni-
cellular no less than of n
multicellular organisms,
can be dispensed with for
a very large number of
generations, perhaps even
indefinitely, in some in-
stances or under special
circumstances. Two other
phenomena of apparently
widespread occurrence
point to the same con-
clusion—namely, the phe-
nomena of parthenogenesis
and autogamy. Partheno-
genesis is a mode of re-
production so common in

Metazoa of various classes Fra. 72.—Parthenogenesis of Plasmodinm vivaz.

i S RRE R A, A female gametoeyte, of which the nucleus
t!,mt _lt e lmm'("ﬁﬁmm} b0 is dividing into a darker portion (#!) and a
cite instances of it here 2 lighter portion (r?); B, the separation of the

it may be defined briefly two paris is complete ; ', the darker nucleus
: ) has divided into a number of portions; D, a
as the power to develop npumber of merozoites are formed from the

without syngamy possessed darker nuelei ; the lighter nueleus is abandoned
by a sexually-differentiated :;,ct,}:;];;?;ﬂu?l, p}nﬁ mlﬁm .I::;'.:f'} 'i{-"]mm«mg
J . pigment.  After Schaudinn (130).
gamete, which under nor-
mal circumstances could do so only after syngamy with a
gamete of the opposite sex. To this it must be added that
the gamete which has this power is always the female; but this
limitation receives an explanation from the extreme reduction
of the body of the male gamete and its feeble trophic powers,
rendering it quite unfitted for independent reproduction, rather
than from any inherent difference between the two sexes in
relation to reproductive activity. Parthenogenesis has been de-
scribed by Schaudinn for the human malarial parasite (Fig. 72)
and in Trypanosoma noctuee, and by Prowazek for Herpetomonas
muscee-domesticee ; none of these cases, however, are entirely free
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from doubt, and in any case parthenogenesis seems to be of much
rarer occurrence among Protozoa than among Metazoa.*

Autogamy, on the other hand, is a phenomenon which has been
frequently observed in Protozoa, chiefly, though not exclusively,
among parasitic forms ; it may be defined as syngamy in which the
two gametes, or at least the two pronuclei, that undergo fusion
are sister-individuals derived by fission of the same parent cell
or nucleus. Hartmann (116) has brought together the many cases
of autogamy known to occur among Protozoa and other Protist
organisms, and has classified them under a complex terminology.
It is sufficient here to mention two typical cases, those, namely,
of Actinospherium
and Entamaba colt,
made known by R.
Hertwig (64) and
Schaudinn (131) re-
spectively.

In Actinospherium
an ordinary indi-
vidual (Fig. 3) be-
comes encysted as
a multinucleate
“mother-cyst,”
which becomes di-

Fie. 73.—Autogamy in Enfamaba coli. A, Theameba  vided up into a num-
at the beginning of eneystation with a singlenuclens;  Lor  of  uninucleate
B, the nueleus dividing ; €, the two daughter-nuclei | , e
throwing off chromidia; a spacc has appeared be- primary cysts,
tween them ; D, each nucleus has formed two re-  after absorption of
duction-nuelei, which are being absorbed ; F, a 1 OF 5or it
resistant eyst-membrane has been scereted ; the about Yo per cent. o
partial division in the protoplasm has disappeared, the nuclei ﬂrigin&]h’
and the two reduced nuclei are each dividing into ; .
two ; F, each daughter-nucleus of the two divisions present.  BEach e
in the last stage has fused with one of the daughter- mary cyst then di-
nuelei of the other division to form two synkarya. .3 .. -
After Hartmann (116), drawn by him from the de- vides GF}H?PIEW]E nto
seription given by Schaudinn (131). two distinet cells—

“ secondary cysts.”
Each secondary cyst then goes through a process of nuclear re-
duction (see below), after which it is a gamete ; the two gametes
then fuse completely, cell and nucleus, to form the zygote.

* Prowazek (557) has described in Herpetomonas musce-domestice a process
interpreted by him as parthenogenesis (* etheogenesis ') of male individuals, but
the correctness both of his observations and of his interpretations are open to
the gravest doubt. According to Flu (536), the objects to which Prowazek gave
this interpretation are in reality stages in the life-history of a quite distinet
organism, named by Flu Octosporea musce-domestice, and now referred to the
Microsporidia. It is greatly to be deprecated that interpretations of such un-
certain validity should be used, as has been done, to support general theories in
the discussion of the problem of syngamy.
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In Entameaba coli (Fig. 73) the process starts in like manner
from a uninucleate individual, the nucleus of which divides into
two, but the cell divides incompletely and only temporarily. Each
nucleus then breaks up completely into ehromidia and disappears
from view. Some of the chromidia are absorbed, while from others
a secondary nucleus is formed on each side of the cell, so that two
nuclel reappear again in the cyst, but smaller than before and
staining feebly. KEach secondary nuecleus now divides twice to
form three nuclei on each side, two of which degenerate as re-
duction-nuclei, while the third in each case persists as a gamete-
nucleus. As soon as the process of reduction is complete, the
incomplete separation of the two cells disappears, so that the two
gamete-nuclei lie in a single cell, which at this stage forms a tough
eyst. Now each gamete-nucleus divides into two pronuclei, those
of the same pair being slightly different from those of the other,
according to Schaudinn (133). Then a pronucleus of each pair fuses
with a pronucleus of the other pair, so that two synkarya result.
At a later stage each synkaryon divides twice, and eight amoebule
are formed by division of the cell within the eyst.

From these two examples, it is seen that autogamy is a process
of extreme inbreeding as regards the gametes. In typical cases
of syngamy the two gametes must be derived from two distinet
strains, and those of the same strain will not conjugate ; Sehaudinn
(131), for example, observed that the gametes of Polystomella
erispa would only copulate when a couple came together in which
each gamete was of distinet parentage. In a great number of
Protozoa the differentiation of the gametes and their mode of
formation makes it certain that the couple which join in syngamy
are derived from different parents. On the other hand, in many
eases of autogamy that have been described, it is equally certain
that the conjugating gametes and pronuclei have a common
parentage, and it is hardly possible to consider autogamy otherwise
than as a degeneration of the sexual process, evolved in forms in
which one feature of true syngamy—mnamely, the mixture of distinet
strains—is, for some reason, no longer a necessity ; we shall return
to this point when discussing the nature and origin of the syngamie
process. It is possible, moreover, to recognize progressive stages
of the degeneration, as shown by the two examples selected. In
the less advanced stage (Actinospherium) the parent cell divides
into two complete cells, each of which, after a process of matura-
tion, becomes a gamete. In the more advanced stage (Entameba
eoli), the division of the parent-cell is checked, and only its nucleus
divides, each daughter-nucleus becoming a pronueleus after reduetion.

The oceurrence of autogamy has been asserted in a number of eases which
are, to say the least, extremely doubtful, as, for example, the Myxosporidia
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(p. 407) and allied organisms, where it is far from certain that the two nuclei
or eells, from which ultimately the pronuclei or gametes arise, have a common
parentage. Autogamy has mcontlm become very fashionable, and there is
a tendency to regard as such, not only many ecases which are probably truly
hPH’I"ﬂg;thHh, but also nue 'Iv.,a,r fusions or gLIIl’HIHI'IﬂIlH which are not in any
way sexual (e.g., Schilling, 134).

The essential point to “consider, in cases of autogamy, is whether there is
a union of chromatin derived from distinet strains —amphimixzis—or from
a common parentage—aulomiris. Thus, it has been pointed out above that
in gregarines two gametocytes may associate, and even fuse into one body,
but with the nuelei remaining distinet (Fig. 71, B). When gamete-formation
takes place in a * neogamous ”* species of this type, the gametes of one sex
derive their pronuclei from one gametocyte-nuclens, those of the opposite
sex from the other, with subsequent syngamy of a trul v heterogamous type.
If the fusion of the gametocytes were to go farther, a plastogamic, non-sexual
union of the two nuclei might result, pmdumnﬂ a mnglﬂ nucleus containing
chromatin from two distinet sources ; in that case, when gamete- furmmmll
took place, the syngamy would be, to all intents and purposes, a typical case
of autogamy, and w ould certainly be so deseribed if it were not known that
the single gametocyte-nucleus had arisen by fusion of two distinet nuelei.
If, howe ever, in each couple of copulating gametes, one pronucleus contained
chromatin derived from one of the two original gametocyte-nuclei, the other
pronuclens, similarly, chromatin derived from the other nucleus, the result
would be a true amphimixis, just as in ordinary heterogamy.

In Actinospherivm, plastogamie fusions of the ordinary vegetative, multi-
nucleate individuals are stated to be of common oceurrence ; it is therefore
possible that an individual which eneysts may contain I’mqlmllﬂy nuclei
from distinet sources. According to Brauer, fusion of nuelei takes place in the
mother-cyst to form the nueclei of the primary cyst. There is therefore at
least a possibility that the autogamy of Aectinospherium may be, in some
cases, combined with amphimixis.

In other cases, however, such as Enfamaba coli and Amaba albida (Fig. 87),
there seems little reason to doubt that the autogamy is a true automixis.
Analogous cases of self-fertilization are well known in flowering plants, where
they are sometimes the rule, sometimes an alternative to cross-fertilization.
In free-living Ciliata, also, syngamy has been observed between cousins, the
descendants of an ex-conjugant after but four divisions (Jennings, 121),
which is not far romoved from automictic autogamy.

The conclusion put forward above, on experimental grounds,
that syngamy has a strengthening or invigorating effect on the
cell-organism, receives further support from the many instances in
which it is observed to occur as a preliminary to the production
of resistant stages destined to endure unfavourable conditions of
life. Thus, in free-living Protozoa syngamy oeccurs commonly in
the autumn, previously to the assumption of a resting condition
in which the organisms pass through the winter. In Difflugia,
for instance, syngamy in the autumn is followed by encystment,
and the cysts remain dormant until the spring. This is strictly
comparable to the state of things known in many Metazoa, such as
Rotifers, Daphnids, ete., where in the summer soft-shelled eggs
are produced which develop parthenogenetically, but in the antumn
hard-shelled winter-eggs are produced which require fertilization.
In parasitic forms, such as Coccidia and Gregarines, syngamy is
related to the formation of resistant cysts which pass out of the host
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and endure the vicissitudes of the outer world, until taken up by
a new host in which the parasite is set free from its cyst and starts
upon a fresh eyele of growth or multiplication without syngamy,
under the most favourable conditions of nutrition,

2. As regards the effects of syngamy upon the species, it must
be pointed out, in the first place, that a great difference exists
between multicellular and unicellular organisms as regards the
effects of external conditions of life upon the sexual process. In
Metazoa the germ-cells, as already pointed out, are a race of cells
apart, and are sheltered by their position in the body from the
direct effects of external conditions—at least, to a very large extent.
In Protozoa, on the other hand, there is no special race or strain
of germ-cells, but any individual may become a gamete or the
progenitor of gametes, and all alike are exposed to the direct
action of the environment. If, now, Protist organisms placed under
slightly different conditions of existence, tend to vary in their
characters as a direct consequence of environmental influences,
syngamy would check any such tendency, and would, on the con-
trary, tend to keep a given species constant and uniform in char-
acter, within narrow limits. Were there no intermingling of
distinet strains, such as syngamy brings about, individuals of a
species subject to different conditions of life would tend to give
rise to divergent strains and races ; syngamy levels up such diver-
gencies and keeps the tendency to variation within the specific
limits (compare Enriques, 112 and 113; Pearl, 124). If this sup-
position be correct, it would follow that no true species could exist
until syngamy had been evolved ; and if it be true that no syngamy
occurs in organisms of the bacterial type of organization, then such
organisms must be regarded as having diverged under direct
environmental influences into distinet races and strains, but not
as constituting true species. The * species 7 of bacteria would
then be comparable to the races of the domestic dog, rather than
to the natural species of the genus Canis. Not until syngamy
was acquired could true species exist amongst the Protista, a
condition which was probably first attained after the cellular grade
of organization had been evolved.

The conclusions reached in the foregoing paragraphs may be
summed up briefly as follows: Syngamy is a process of inter-
mingling, in a single cell-individual, of chromatin derived from two
distinet individuals, gametes, which may exhibit differentiation
into " male ” individuals, characterized by preponderance of
kinetic activity, and * female,” in which trophic activities are
more pronounced. Syngamy is probably of universal occurrence
in organisms of the cellular type of organization, and from them
has been inherited by the higher plants and animals, but apparently
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it does not occur amongst organisms of the bacterial grade. Syn-
gamy is related to the life-cycle as a whole, and not specially to
cell-reproduction. In its effects on the cell-individual, syngamy
appears to have an invigorating effect, renewing vital powers that
have become effete and exhausted ; but in species that live in very
favourable conditions of nutrition, ete., whether such conditions
are due to artificial culture or to natural causes, such as parasitism,
syngamy may be deferred for a very long time, and may even be
completely in abeyance, or may degenerate into parthenogenesis
or autogamy. In its relation to the race, syngamy tends to level
down individual variations, and so produce true species amongst
the Protista.

Before proceeding to discuss the nature and probable origin of
the syngamic process, it is necessary to take into account a process
which appears to be a universal concomitant of syngamy—namely,
the process of nuclear reduction in the gametes. In all cases of
syngamy that have been carefully studied, it has been found that
the gametes differ from the ordinary cell-individuals of the species
in having undergone a process of so-called ** maturation ** which con-
sists essentially in nuclear reduction—that is to say, in a diminution
of the normal quantity of the chromatin by so-called * reducing ™
divisions of the nuecleus. Hence the pronuclei which undergo
syngamic fusion differ in their constitution from the nuclei of cells
not destined for this process, and do not multiply, as a rule, under
normal conditions so long as they remain single. In some cases
among plants, however, the cells that have undergone nuclear
reduction may multiply by fission and produce a multicellular
organism (gametophyte) from which gametes ultimately arise ; in
this way is brought about the well-known alternation of genera-
tions of the ferns and flowering plants. Since, moreover, in Metazoa,
ova that have undergone nuclear reduction can be stimulated
artificially to start their development without fertilization, it is
clear that the nuclear reduction does not in itself inhibit further
development or cell-multiplication.

True nuclear reduction in gametes must be distinguished clearly
from the process of elimination of effete or vegetative chromatin
which precedes the formation of the gametes or their nuclei, probably
in every case. As has been stated above (p. 72), vegetative and
generative chromatin may be combined in the same nucleus, or
may occur, the one in the form of a nucleus, the other in the form
of chromidia, or may constitute two distinet nuclei. When the
two are combined in one nucleus, a necessary preliminary to gamete-
formation is the purification of the generative chromatin of all
effete vegetative material. When the vegetative chromatin is
already separate from the generative, the latter alone takes a
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share in syngamic processes, and the vegetative chromatin, whether
as chromidia or a nucleus, disappears from the life-history.

Nuclear reduction, in the strict sense, concerns simply the nuclei
composed of generative chromatin, and is a process which results
in the reduction of the chromatin to half the specific quantity, a
deficiency made up again to the full amount by the union of the
two pronuclei to form the synkaryon. It is therefore a process
which is seen in its most characteristic form in those cases where
it is possible to gauge the amount of chromatin in the nucleus
more or less accurately by the number of chromosomes formed
during division.

In the Metazoa, where each species is characterized by possessing
a number of chromosomes which is generally constant (the so-called
" somatic number ), the process of reduction appears to be ex-
tremely uniform in its essential details throughout the whole series,
from the Sponges and Ccelenterates up to man, and admits of a
description in general terms. The gametocyte (oocyte or sperma-
tocyte), when at the full term of its growth, has a large nucleus
which then goes through two maturative divisions in rapid succes-
sion. When the gametocyte-nucleus prepares for division, it
appears with half the somatic number of chromosomes ; but each
chromosome is in reality bivalent, and produced by the fusion or
close adherence of two separate somatic chromosomes. In the
first reduction-mitosis, the two adherent chromosomes in each case
separate from one another and travel to opposite poles of the
spindle ; hence this division is in reality a reducing, though it
simulates in some of its features an equating, division. Im-
mediately or very soon after the two chromosomes of each pair
have separated, they split longitudinally in preparation for the next
mitosis, which follows hard upon the first, and in which the two
sister-chromosomes of each pair go to opposite poles of the spindle.
Consequently the second reduction-division is in reality an equating
mitosis, though on account of the precocious splitting of the chromo-
somes it may simulate a reducing division. Thus, to sum up the
process briefly, the number of chromosomes in the germ-cells is
reduced to half the somatic number by two successive mitoses,
the first a reducing, the second an equating division. In the male
sex, the spermatocyte divides into four gamete-cells of equal size,
the spermatids, each of which becomes a spermatozoon. In the
female sex the odcyte-divisions are very unequal, producing the
ovum, ripe for fertilization, and three minute sister-cells of the
ovum which, as the so-called ** polar bodies,” are cast off and die
away. By syngamy between a ripe ovam and a spermatozoon,
each containing half the somatic number of chromosomes, the full
somatic number is restored.
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In Protozoa the chromosomes are seldom so sharply defined as
in Metazoa, and consequently it is difficult or impossible to deter-
mine their number. Many cases in which a fixed number of
chromosomes is alleged to occur, as in Trypanosoma noctue (Schau-
dinn, 132), cannot be accepted without question in the present
state of our knowledge. On the other hand, in all groups of the
Protozoa, where the sexual processes have been carefully studied,
the union of the gamete-nuclei has been found to be preceded in
a great many cases by two successive divisions of each nueleus, with
one or the other of the following results : either the successive
formation of two reduction-nueclei,® which are cast out of the cell
or absorbed without dividing further, while the third persists as
the pronucleus of the gamete ; or the production of four nuclei, all
of which, or only one of them, persist as pronuclei. These reducing
divisions in Protozoa suggest forcibly a comparison with those of
the Metazoa, and from this analogy it may be further inferred that
in Protozoa also the chromatin of the conjugating pronuclei has
undergone a reduction to half the specific quantity ; but it is
seldom possible to confirm this inference by accurate enumeration
of the chromosomes. In the case which has been the most care-
fully studied of all others, that, namely, of Actinospherium, Hertwig
(64) found the number of chromosomes in the first reduction-
spindle to be between 120 and 150 ; in the second reduction-spindle
the number was about the same, but the chromosomes were about
half the size of those in the first reduction-spindle. Moreover, in
both the reducing divisions of Actinospherium the chromosomes
in the equatorial plate divide to form the daughter-plates, as in
ordinary karyokinesis, whereas in the reducing divisions of Metazoa
the individual chromosomes are not divided, but merely sorted out.
Hence 1t would appear that in dectinospherium, and probably many
other Protozoa, the reduction of the chromatin in the pronueclei
is effected by more direct, though perhaps less exact, methods
than in the highly-perfected process seen in the Metazoa.

Nevertheless, a few cases are known among Protozoa in which
the small number of chromosomes permits of their being accurately
counted, and in which they are seen to be reduced to half the usual
number in the maturation-divisions of the gametes. In Pelomyxa
the first division reduces the chromosomes from eight to four ; the
second division, however, is equating, and no further reduction
takes place (p. 150). In some Infusoria it has been observed that

* These reduction-nuclei are sometimes termed *° polar bodies,” by analogy
with the maturative process of the Metazoan ovum, but the term is to be avoided
in this connection, as it places upon these divisions an interpretation which 1s at
least highly doubtful ; the polar bodies of Metazoa are sister-cells of the ovum ;
the reduction-bodies in Protozoa ave simply nuelei which are extruded or absorbed.
It is certainly not justifiable in fact, and probably no more so in theory, to regard
their formation as abortive cell-division.
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the first division of the micronucleus is an equating division, the
second reducing ; so in Opercularia (Enriques, 112), Chilodon
(Enriques, 113), Carchesium (Popoff, 125), Didiniwm (Prandtl, 126),
and Anoplophrya (Fig. 74) ; in the last named the second division
of the micronuclens reduces the chromosomes from six to three,
and union of the pronuclei brings the number up to six again. In
Carchesium the number of chromosomes is reduced from sixteen to
eight. A similar reduction-process has been described by Mulsow
(123) in gregarines (p. 335). Hence in these cases the pronuclei
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F1a. 74.—Behaviour of the micronucleus during suecessive stages of the con-
jugation of Anoplophrya (Collinia) branchinrum. A, Micronucleus of one
conjugant preparing for division ; B, later stage, with six chromosomes dis-
tinet ; €, nuclear spindle, with an equatorial plate of six chromosomes ;
D, diaster-stage, with six daunghter-chromosomes at each pole of the spindle ;
K, later stage, with the chromosomes at each pole fused info one mass;
F, &, H, reconstruction of the daughter-nuelei ; the remains of the spindle
between them disappears gradually ; I, the two micronuclei preparing for
division ; appearance of six chromosomes in each (one nucleus is seen in
profile, the other from one pole); J, diaster-stages, showing three chromo-
somes at each pole of the spindle (reducing division); K, later stage, the
chromosomes fused into masses of chromatin ; L, four granddaughter-miero-
nuelei ; M, one of them grows in size, the other three begin to degenerate ;
N, division of the persistent mieronuecleus to form the two pronuelei; 0, two
pronuclei and three degenerating micronuelei.  After Collin (50), magnification
about 2,000 diameters.

have exactly half the amount of chromatin contained in the ordinary
nuclei, just as in the Metazoa.

Doflein (111) and Hartmann (116) consider that a process of
reduction is absolutely essential to the conception and definition
of syngamy, and regard reduction as a criterion whereby true
syngamic union of gametes and pronuclei can be distinguished
from plastogamic and nuclear fusions which have nothing to do
with the sexual process. “ No fertilization without reduction
(Hartmann). But it must be acknowledged that in a great many

cases of gamete-formation in Protozoa a reduction of the chromatin-
10
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substance of the conjugating pronuclei cannot be deduced from
observation, and could only be inferred from analogy. In the
gamete-formation of Coccidium schubergi, so carefully studied by
Schaudinn (99), a large number of male pronuclei are formed
simultaneously by local condensations of chromidia thrown off
from the nucleus of the gametocyte, which is left behind in the
residual protoplasm, with its conspicuous karyosome (Fig. 50);
in the female gamete, also, the process of reduction appears to
consist of a simple elimination of the karyosome (Fig. 75), a process
which could be interpreted more naturally as elimination of effete
vegetative chromatin than as a process of true nuclear reduction.
In the case of Coccidium, as in others that might be cited, it must
either be assumed that reduction-processes, in the striet sense of

Fia. 75.—Four stages in the maturation of the female gametocyte of Coccidium
schubergi. A, Full-grown macrogametocyte contained in the host-cell ;
B, the macrogametoeyte is IJL'(%inning to round itself off and to expel the
karyosome from its nueleus ; O, the karyosome expelled from the nucleus of
the macrogametoeyte has reached the surface of the body and broken up into
a number of fragments, which lie seattered in the body of the host-cell or are
extruded from it ; D), the macrogametoeyte has now become a ripe macro-
gamete, having rounded itself off, eliminated the karyosome from its nucleus,
and divested itself entirely of the host-cell.  #., Nucleus of the gametocyte ;
k., its karyosome ; n.’, nucleus of the host-cell ; L., L, fragments of extruded
karyosome. After Schaudinn (99), magnified 1,000,

the phrase, oceur but have been overlooked, or that the method of
reduction is one that can only be brought into line with the typical
method by theoretical interpretation founded on analogy.

It must therefore remain an open question, in the present state
of our knowledge, whether a process of nuclear reduction strictly
comparable to the process seen in Metazoa is essential to the
definition of true syngamy, or whether such a process has not heen
evolved and perfected gradually as a consequence of the sexual
process. It is quite conceivable that syngamy may have been
at its first origin merely a process of intermingling of chromatin of
distinet cell-individuals ; that in this crude and primitive form
syngamy would tend to disturb the normal balance of nucleus
and cytoplasm, since it would lead to quantitative excess of the

i
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nuclear substance; that, consequently, by a regulative process
which may primitively have followed the syngamic union, the
chromatin of the zygote was reduced to the normal quantity by
climination of half of its mass; and that from this hypothetical
primitive process of regulation of the nueleo-ecytoplasmic balance
a process of nuclear reduction preceding the syngamic act has been
eradually evolved until it reaches its perfection in the form seen
in the Metazoa. On this view, it is to be expected that in Protista
a great diversity in the methods of nuelear reduction would oceur,
from those of the roughest tvpe to others highly elaborated and
perfected ; and this expectation certainly receives justification
from the data of observation. Hertwig (119), on the other hand,
eompares the reducing divisions in the maturation of the gametes
~ to the so-called * hunger-divisions 7 in Infusoria, which exhibit
a great disproportion in the relative mass of nucleus and eytoplasm
as the result of starvation in artificial cultures ; in such forms the
body is smaller than in forms from a normal culture, but the nucleus
15 not merely relatively, but absolutely, larger than that of
a normal form. The disturbance in the nucleo-cytoplasmic ratio
(see p. 70, supra) can, however, be regulated by reducing divisions
of the nucleus. On the ground of this comparison, Hertwig considers
that the maturative processes of the gametes are to be regarded as
the necessary conserquonces of antecedent events*® in the life-history
—as processes wh.ch in their turn bring about syngamy, and not
such as have the object of preparing the nuclei for fertilization.

In order to give a more concrete idea of the processes of syngamy
and reduction in Protozoa, a few typical examples will now be
described, selected in order to illustrate the salient features of
these processes. The most convenient method of classification
of the examples chosen is to distinguish those cases in which chro-
midia are present in addition to nuclei from those in which nuclei
alone are present.

1. Syngamy and Reduction with Nuclei and Chromidia.—In a
great many Sarcodina, especially those belonging to the orders
Amabma (p. 218) and Foraminifera (p. 231), chromidia may be
present in the gamete-forming individuals as a permanent con-
stituent of the body-structure. In such cases the chromidia
represent, wholly or in part, the generative chromatin, and give
rise, by formation of secondary nuelei, to the nuclei of the gametes.
As an example Arcelle may be taken, the life-cycle of which is
described in a subsequent chapter. In this form two distinet
forms of syngamy have been described.

* 1t is, of courze, hardly neecssary to point out that starvation is by no means

the only influence which can bring about a disturbance of the nueleo-eytoplasmie
equilibrium ; over-nutrition, for example, may have the same effect.
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(a) Karyogamy.—The body of an Areella gives rise by multiple
gemmation to a number of amoebule, each containing a secondary
nucleus derived from the chromidia, while the primary nuclei of
the parent-form degenerate (Fig. 80). The number and size of
the amebule vary, however, in different individuals. In one
Arcella the number is less and the ammbule are larger, eight or
nine macramebe being produced. In another the amebule are
more numerous and smaller, about forty mieramaebe being formed.
In either case the amaebule swarm out of the parent-shell and are
the gametes. A micramoeba copulates with a maceramcoeba, the
two fusing completely to form a zygote with a synkaryon. The
amoehoid zygote thus produced is the starting-point in the growth
and development of an Arecelle (Fig. 80, A).

In this example the karyogamy is a case of mierogamy, which,
like other such cases, precedes a period of growth and follows a
period of active reproduction. It is possible that the syngamy
of the gametes is preceded by reducing divisions of the nuclei of
the amaobulse, but no such reduction has been observed in Arcella.
In Foraminifera (p. 235), in which the syngamy is perfectly isog-
amous, each secondary nucleus formed from the generative
chromidia divides twice to form the gamete-nuclei—divisions
doubtless to be regarded as reducing divisions. In Centropyuis,
according to Schaudinn (131), amwbule, all of the same size, are
produced as in Arcella, by formation of secondary nuclei: but in
some broods each amebula divides into four micramohba (micro-
gametes), while in other broods the amebule remain undivided as
macramabae (macrogametes) ; copulation then takes place between
two gametes of different size.

(b) Chromidiogamy (Fig. 80, M—@).—Two ordinary adult Arcelle
come together and apply the mouths of their shells. The proto-
plasm of one individual flows over almost entirely into the other
shell, taking with it both chromidia and primary nuclei, only so
much protoplasm being left in the one shell as suffices to hold the
two shells together. The primary nuclei now degenerate, and the
chromidia derived from each conjugant break up into a fine dust
of chromatin-particles and become intimately commingled. When
this process is complete, the protoplasm with the chromidia
becomes again distributed between the two shells, and the two
conjugants separate. Then in each individual secondary nuclei
are formed from the chromidia, and by a process of multiple gem-
mation a number of uninucleate amceebulz are formed which swarm
out of the shell, and, like the zygotes resulting from karyogamy,
become the starting-point of a new Areella.

Thus chromidiogamy is here a case of macrogamy which, like
other similar cases, follows a period of growth and precedes a

i i e L A T R
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period of active reproduction. Chromidiogamy is a rarc but very
interesting form of syngamy which, from the standpoint of general
notions with regard to the evolution of the nucleus, may be re-
garded as the most primitive type. It is known to occur also in
Difflugia (Zuelzer, 85), where also copulation of swarm-spores takes
place as an alternative method (p. 230).

A case must now be considered in which the chromidia represent
vegetative, while the nuclei contain the generative, chromatin,
An example of this state of things is furnished by Plasmodiophora
brassice, a well-known parasite of cabbages, turnips, ete., in which
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Fic. 76.—Gamete-formation and syngamy in Plasmodiophora brassice. A, Normal
vegetative nuclei of the myxameebw ; B, €, extrusion of chromidia from
the nuelei ; D, division of the nuelei by karyokinesis (first reducing division) ;
£, nuclei after reduction ; F, formation of gametes which are fusing in pairs ;
(i, spore (zygote) containing two nuclei, one of which is going through a
further reduction-division ; M, fusion of the two pronuelei within the spore ;
I, ripe spore with synkaryon end two centrioles. After Prowazek (127),
magnified about 2,250 diameters.

it produces a disease known as * fingers and toes 7 (Kohlhernie),
According to the investigations of Prowazek (127) and others,
Plasmodiophora goes through a development which may be briefly
summarized as follows : At the end of the ** vegetative 7 period of
growth and multiplication, there are found within the cells of the
infected plant a number of * myxammbe,” amwboid individuals
(plasmodia) each with many nuelei containing distinet karyosomes
(Fig. 76, 4). From the nuclei chromidia are given off into the cell,
and during this process the karyosomes disappear and centrosomes
make their appearance (Fig. 76, B, €'). The chromidia are ab-
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sorbed and disappear, and the nuclei divide twice by karyokinesis
(Fig. 76, D), so that their number is quadrupled. The myxamahba
then undergoes multiple fission into as many cells as there are
nuclei in the plasmodium (Fig. 76, F), and each of these cells is a
gamete. The gametes now conjugate in pairs, and the zygotes
become encysted to form the spores. Within the spores the nuclei
of the gametes are stated to undergo a further process of reduction
before they fuse to form the synkaryon (Fig. 76, ¢). The syngamy
in Plasmodiophora is stated to be a case of autogamy, but this
allegation assumes that the nuclei of the myxammbae are sister-
nuclei derived all from the division of one original nucleus ; they
may equally well be nuelei of different origins brought together by
plastogamic fusions.

The two examples selected, Areelle and Plasmodiophora, show
that the chromidia may represent generative chromatin in one
case, vegetative in another. Goldschmidt (57) has proposed to
distinguish these two conditions by a special terminology, retaining
the name “ chromidia ” (trophochromidia, Mesnil, 74) for those which
are purely vegetative, and coining a new term, sporefia (idio-
chromidia, Mesnil) for those of generative nature. It is more
convenient, however, to retain the term ° chromidia™ in its
original significance, to denote simply extranuclear particles of
chromatin, and to qualify the term by the adjectives ©* vegetative
and *° generative > when required (see also Goldschmidt, 41, p. 130).
The formation of vegetative chromidia, which are finally absorbed,
is a common phenomenon in many Protozoa ; it may take place
as a purely regulative process, as in Actinospherivm during de-
pression-periods (p. 208), when hypertrophy of the nuclear apparatus
18 corrected by the extrusion from the nueclei of chromidia, which
ultimately degenerate and become converted into masses of pig-
ment, and as such are eliminated from the protoplasm.

The account given by Bott (103) of gamete-formation in the common
Pelomyza (Amabea nuda, p. 227) deseribes a condition in which chromidia,

extruded from the nuclei, are partly vegetative, partly generative ; mcundnr};
nuclei are formed from i.hmu which later cast out a portion of their f‘hlmn‘um
then give rize to the gamete-nuclei. After the secondary nuclei have been
1}1|ri[iul in this way of their vezetative chromatin, the generative chromatin

remaining in each of them forms a karyokinetic a]}mdlr with eight chromo-
somes, and a reducing division follows ’tw which each danghter-nuc cleus obtains

four chromosomes. The ** pronuclei of the first order, P resulting from the
first reducing (Iivi:-:iml divide again, forming a spindle with four chromosomes

which split, so that the * pronuelei of the socond order ™ have also four chro-
mosomes.  I'rom the nuclei that have undergone reduction in this manner
the nuclei of the gametes arise in a somewhat remarkable fashion : the pro-
nuclei of the second order separate into two compact masses of chromatin ;
a vacuole ig formed near them ; and the chromatin of the two masses wanders,
in the form of finely-divided granules, into the vacuole to form the definitive
pronucleus of the gamete, which forms a membrane when the process is
complete. When formed the gametes wander out as Heliozoon-like indi-
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viduals, which copulate in pairs, and the uninucleate zygote grows up into the
multinucleate Pelomyua.

The conception of vegetative and generative chromidia has not been
accepted universally or without criticism. Hartmann, as pointed out above,
considers that many cases of generative chromidia are really the result of a
disruption of a polyenergid nucleus ; Awerinzew (47) is of opinion that, while
all Protozoa possess vegetative chromidia at some stage at least in the life-
chlﬂ, generative chromidia are to be considered as a new acquisition, a hasten-
ing of the process of the formation of numerous gamete-nuclei ; Dobell (51)
puts forward a similar view with regard to generative chromidia. With
regard {o the latter eriticism, it may be pointed out that nuelei may become
resolved into chromidia in order to undergo simple binary fission. With
regard to Hartmann's view, there is at present, at least, little evidence that
1t is an adequate explanation of the many cases of formation of secondary
generative nuclei from chromidia known amongst the Sarcodina. The gues-
tion is discussed further below (p. 255).

2. Syngamy and Redwction with Nuclei only.—A very simple
example is furnished by the common Actinophrys sol (Fig. 71), as
described by Schaudinn (129). Conjugation takes place between
two adult forms (macrogamy), which come together and become
enclosed in a common cyst. The nucleus of each individual then
divides by karyokinesis, and one nucleus of the pair thus produced
is expelled from the body and undergoes degeneration as a reduction
nucleus. The persistent nucleus of each individual then repeats
the process and forms a second reduction-nucleus. The nucleus
now remaining in each cell is the definitive pronucleus. The two
gametes now copulate, their pronuelei fusing to form the synkaryon,
after which the synkaryon divides by karyokinesis and the zygote
divides into two individuals which later escape from the cyst and
resume the free-living vegetative life. The course of syngamy in
Actinophrys is exactly similar to that performed by the two
“ secondary cysts 7 derived from division of a ** primary cyst " in
Actinospheerium (see p. 138, supra). In both cases alike the nucleus
of the conjugants may be supposed to contain both vegetative
and generative chromatin mixed together. It is possible that the
vegetative chromatin is extruded from the nucleus in the form of
chromidia prior to the reducing divisions, but no elimination of
vegetative substance has been deseribed.

The last example of syngamy in Protozoa that need be con-
sidered specially at this point is that of the Infusoria, which have
been the subject of numerous investigations. These organisms
present the highest degree of specialization of the body-structure
and elaboration of the nuclear apparatus found in any Protozoa.
Their syngamic processes vary in detail to some extent in different
cases (see p. 448), but the whole process is essentially as follows
(Fig. 77): Two individuals come together and adhere, placing
themselves side by side. The two conjugants may be similar in
visible constitution, or may differ to a greater or less extent, and
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Fia. 77.—Diagram showing the successive stages of conjugation in Infusoria.

A, The two conjugants attached, each with a macronueleus (N) and a miecro-
nueleus (n); B, the micronucleus of each conjugant dividing; D, each
conjugant has two ‘micronuelei which are beginning to divide again ; £, each
conjugant has four micronuclei ; the macronuclei are beginning to become
mcgu ar in form ; in later stages they {]cgc-lwmt{' break up, and are absorbed ;

three of the four micronuclei of each conjugant are degenerating and
I:u.lng absorbed ; the fourth is dividing ; @, one half of each dividing micro-
nuclens of the pl‘fcrdtng stage has travelled over into the other conjugant
as the migratory pronueleus ; EH I, fusion of the stationary pronucleus of each
conjugant with the migmtﬂr}r pronucleus derived from the other conjugant
to form the synkaryon (8.); J, the two conjugants now separate ; in each
ex-conjugant the synkaryon (8.) divides ; the old macronuelei are now almost
completely absorbed ; K, L, the synkaryon has divided into two nuelei, one
of which grows large ‘and becomes the new macronucleus, the other remains
small and becomes the new micronucleus, of each ex-conjugant. After Delage
and Hérouard.
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are sometimes markedly different in size (Doflein, 111). The
greatest amount of differentiation is seen in the order Peritricha
(p. 448), where microconjugants and maecroconjugants can be dis-
tinguished. Each conjugant has a micronucleus and a macro-
nucleus. The macronucleus begins to degenerate, and finally dis-
appears completely. The micronucleus, on the other hand, en-
larges and divides by a simple form of karyokinesis (see p. 114,
supra), The division of the micronucleus is repeated twice as
a rule, but sometimes three times, and, as stated above, in one of
these divisions the number of chromosomes is halved in a great
many, possibly in all, cases. Of the four (or eight) micronuclei
thus formed, all but one represent reduction-nuclei which are
absorbed and disappear. The persistent micronucleus then divides
by equating division into two pronuclei, which may be distinguished
as migratory and stationary, respectively ; they sometimes exhibit
distinet structural differentiation. At this juncture the cuticle
of each conjugant is absorbed at the point of contact, and the
migratory pronucleus of each conjugant passes over into the
protoplasm of the other and fuses with its stationary pronucleus.
The gap in the cuticle is now repaired and the two individuals
separate, each * ex-conjugant’ having a synkaryon constituted
by a fusion of one-eighth (or one-sixteenth) of its own original
micronucleus with the same fraction of the micronucleus of the
other partner. The synkaryon grows and divides into two nuclei,
one of which grows and becomes the macronucleus, while the other
remains small and becomes the micronucleus, of the ex-conjugant,
which thereby becomes indistinguishable from an ordinary in-
dividual of the species, and proceeds to start on a course of vegeta-
tive growth and reproduction in the usual manner, until the next
act of syngamy initiates a fresh cycle. It has been observed that
the two ex-conjugants sometimes differ markedly in their capacities,
one of them multiplying much faster than the other.

In the syngamy of Ciliata it is seen clearly that the macronucleus
represents effete wvegetative or * somatic” chromatin, which is
eliminated bodily from the life-history of the organism, while the
micronucleus represents reserve generative chromatin from which,
after reduction, the entire nuclear apparatus is regenerated. The
remarkable feature in the syngamy of Infusoria is the manner
in which the conjugants remain distinet, and merely exchange
pronuclei (so - called * partial karyogamy 7). Versluys (137),
following Boveri, derives this from an ancestral condition of iso-
gamic copulation—that is to say, a condition in which the two
conjugants fused completely as gametes, both body and nucleus,
after which the zygote divided into two individuals ; on this view
the final division of the micronucleus which gives rise to the two
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pronuclei is to be regarded as the equivalent of the division of
the synkaryon which took place ancestrally after syngamy. While,
however, there is a general agreement that partial karyogamy
(eonjugation) is to be derived from total karyogamy (copulation),
it is very doubtful if the two conjugants in Infusoria represent
simple gametes ; it is more probable that the type of syngamy
characteristic of Infusoria is derived from an ancestral condition
i which each conjugant produced a number of minute gametes
(swarm-spores) which copulated (compare especially Popoff, 125,
and Hartmann, 116, and see p. 453, infra). On this view the
divisions of the micronucleus represent a primitively much larger
number of divisions which produced the numerous gametes, and
the conjugants themselves are not to be regarded as true gametes,
but rather as gametocytes or gamonts.

Having now illustrated by typical examples the various forms
which the syngamic process takes in Protozoa, we may conclude
this chapter by a consideration, necessarily brief, of the problem
of the significance and origin of syngamy and sex. This is a
problem which has a vast literature, and it is only possible here to
indicate in outline some of the theories that have been put forward,
none of which can claim to be a complete solution of one of the
profoundest mysteries of the living substance and its activities,

Considering first the fertilization of the Metazoa, it is evident
that the union of the spermatozoon with the ovam has two prin-
cipal results. In the first place the spermatozoon brings with it
a pronucleus, the equivalent of that contained in the ovum, but
derived from a distinet individual, and therefore possessing different
hereditary tendencies acquired from its own particular ancestral
history. The union of the male and female pronuclei brings about,
therefore, a process for which Weismann has coined the term amphi-
mivis—that is to say, a mingling of different hereditary tendencies
in one and the same individual, In the second place the spermato-
zoon produces a result which may be termed briefly * developmental
stimulus 7 (Entwicklungserregung)—that is to say, it produces
a disturbance in the equilibrium of the protoplasmic body of the
ovum which causes it to start on a course of cell-division oft-re-
peated, a process of cleavage which converts the unicellular ovum
into the mass of cells which supplies the material for the building
up of the multicellular body. It is very probable that the develop-
mental stimulus is supplied by the greatly-developed centrosome
of the spermatozoon, that of the ovum having completely atrophied,
apparently, after the completion of its maturative processes.

The introduction of a male pronucleus—that is to say, the process
of amphimixis —can be effected only by the spermatozoon. But
the researches of Loeb and others have demonstrated fully that the
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spermatozoon is not indispensable for supplying a developmental
stimulus ; an unfertilized ovum can be induced by artificial stimuli
of various kinds to start upon a course of development similar to
that initiated, under natural circumstances, by fertilization with
a spermatozoon. Hence, of the two results produced in the fertiliza-
tion of Metazoa, amphimixis alone would appear to be that which is
essential and peculiar in the process, and which only fertilization
can bring about.

From the above considerations, amphimixis is regarded by many
thinkers as the essence of syngamy, a necessity for the evolution
of living beings in that it supplies, by the intermingling of different
hereditary tendencies, the conditions required for the production
of ** innate ” variations in organisms in which the germinal substance
is shielded from the direct influence of external conditions by its
position within a multicellular body. Apart from the question,
however, whether any such innate variations exist in the Protozoa,
where all cells alike are exposed equally to the direct action of the
environment, the criticism has often been made that amphimixis
gives only a teleological explanation of the sexual process, and as
such cannot be invoked as a causal explanation of its origin. The
intermingling of distinet hereditary tendencies, however useful to
the organism or important in the evolution of living beings generally,
cannot be regarded as the incentive to syngamy at its first appear-
ance in the Protista. In other words, amphimixis must be regarded
as a secondary consequence, not as a primary cause, of syngamy.

It is mnecessary, therefore, to seek some explanation for the
first origin of syngamy other than the benefits which it may confer
through amphimixis, and it is undoubtedly among Protist organisms
that the conditions under which syngamy first arose must be
sought. It has been pointed out above that syngamy appears to
have a strengthening or recuperating effect upon the cell-organism,
and upon such grounds has been founded the theory of * rejuven-
escence = (Verjiingung). According to this theory, connected
chiefly with the name of Maupas, the cell-protoplasm, after many
generations of reproduction by fission, tends to become effete and
senile to an ever - inereasing degree, a condition which, if not
remedied, ends in the death of the organism ; the natural remedy
is furnished, however, by the process of syngamy, which has the
effect of renewing the  youth 7 of the cell and starting it upon
a fresh series of generations, until senility, once more supervening,
necessitates syngamy again.,

The rejuvenescence-theory has been eriticized by many critics
who have themselves done little more, in some cases, than give a
more precise meaning to the terms “ youth ” and * old age,”
terms that certainly stand in need of further explanation, since
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it can hardly be supposed that the time-factor alone can aceount
for the exhaustion or depression of the vital faculties. It is gener-
ally admitted that unicellular organisms, such as the Protozoa,
tend, after a greater or less number of generations, to exhibit a
certain degree of exhaustion in their vital properties, or, it may be,
of derangement in their organization and vital mechanisms, Hert-
wig (164) is of opinion that ** the conditions of death exist in the
living substance from the beginning, and are a necessary conse-
quence of its vital function ”—a generalization which may be
accepted for those Protista in which the body exhibits the degree of
specialization and structural complication proper to a true cell
(as the term is understood in this book—see p. 98) ; but it is very
doubtful if it is tiue also for the simplest forms of life, such as the
bacteria and allied organisms. If it be further admitted that
syngamy is the natural remedy in unicellular organisms for a natural
disease, the problem before us is to discover, if possible, the precise
nature of the derangements, and of the method by which the
remedy restores them to the normal functional condition.

At the outset, attention must be drawn to a very constant and
general preliminary to syngamy in Protozoa—namely, the elimina-
tion of a large amount of chromatin which appears to have been
regulating the vital activities during previous generations (vegeta-
tive chromatin), and its replacement by chromatin which has been
inactive and lying in reserve (generative chromatin). This process
is seen in its most striking form in the Ciliata, where the macro-
nucleus is entirely eliminated during the act of syngamy, and is
replaced in subsequent generations by a new macronucleus derived
from the micronucleus formed by fusion of portions of the micro-
nuclei of the partners in syngamy. Hence it might seem as
if the chief result of syngamy was to replace effete vegetative
chromatin by fresh generative substance which through inactivity
has retained its powers unimpaired. But in the first place it must
be pointed out that, to effect a replacement of this kind, the union
of two individuals is not necessary ; it would be sufficient for a
single individual to form a new nucleus from its store of generative
chromatin, and to get rid of its old, effete vegetative chromatin,
If we regard the chromidia of Areelle as composed of generative
chromatin, the buds produced by formation of secondary nuclei
from the chromidia would represent nuclear regeneration of this
kind. Secondly, it is open to doubt how far the theory of vegeta-
tive and generative chromatin can be applied throughout the whole
series.  In such forms as Arcelle the chromidial mass, although it
furnishes the gamete-nuclei, is a cell-element in a functional con-
dition, and in the more primitive forms the distinction between
vegetative and generative chromatin cannot be pressed so far as
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in highly-organized forms, such as the Ciliata. Hertwig (68) con-
siders that the separation of two kinds of chromatin is an adaptation
to particular conditions of life, evolved progressively, and attaining
its greatest perfection in the Ciliata ; whereby chromatin which
has become functionally effete is separated from that which has
retained 1ts constitution.

According to the view put forward by Hertwig (118), syngamy
remedies the effete condition of the cell chiefly by regulating the
necessary quantitative balance between the nucleus and the eyto-
plasm. Such regulation may be effected also by internal re-
arrangements of the nuclear substance or by plastogamy, but is
brought about most efficiently by syngamy, since the definite and
necessary mutual relations between nucleus and eytoplasm are
better maintained by ** arrangements which prevent disturbance,
than by arrangements which compensate for disturbances that
have already set in.”” The obvious eriticism of this theory is that
it is difficult to understand why an internal regulative process of
the cell should require the co-operation of two individuals, and the
reason contained in the sentence just quoted from Hertwig scarcely
seems an adequate explanation.

The fact that two cells participate in syngamy indicates in itself
that the necessity for syngamy depends on a loss of balance between
two constituents or substances in the cell, and that the union of
the two gametes restores equilibrium. As Hertwig (119) has
pointed out, the quantitative relation of nucleus to eytoplasm is
more altered in the gametes of Metazoa than in any other cells,
and to opposite extremes in the two sexes ; in the ovum the quantity
of eytoplasm is enormous in proportion to the nucleus, while in
the spermatozoon the exact reverse is the case. The same argu-
ment applies to a greater or less degree in the case of anisogamous
gametes of Protozoa. It would not, however, apply to the many
cases of isogamy in Protozoa where the quantitative relations of
nucleus and cytoplasm are the same in each gamete ; in such cases
union of the gametes would leave the nucleo-cytoplasmic relation
exactly what it was before.

A theory of a different kind has been put forward by Schaudinn
(133) and his followers Prowazek (128) and Hartmann (116),
which is based on the notion that sex and sexual differentiation
are primary characteristics of living matter. A normally function-
ing cell is regarded as hermaphrodite, having male and female
elements equally balanced. The differentiation which leads to
the formation of gametes arises, as Biitschli originally suggested,
from inequalities in the results of cell-division, which may be
supposed to lead always to more or less imperfect partition of the
qualities of the parent-cell between the daughter-cells, As a result
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of the defects in the process of cell-division, some cells acquire more
“male ” properties, other more * female ” ; the cells preponder-
atingly male show greater kinetic and motile energy, those that
have more female qualities show greater trophic activity. With con -
tinued cell-division these opposite tendencies tend to accumulate in
certain cells which in consequence become altogether one-sided in
their vital activities, Thus a want of balance in the vital functions
is brought about, which may reach such a pitch that the organism is
unable to continue to assimilate and reproduce, and must die unless
the balance is resorted by syngamy with an individual that has become
specialized in the opposite direction. By the union of two gametes
differentiated in this manner, equilibrium is restored and the vital
functions are reinvigorated. No gametes, however, whatever their
degree of specialization, are to be considered as perfectly unisexual,
but only relatively so; a male gamete will always contain a certain
amount of female substance, and a female gamete a certein amount
of male substance, thus accounting for the possibility of partheno-
genesis.,  Schaudinn’s theory of sex is thus very similar to that
developed by Weininger on purely psychological grounds.
Schaudinn, whose work on Protozoa must secure full considera-
tion for any statement of his observations, however inherently
improbable the facts or the interpretations based upon them may
seem, founded his theory chiefly on data alleged to have been
observed by him in the development of T'rypanosoma noctue (Schau-
dinn, 132). According to him, an “ indifferent ” odkinete might
give rise either to male or female forms. In the formation of males,
certain nuclear elements were separated out to become those of
the daughter-cells, while certain other nuclear clements remained
behind and degenerated together with a quantity of residual
protoplasm. In the formation of females, the same two sets of
nuclear structures were separated out, but those proper to the
male sex degenerated, while those of the female sex, which were
just those which degenerated in the formation of males, in this
case persist and become the nucleus of the female gamete. Thus
the indifferent odkinete was supposed to be really hermaphrodite,
containing male and female elements mixed together, and giving
rise to individuals of one or the other sex by persistence of one set
of characters and atrophy of the other. It must be noted here
that these observations of Schaudinn’s are entirely unconfirmed,
nothing similar having as yet been found by other investigators,
either in trypanosomes or in any other Protozoa ; and further that,
even if Schaudinn’s observations be accepted as exact in every detail,
they will not bear the interpretations which he places upon them—
namely, that the small and large forms produced as he describes
are males and females, since, as he himself admits, they do net,



SYNGAMY AND SEX IN THE PROTOZOA 159

when developed, perform any act of syngamy. The alleged
sexuality of the forms deseribed by Schaudinn lacks the only de-
cisive criterion of sexual differentiation—mnamely, sexual behaviour ;
and the differentiation exhibited by the two forms of trypanosomes
described by Schaudinn admits of an entirely different and far less
forced interpretation (see p. 176, infra).

There are two further eriticisms that may be made of Schaudinn’s
theory. The first concerns the alleged universality of sexual
differences in living matter. It must be pointed out that, as stated
above, at the present time we have no evidence whatever of the
occurrence of true syngamy in any organisms of the bacterial
grade. The processes that have been interpreted by Schaudinn
as autogamy in certain bacteria may be much more easily regarded
as processes of internal regulation of the chromatin-substance.
Nowhere yet has the union of two distinet gametes been observed
in any bacterial organisms. The theory that sex is a universal
characteristic, and syngamy an elementary function, of living things,
does not rest at the present time on any basis of established fact.

The second eriticism is that the terms ** male ” and ** female
require definition and explanation, without which they remain
meaningless, connoting merely unknown, mystic properties, not
further analyzable, of the living substance. The characteristic
feature exhibited by male cells is the preponderance of kinetic
activity, and by female cells, of trophic functions, as Schaudinn and
many others have pointed out. Before Schaudinn, the same idea
was expressed in different language by Geddes and Thomson (114),
who regarded the male sex as characterized by katabolic, the
female sex by anabolic activities. It we suppose that these two
manifestations of physiological activity have each a distinet material
basis in the living cell, then it can easily be imagined that the
imperfections of cell-division may lead to the production of cells
in which one or the other substance predominates. This is the
view that Doflein (7) has developed in his very interesting critical
summary of the views that have been put forward upon the sexual
problem. He supposes, further, that these two different physio-
logical qualities depend upon substances which have intense mutual
interactions and attract each other strongly, and that a certain
equilibrium between them is necessary for the normal life of the
cell. When, therefore, one or the other substance preponderates
greatly in a cell, a functional derangement results ; but since cells
differentiated in opposite directions attract each other strongly,
they tend to unite, and by their union to restore equilibrium.

The question of the sexual differentiation of the gametes is one
that will be discussed at greater length in the next chapter. It is
only necessary to point out here that a clear distinction must be
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drawn between intrinsic differences, not necessarily wvisible, and
structural or other differences which are more or less obvious.
The fact that gametes and pronuclei tend to unite proves that in
all cases there must be intrinsic differences between them which
stimulate them to do so; in this sense, at least, we may endorse
fully the dictum of Hertwig, that “ fertilization depends on a
fusion of sexunally-differentiated cell-nuelei.”  On the other hand,
gametes of opposite sexes exhibit every possible condition from
complete similarity in structure and appearance to the greatest
possible contrast in every feature of their organization. There
can be no doubt that visible differentiation of the gametes is
largely, if not entirely, an adaptation to the functions that they
have to perform ; and this conclusion is by no means weakened
by the fact that there are many cases of isogamy which are un-
doubtedly secondary, in which a more primitive and phylogeneti-
cally older structural differentiation has gradually become annulled,
under circumstances in which adaptive differences in the gametes
are no longer necessary—as, for example, in gregarines (p. 173).

In Metazoa it is generally recognized that the two pronuclei
that undergo fusion are perfectly equivalent,* and that the dif-
ferences seen between them in the gametes are temporary and, in
the case of the spermatozoon, an adaptation to circumstances ; here
the real differentiation of the gametes affects only cytoplasmic
characters. In Protozoa, on the other hand, the conjugating
pronuclei often exhibit differences of structure when the cells
themselves appear perfectly similar. In the Infusoria, for instance,
differences have been noted between the migratory and stationary
pronuclei ; how far these differences may be correlated directly with
the differences in their activities must remain an open question.

In the foregoing paragraphs we have set forth and discussed
some of the attempts that have been made to solve the problem
of sex. It cannot be said that a perfectly satisfactory solution
has been attained, but at least certain conditions of the problem
may be laid down. In the first place, no theory of sex is satis-
factory which does not explain why the union of two cells should
be necessary in syngamy. In the second place a teleological inter-
pretation, such as amphimixis, can only state a secondary con-
sequence, not a primary cause, of sexual union; but such a
consequence may suffice to explain the retention and persistence
of sexual phenomena after the conditions have ceased to exist under
which they came into existence.

In the simplest Protista of the bacterial grade, it may be supposed,
cither that the living matter is not differentiated into localized
substances having distinet physiological qualities, or that in such

* Apart, that is to say, from the much-discussed question of the supernumerary
chromosome.
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minute bodies reproduction by fission does not produce differentia-
tion in the fission-products. With increased size such differences
may arise, at first to a minor extent, and capable of being adjusted
by internal rearrangements of the living substance such as have
been described in the larger Bacteria. Not until the process of
natural evolution had gone so far as to produce the full complica-
tion of structure seen in a true cell would localized differences in
the living substance be brought about to a sufficient extent to
lead to differences between the daughter-cells produced by fission,
as a consequence of the imperfections of the process of cell-division.
The differences produced in this way might be changes in the
nucleo-cytoplasmic balance, as Hertwig supposes, or in the relative
proportions of substances exerting different physiological activities,
as suggested by Biitschli, Geddes and Thomson, Schaudinn and
Doflein, or possibly of all these and other changes yet unknown.
In any case it is reasonable to suppose that the imperfect character
of the primitive types of cell-division, described in the last chapter,
might produce accumulated material or structural inequalities in
the daughter-cells, such as could only be rectified by the union of
two cells differentiated in opposite directions, thus making syngamy
a necessity for the continued existence of the species. This theory
explains the necessity for syngamy recurring with greater frequency
in forms having a high degree of structural differentiation than in
forms of a primitive and simple type of organization.

With increasing perfection in the process of the division of the
cell, and especially of the nucleus, the primary cause of, or necessity
for, syngamy might be expected to disappear ; but at this stage in
evolution other benefits to the species consequent on the process
of amphimixis might be a sufficient cause for the retention of
a process already well established. This conclusion appears to
‘receive some support from the fact that intensive culture, whether
artificial, or natural as in parasitism, seems to diminish the necessity
for syngamy. It can hardly be supposed that intensive culture
can diminish consequences arising from defective cell-division ; but
it might conceivably produce a strengthening effect equal to, and
capable of supplanting, the benefits derived from amphimixis.
Enriques (113) has stated that in Infusoria ex-conjugants may
proceed to conjugation again, so that between one act of syngamy
and the next there may not be a single cell-division intervening.
In this case neither cell-division nor any consequences of cell-
division can be the factor bringing about sexual union, but some other
explanation must be sought. Enriques considers that the function
of syngamy in Infusoria is to maintain the fixity of the species.

Bibliography.—For references sce p. 479.
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CHAPTER 1X
POLYMORPHISM AND LIFE-CYCLES OF THE PROTOZOA

A. PoLYMORPHISM.

OxNE of the most striking peculiarities of living beings is the infinite
variety of form, structure, and appearance, which they present.
There is, perhaps, no living individual of any kind which is exactly
similar, in all respects, to any other. Nevertheless, the most
uncultured intellect cannot fail to recognize that, in the case of
all ordinary, familiar plants and animals there is a pronounced
tendency to segregation into distinet kinds or species—that is to
say, natural groups of individuals which, though they may vary
greatly amongst themselves, yet resemble one another far more
than they do the individuals of another species. 1t is not necessary
to point out that species are not to be regarded as permanent or
immutable entities. It is certain that a species may in course
of time become modified so as to acquire characters different from
those it originally possessed, thus giving rise to a new species, or
that a single parent-species may become split up into a number of
groups which, by a similar process of modification, became so many
daughter-species differing from one another and from the parent-
species to a greater or less degree. The problem of the origin of
species is one that it is not necessary to discuss here ; it is sufficient
to point out that the mutability of species often makes it very
difficult to define or delimit a given species exactly, of which a
striking example is seen in the pathogenic trypanosomes of the
brucii - group, probably to be regarded, as pointed out above
(p. 27), as instances of species in an incipient or nascent condition.
Some species are sharply marked off from others, some are much
less so, and some are of questionable rank, regarded by one naturalist
as distinct, by another as mere races or varieties—a state of things
perfectly intelligible if existing species are regarded as having
arisen by descent, with modification, from pre-existing species.

In the Protozoa the existence of distinet species is just as marked
as in the higher plants and animals, and is universally recognized.
As has been pointed out in the previous chapter, it is probably
syngamy which is responsible for the segregation of individuals
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into species, by blending the divergent characters that may be
supposed to arise from the influence of different conditions or
circumstances of life. Thus, syngamy in unicellular organisms
appears to have an effect which is the opposite, to a large extent,
to that which it produces in multicellular organisms, in which there
are special germ-cells, sheltered to a greater or less degree from
the direct influence of the environment, and in which amphimixis
appears rather to be a means by which variations arise.

The conception of a species is by no means incompatible with the
occurrence of a number of distinet forms in its life-history. Taking
well-known instances from the Metazoa, there may be, in the first
place, ontogenetic or developmental differences ; not only may the
individuals of the same species differ in size at different periods in
the development, but they may differ so greatly in appearance and
structure that only a knowledge of the life-history enables us to
assert that they belong to the same species—as, for example, a
caterpillar and a butterfly, or a hydroid and a medusa. Secondly,
the adult individuals may differ to an enormous extent in the two
sexes. Thirdly, there may be in many cases differences between
individuals of a species related to differences in the functions which
they perform, not merely at successive phases in the life-history,
as in some cases of ontogenetic differentiation already mentioned,
but even at corresponding phases of the life-history—a phenomenon
best seen in social or colony-forming organisms, as in the case of
ants and termites, or in the colonies of Hydrozoa.

In Protozoa, similarly, a given species may show distinct phases
or forms at different or corresponding periods of its life-history to
a greater or less extent. In some species the form-changes are very
slight, and the individuals occur always under a similar form and
aspect, at least during the active state, and are therefore recog-
nizable without difficulty as regards their specific identity ; such
forms may be termed monomorphic, and as examples the species
of ciliate Infusoria can be cited. Other Protozoa, on the other hand,
are extremely polymorphic—that is to say, they occur under a
variety of widely-differing forms at different stages in the life-cycle
or in response to variations in the conditions of life. Hence it is
often difficult or impossible to refer a given form to its proper
species without tracing out its life-history and following its develop-
ment step by step. The unravelling of the complicated life-cycles
of Protozoa is attended by far greater difficulties than in Metazoa,
since one important criterion fails us altogether in the Protozoa,
that, namely, of sexual maturity. A naturalist has no hesitation
in pronouncing a trochophore to be a larval form, and a rotifer to
be an adult organism, from the fact that the former is sexually
immature, while the latter produces ripe generative cells. In the
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Protozoa, however, there is no visible criterion of any similar state
of maturity or the opposite which might be a guide in estimating
the significance of a particular form. It is certain that with in-
creasing knowledge many species of Protozoa now regarded as
distinet will prove to be developmental stages of others, as has
happened so frequently in the case of Metazoa.

The polymorphism of the Protozoa may be related directly or
indirectly to a variety of causes, which may be grouped generally
under three headings—Ilife-conditions, growth and development of
the individual, and sex.

1. Polymorphism in Relation to the Conditions of Life—Under
this heading are included all those cases where the individual is
forced to adapt itself to inevitable changes in the environment,
or else succumb to their effects ; hence this type of polymorphism
may be termed briefly adaptive. The animal may adapt itself to
such changes in one or the other of two ways : passively, by passing
imto a resting state, in which vital activities are temporarily sus-
pended ; or actively, by changes of form, structure, and function,
adapted to the changed conditions.

Methods of passive adaptation to unfavourable conditions oceur
probably in all Protozoa—perhaps it might be said in all Protista,
s0 that no species can be said to be absolutely monomorphic. The
commonest form of such adaptation is the process of encystment,
whereby the organism protects itself by secreting a firm, resistant
envelope, or eyst, round its body.

The first preliminary to encystment in Protozoa is usually a
rounding off of the body-form. In the case of naked amcoboid
forms such a change of form follows naturally, as pointed out
above, from cessation of the locomotor activity. It is, however,
also observed that a similar change takes place in corticate forms,
a phenomenon which indicates that the cuticle or cortex must be
absorbed or softened, and that any internal form-giving elements
must be dissolved, so that the protoplasm is free to conform to
the natural physical tendencies of a fluid body. In the great
majority of cases, an individual in process of encystment becomes
perfectly spherical, whatever may have been the form of its body
in the active state, but in some cases the spherical form is not fully
attained, and the body becomes ovoid or pear-shaped. During the
process of rounding off, any food-particles or foreign bodies contained
in the cytoplasm are rejected or absorbed, as a rule ; the contractile
vacuoles, if there be any, cease to be formed and vanish ; and all
locomotor organs, such as cilia, flagella, and of course pseudo-
podia, are absorbed or cast off. At the same time the protoplasm
of the organism becomes less fluid and more opaque, and usually
diminishes appreciably in bulk, probably through loss of water ; it

I
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thereby becomes denser in consistence, but of less specific gravity.
Lastly, the eyst-membrane itself appears round the body, if it
has not already done so ; it generally stands off distinetly from the
surface of the body, and may vary in nature in different cases,
from a soft, slimy or gelatinous coat to a firm membrane of variable
thickness, often exceedingly tough and impervious.

In the encysted state, Protozoa are able to withstand the many
vicissitudes to which they are naturally subject. They can then
be dried up, frozen, or sun-baked ; and since the protoplasm becomes
much lighter, they can be transported great distances by winds,
a fact which accounts for the appearance of Protozoa in infusions
exposed to the air in any situation—a peculiarity from which the
name Infusoria is derived. In general the function of encystment
is to protect the organism against unfavourable conditions or violent
changes in the environment—for instance, in freshwater forms,
against drought and climate, the cold of winter or the heat of a
tropical summer. In parasitic forms it is an adaptation commonly
connected with a change from one host to another.

In parasites two types of cysts can be distinguished. In the
first place, full-grown forms may produce relatively large, resistant
cysts (Dauerzysten) of the ordinary type, almost invariably
spherical or ovoid in form. In the second place, the smallest forms
in the developmental cyecle, the products of multiple fission or
* sporulation,” may secrete round themselves tough, resistant
envelopes, within which they may multiply further ; in this case
the envelope is termed a sporocyst, and the entire body a spore.*

* The word “ spore " has come to be used in two distinet senses, as applied to
Protozoa, thereby producing a regrettable confusion and ambiguity. T}m word
itself is derived from the Greek owépos, a seed, and was applied by botanists to
those cases where plants produee seed-like hodies which are not true seeds ; for
instance, the seed of an ordinary flowering plant is a complete embryo, with root
and shoot distinet, encapsuled in protective envelopes, but the * seed ™ of a fern
is merely a single cell enclosed in a protective membrane. Consequently the
term * spore ”’ was used to distinguish the * seeds ” of ferns, fungi, ete., from the
true seeds of flowering plants.

It was observed at a very early period that many parasitic Protozoa produced
minute seed-like bodies, which conveyed the infection ; for those of Myxosporidia
Johannes Miiller coined the term ** psorosperms,” but in general the term * spore
was used for these bodies, and the group in which the produetion of such spores
18 & very characteristic feature was named the Sporozoa.

With the progress of further investigation, it was found that in a great many
cascs the essential part of the spore—namely, the encapsuled pmtﬁplasmic body—-
arose by a process of multiple fission, hence termed * sporulation,” from a larger

arent-body ; consequently the term ** spore ” has been used by many in a secon-

ary sense to denote a minute germ formed by multiple fission, as in the merozoites
of the malarial parasites. It is preferable to retain the word “ spore ” in its
original significance as a seed-like body contained in a resistant envelope or sporo-
cyst, and to use the word ** germ ” (equivalent to the German word Keim) for
the protoplasmic body formed by sporulation, whether enclosed in a sporoeyst or
not. Unfortunately the word ** germ * has become very much misused in popular
language, and a less ambiguous term would perhaps be the word gymunospore for

naked germs not enclosed in a protective envelope.
There is no essential difference between a cyst and a spore, exeept their relation
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Sporocysts are often simply rounded or oval bodies, like cysts,
but in some cases they exhibit special forms, and may be prolonged
into spikes, tails, or processes of various kinds.

In many cases the purely protective uses of the cyst may be
combined with the performance of some special function within it.
The contained organism may remain merely in a resting state
within the eyst (hypnocyst) ; or it may utilize its leisure for the
digestion of large quantities of ingested food - material, or for
carrying on processes of reproduction or syngamy. As a process
of similar nature to encystment, the formation of ** sclerotia ™ in
the Mycetozoa must be noted (see p. 240, infra).

Active adaptation to changed conditions is seen in those forms in
which the mode of life is bound up with changes of environment
during different periods of the life-history—that is to say, more
especially in parasitic forms, in which a change of hosts is necessary
for the continuance of the species. In such forms there are in
general two funetions for which provision must he made : the first
is that of multiplying in the host itself and keeping up a stock of
the parasites in it ; the second is that of infecting a new host sooner
or later (see p. 20, supra). In the most primitive types of para-
sitic Protozoa there is no differentiation of form or structure corre-
sponding to these two distinet functions ; but as a general rule
a given parasite in a given host exhibits usually two forms or series
of forms, which may be termed * multiplicative ” and ** propagative ™
respectively (Doflein). Multiplicative forms may be wanting in
some cases, as in the Eugregarines, but propagative forms are
always found, being an absolute necessity for the continuance of
the species.

As examples of multiplicative and propagative forms, we may
eonsider first species which are parasitic only on a single host in
the course of the entire life-cyele. A typical example is seen in
Coccidium (p. 342, Fig. 152), in which adult forms, *schizonts,”
multiply rapidly in the host by a process of multiple fission, ** schi-
zogony,” a process which takes place unaccompanied by any sexual
phenomena, and in which no resistant cysts are formed, since they
are (uite unnecessary. Sooner or later, however, generations of
individuals, “ sporonts,” appear which do not multiply like the
schizonts, but which, as gametocytes, give rise to the gametes. After
a process of syngamy the zygote forms a resistant cyst within

to a developmental eyele ; the * spores ™ of Bacteria are for the most part simply
eysts, but are ealled spores on account of their small size.

In thiz book the word * spore,” when not qualified by any prefix, will be used
to denote a resistant seed-like body protected by a tough envelope, or gporocyst,
and the production or development of such bodies will be termed * spore-forma-
tion.””  On the other hand, the production of numerous small cells or germs by
multiple fission will be termed ** sporulation.™
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which it multiplies to form a number of germs, which may or may
not be enclosed in sporoeysts, in different species.  Cysts and spores
pass out of the host, and do not develop further unless they are
devoured by a second host of a species in which they are able to
establish themselves ; if this event takes place, the spores germinate
in the new host and produce a fresh eyvele of infection, each germ
when set free growing up into a schizont. In this case it is seen
that the schizonts represent the multiplicative, the sporonts the
propagative, phase, and that in the latter resistant cysts are pro-
duced as a protection against the vicissitudes of the outer world,
to which the parasite must expose itself during this phase of its
life-history.

An example of a parasite which infects two distinet species of
hosts in the course of its life-history is furnished by the malarial
parasites (p. 260, Fig. 156). In this case there are first of all
schizonts which, like those of Coccidium, reproduce themselves by
multiple fission, this part of the life-cycle being passed in the blood
of a vertebrate host. Later, sporonts are generated which under
normal eircumstances are incapable of multiplication in the verte-
brate host, or, indeed, of any further development, unless taken up
by another host, in this case a mosquito, which takes them from
the vertebrate host by sucking its blood. In the stomach of the
new host the sporonts behave in a similar manner to those of
Coccidium—that is to say, they give rise as gametoeytes to gametes,
which by syngamy produce zygotes. The zygotes grow and repro-
duce themselves by multiple fission, forming an enormous number
of minute germs or sporozoites, which do not develop further unless
they pass from the mosquito back into the blood of a suitable
vertebrate host, in which they start a fresh developmental cyele.

The life-cycle of the malarial parasites shows that a given phase
of a parasite is only to be regarded as multiplicative or propagative
in relation to a particular host. In the vertebrate blood the
schizont is the multiplicative, the sporont the propagative, phase.
As soon, however, as the sporont passes into the mosquito, it becomes
there the multiplicative phase which gives rise ultimately to the
sporozoites, representing the propagative phase in the mosquito.
The sporozoites in their turn, when they reach the blood of the
vertebrate, develop there into schizonts. Thus one and the same
stage in the life-cycle represents one phase in one host and another
in another, according to circumstances. It should be noted further
that in the life-eycle of the malarial parasites resistant cysts are
unnecessary, since the parasite never comes out into the open, buf
passes the whole of its existence in one or the other of its two hosts ;
consequently such cysts are not formed at any sfage of the life-
evele in these forms,
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Another example of a parasite with alternation of hosts, in which
the course of events is different from that of the malarial parasites,
is furnished by the species of the genus Aggregata (p. 353). Here
the schizonts are parasitic in crabs, and reproduce themselves by
multiple fission without encystment to form naked germs, mero-
zoites, which grow up into schizonts, and multiply again in the same
way. If, however, the crab is devoured by a Cephalopod, the
merozoites adapt themselves to their new surroundings and become
sporonts, which produce gametes. The zygotes form resistant
eysts in which they multiply to form spores enclosed in tough
sporocysts. The resistant phases pass out of the Cephalopod in its
faeces, and to develop further they must be devoured by a crab, in
which they become schizonts again. In this case there is no special
differentiation of propagative phases in the crab, but the same
stage can serve bhoth functions; on the other hand, in the
Cephalopod there is no multiplicative phase, but only a propagative
phase with resistant cysts.

2. Polymorphism in Relation to Growth and Development of the
Individual —In Protozoa which multiply only by equal binary
fission, as, for example, many Infusoria, there is practically no
difference between young and old forms beyond a slight variation
in size. An individual feeds, and in consequence grows slightly
beyond the size characteristic of the species to which it belongs.
It then divides by equal binary fission into two individuals each
slightly below the specific size, and they in their turn feed and grow
and reproduce themselves by fission in due course.

In other cases, however, young and adult forms of a species can
be clearly distinguished, and may differ in structure as well as in
size. Beginning with reproduction by binary fission, the simplest
case is where the adult individual divides into two unequal portions,
so that parent and daughter can be distinguished, the former not
appreciably smaller than ordinary full - grown individuals, the
latter, however, very much smaller ; it may be relatively minute.
Examples of this type of reproduction are furnished by trypano-
somes, a group in which all gradations may be found between equal
and very unequal fission (Fig. 127). Still greater differences
between parent and young individuals are seen in cases of gemma-
tion—that is to say, where the offspring is set free in an undifferen-
tiated condition, and acquires after separation from the parent the
characters of the adult, as in Acinetaria.

The greatest differences between young and old forms are seen,
as might have heen expected, in cases of reproduction by multiple
fission or gemmation. In such cases the young forms produced
often differ from the adult in structure and appearance, as well as
in size. An example of multiple fission is furnished by the common
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Trypanosoma lewisi of rats, in which two types of such fission are
seen : either the multiplication of a small individual by repeated
binary fission to form a “ rosette ™ composed of several daughter-
individuals (Fig. 127, J, K), or the separation of several small
daughter-individuals from a large one (Fig. 127, ¥, &, H). In both
cases the multiple fission is simply rapid and repeated binary fission.
The young individuals resulting from the fission are sometimes
erithidial in type (p. 294), and grow into the adult trypanosome-
form.

In multiple gemmation (sporulation) the parent body breaks up
into a number, sometimes very large, of small or even very minute
individuals, buds, or germs, usually given off from a more or less
considerable mass of residual protoplasm, which degenerates and
dies off. The buds when set free may become active at once, or
they may pass first info a resting state to which an active state
succeeds at a later period. In the latter case they may form
sporocysts, and become the spores already described. Within the
sporocyst the minute germ may multiply further by fission. In the
subclass Telosporidia of the Sporozoa, the contents of the spore
may divide up in this way to form a variable number of slender
sickle-shaped germs, for which Aimé Schneider coined the term
sporozoites, a term which has since been frequently applied in senses
quite different to its original meaning.

An active germ produced by sporulation is termed a swarm-spore
or zoospore, whether or not the active phase is preceded by a resting
spore-stage. The swarm-spores of Protozoa may be of various
types in different cases. The swarm-spore may be amcaeboid and
creep about by the aid of pseudopodia; it is then termed an
amaebula (or pseudopodiospore). It may be provided with one or
more flagella as organs of locomotion, and is then termed a flagellula
(or flagellispore). It may have a coat of cilia, as in the young stages
of Acinetaria, and may then be termed a ciliospore. Lastly, the
swarm-spore may be without organs of locomotion, whether perma-
nent or temporary, and may progress by twisting and wriggling
movements of the body as a whole, or by gliding forwards on its long
axis in a manner similar to the gliding movements of gregarines ;
swarm-spores of this type are specially characteristic of the Telo-
sporidia amongst the Sporozoa, arising either by sporulation of a
schizont (merozoites) or in the process of spore-formation after
syngamy (sporozoites), and may be termed gregariniform swarm-
spores or gregarinule comprehensively.

In some cases the swarm-spore may pass through more than one
active phase, and exhibit different modes of locomotion in each.
This is well seen in the Myecetozoa (p. 239), where the germination
of the spore produces an amebula, which may acquire a flagellum
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and become a flagellula ; after a time the flagellula settles down and
becomes an amabula again after loss of the flagellum.

A very interesting point, in connection with the question of young
and adult forms of Protozoa, is the occurrence of stages in the
development which may be interpreted as recapitulative in the
phylogenetic sense—that is to say, as representing past stages in the
evolution of the species, in a manner comparable to the recapitu-
lative larval or embryonic stages in the development of Metazoa.
It is probable that such recapitulative stages are commoner in the
development of Protozoa than has been generally supposed (compare
Awerinzew, 47). The best-known instance is furnished by the
ciliated larvee of Acinetaria (p. 459), indicating that this order is
descended from a ciliate ancestor of the order Peritricha, a relation-
ship fully confirmed by the similarity of their reproductive processes
to those of other Infusoria. The crithidial phase that occurs so
constantly in the development of trypanosomes (p. 299) is probably
to be regarded as a recapitulative form representing a type of
structure antecedent in evolution to that of the typical trypanosome-
form. The frequent occurrence of flagellated swarm-spores in the
development of Sarcodina (Foraminifera, p. 235 ; Radiolaria, p. 254)
probably has a phylogenetic significance, as pointed out by Biitschli,
Finally attention may be drawn to the remarkable series of forms
in the ontogeny of Areella deseribed in the next chapter ; first the
amcebula, then the Nudlearia-stage, followed by the Pseudochlamys-
stage, which grows finally into the adult Arcella-form. In the many
cases where young forms are markedly different from the adult, it
may be a difficult matter, as it often is in the case of Metazoa, to
decide whether a given larval form is to be interpreted as recapitu-
lative or merely adaptive ; but even in cases where the characters
of a larval form have an obvious adaptive importance, as in the
ciliated larve of Acinetaria, atavism may be nevertheless a factor
determining the particular form taken by the adaptive characters in
question—that is to say, by the organs of locomotion in the example
chosen.

3. Polymorphism in Relation to Sex.—The phenomena of sexual
differentiation consist primarily of differences in size, structure, and
other characteristics between the gametes, the cells which are con-
cerned in the act of syngamy. Secondarily such differences may
extend to other cell-individuals, both in the life-cvele of a Protozoon
or in the body of a Metazoon. In the previous chapter it has been
pointed out that, while in Metazoa the gametes at least are sharply
differentiated in all cases, in the Protozoa every condition is found
from perfect isogamy to a differentiation nearly as pronounced as
that in the Metazoa. The question has been discussed in the last
chapter whether or no =exual differentiation is to be regarded as
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an inherent property of all living beings, as maintained by many
high authorities.

Whatever view be held with regard to the existence or non-
existence of inherent, intrinsic sexual differences in living organisms,
it seems clear that the apparent sexual differentiation of the gametes
is largely, perhaps purely, adaptive, and furnishes good examples
of the prineiple of morphological differentiation of structure in
relation fo physiological division of labour. One gamete, termed
“female,” tends to be bulky and inert, storing up reserve-material
in greater or less quantity, a provision (sif venia verbo !) for future
requirements ; it is economical of substance, and but few are
produced. The other gamete, termed * male,” develops in the
opposite direction in every respect ; it tends to be small and active,
not weighted with superflunous material of any kind, but with motor
mechanisms strongly developed ; it i1s prodigal of substanece, and
many are produced, but few are favoured by destiny. In extreme
cases the female gamete is a relatively huge, inert cell, incapable
of movement, erammed with foodstuffs ; the male is excessively
minute, and is practically nothing but a nucleus which has its
constituent parts packed into the smallest possible space, and with
motor mechanisms attached to it.

In reviewing the progressive differentiation of the gametes in
Protozoa, it is convenient to treat separately those forms in which
there is little or no ontogenctic differentiation from those in which
there is a more or less pronounced difference between the young
and adult forms. An example of the first type is seen in Copromonas
(Fig. 111), in which the gametes are ordinary individuals of the
species, only differing in that their nuclei have undergone a process
of reduction. Good examples of monomorphic forms are furnished
also by the Infusoria, a group in which a species may be free-swim-
ming, or may be more or less permanently attached and sessile in
habit.

In the free-swimming ciliate Infusoria, sexual differences in the
conjugants are frequently not discernible ; if they exist, they can
only be inferred from the fact that syngamy takes place, or from
subsequent behaviour of the individuals after conjugation, as, for
instance, the fact observed by Calkins, that in Parameeium one ex-
conjugant multiplies much more rapidly than the other. In other
cases differences of size more or less pronounced are exhibited by
the conjugants (Doflein, 111). As pointed out above, differences
of structure have also been noted in some cases between the
stationary and migratory pronueclei produced by a conjugant.
Collin (50), however, was unable to find the slightest morphological
differentiation of the conjugating pronuclei of Anoplophrya.

In the sedentary Infusoria, sexual differentiation may be as little
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apparent as in the free-swimming species, as, for instance, in
Acinetaria, where conjugation can take place between two adjacent
individuals each on its own stalk. But in the Vorticellids special
free-swimming individuals, microconjugants, are developed which
are budded off from a sedentary individual, and then acquire
cilia, swim off, and conjugate with another sedentary individual
(Fig. 78). It seems obvious that this
state of affairs is an adaptation to the
exigencies of a sedentary life to insure eross-
fertilization analogous to the formation of
complemental males in the Cirripedes. The
free - swimming microconjugants of Vorti-
cellids are commonly termed *° males,” but
it is open to question whether, strictly
speaking, they deserve that title.

It is in species with marked differences
between young and adult forms that the
greatest differentiation of the gametes
occurs, though by no means universally even
in such forms. In polymorphic species of
this type, three different conditions can be
distinguished, to which reference has been
made in the previous chapter.

Fia. 78.—Vorticelln micro- ] Maerogamy—that is to say, syngamy
stoma, Ehrb. On the left elautia s
an ordinary, sedentary between full-grownindividualsof the species.
individual (macroconju- In this type the gametes appear to be always
;ﬁ‘;‘éﬁf}l;:;'tltlﬂt:':ﬂ ey Derfectly similar, so far as is known ; ex-
to it, one of which (to amples are seen in Actincphrys (Fig. T1),
toninsckion on" e the chromidiogamy of Arcella (Fig. 80), and
right is an individual possibly Nocfiluca (p. 279).
with the stalk contracted 2. Microgamy — syngamy between the
and the body enclosed e 5
in a eyst. N, Macro- youngest individuals, products of the rapid
nucleus; P, peristome  myltiplication of an adult. Conjugation of
and adoral ciliary spiral. : e i :

Hitar Henkoos. swarm-spores is by far the commonest type

of syngamy in Protozoa, and may be re-
garded as the normal type. In this case there is usually complete
iscgamy, as in Foraminifera (p.235), sometimes slight anisogamy,

as in Radiolaria (p. 254, Fig. 108).

3. Mixed microgamy and macrogamy—that is to say, syngamy
between a full-sized adult individual on the one hand and a minute
individual, a swarm-spore, on the other hand. This type may be
regarded as derived from microgamy by progressive, and finally
complete, inhibition of the divisions that produce the swarm-spores
in one sex—possibly also with an enhaneced tendency to such divisions
n the other sex. Thus in Areella, as desceribed in the previous
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chapter, the macramowba produced are fewer than the micramoeha:,
showing that the tendency to division is more restricted in the
former case than in the latter. Again, in the development of Centro-
pyxis, as described by Schaudinn (131), formation of gametes is
initiated by a process of multiple fission combined with formation
of secondary nuclei from chromidia, as in Areelle, and in this way
a number of ameebule are produced. The amcebule from one
Centropyxis remain undivided, as macramceebse, while those pro-
duced from another adult divide each into four micramaomhbe ;
syngamy takes place later between a micrameeba and a macramaoeba,
after each has secreted for itself a shell.

When the inhibition of the gamete-forming divisions is quite
complete in one sex, the result is the most pronounced type of
anisogamy occurring in Protozoa ; and, conversely, it may be said
that all cases of extreme anisogamy in Protozoa are of this type.
In Metazoa the disproportion in the size of the gametes is mainly
due to the relatively enormous growth of the gametocyte, partly
also to the inequality of the four cells produced by the reducing
divisions, in the female sex. In Protozoa with extreme differen-
tiation of gametes, on the other hand, such as the Coccidia and
Hwemosporidia, the gametocytes do not differ greatly, sometimes
not at all, in size, though the female gametocyte may contain
more reserve food - material, and consequently less protoplasm.
The disproportion of the gametes is due almost entirely to the fact
that in the female sex the gametocyte does not divide, but becomes
a single macrogamete, while the male gametocyte sporulates to
produce a larger or smaller number of microgametes.

Very instructive in this respect is the comparison of the formation
of the gametes in the gregarines (p. 331) and the coccidia (p. 346)
respectively, two groups of Protozoa which are certainly closely
allied to one another. In such a form as Coccidium (Fig. 152), the
gametocytes remain separate one from the other, and the male
gametocyte forms numerous minufe microgametes which swarm
away ; the female gametocyte, on the other hand, becomes a macro-
gamete after going through a process of reduction, and is fertilized
by a single microgamete. In gregarines, however, the gametocytes
associate in couples, either before or after attaining their full size,
and become surrounded by a common cyst, within which each
gametoeyte sporulates to produce a large number of small gametes.
The gametes of gregarines can be arranged in a series, showing
marked anisogamy at one end, complete isogamy at the other.
Thus in Plerocephalus (Fig. 79, A, B) the gametes are very unequal
in size, and the microgametes are motile, the macrogametes not so.
In Stylorhynchus the gametes of opposite sexes are equal in size,
but in one sex the gametes are motile, in the other not (Fig. 79,
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C, D). In Monocystis (Fig. 79, ¢—L) the gametes differ slightly in
size in the two sexes, but have no organs of locomotion in either
case. In Urospora (Fig. 79, B, F) the gametes are not appreciably
different in size, but in those of one sex the nuclei are slightly
smaller than in those of the other. Finally, in Gregarina, Diplodina,
and many other genera, no difference whatever is perceptible
between the two gametes that perform syngamy. In those gre-
garines which have dimorphic gametes, syngamy is always between
two dissimilar individuals of distinet parenfage, and it may be
inferred, therefore, that in all cases alike the gametes that unite are
derived from distinct gametocytes.

Fio. 79.—Gametes of different species of gregarines. A, Male, B, female, gamete
of Plerocephalus (Nina) gracilis. O and D, Stylorhynchus longicollis : €, male
gamete ; [, male gamete attaching itself to a female. K, Male, F, female,
gamete of Urospora lagidis, showing differences in the size of the nuclei.
G—L, Monocystis sp.: &, male gamete ; I, female; I, union of the two
gametes, the nueclei still separate ; J, the two nuelei fusing ; K, the zygote
becoming elongated ; L, the zygote has taken the form of the spore, and in
the synkaryon a centrosome has appeared, preparatory to division. A and
B after Leger and Duboseq ; ¢ and D after Leger ; E—L after Brasil.

From a comparison of the life-cycles of the Coceidia and the
Gregarines respectively (see p. 354, infra), it is highly probable that
in the common ancestor of the two groups the gametocytes were
separate, as in Coccidium, and cach produced numerous gametes,
as in Gregarines. Since the gametes had to find each other, by a
process of adaptation, those of one sex became smaller and more
motile (microgametes), while those of the other sex were more bulky
and inert (macrogametes).

In the course of their evolution from this primitive ancestral
type, the Coceidia, with some exceptions presently to be noted,
retained the habit of the gametoeytes, remaining separate, and the
specialization of the gametes became greatly increased, as an adap-
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tation to this condition, the female gametocyte ceasing to divide
and becoming a single macrogamete, while the male gametocyte
produced a swarm of minute, motile microgametes. Only in a
few Coccidia, exemplified by the genus Adelen (Fig., 154), did the
gametoeytes acquire the habit of association before forming gametes,
a habit which led in this case to a reduction of the number of micro-
gametes produced to four, of which one fertilizes the macrogamete,
while the other three perish. It is clear that the formation of
microgametes in close proximity to the macrogamete increases
vastly the chance of the gametes finding each other, and renders
unnecessary the production of a swarm of microgametes.

In the gregarines, on the other hand, the gametocytes acquired
the habit of associating and forming their gametes in a common
cyst. Under these circumstances it becomes a certainty that a
gamete of either sex will find a partner if the gametes of each sex
are in equal numbers. Consequently there is seen in gregarines a
progressive tendency, illustrated by the examples cited above, to
disappearance of those characters of the gametes which are an
adaptation to the necessity of the sexes coming together, culminating
in production of gametes of opposite sexes which are perfectly
similar. On this view the isogamy seen in many gregarines is a
secondary condition brought about by the gradual obliteration of
adaptive differences between the gametes of opposite sexes, under
circumstances which render such differences unnecessary.

The comparison of the gamete-formation in different species of gregarines
furnishes an instance of a progressive levelling-down of structural differentia-
tion of gametes, under conditions in which no such differentiation is required,
until an anisogamy undoubtedly primitive has been reduced secondarily to a
perfect isogamy. This has led to the view expressed in many quarters, that
anisogamy is in all cases a primitive, isogamy a secondary, condition. The
caso of the gregarines is by no means adequate, however, to support so
sweeping a generalization ; the only conclusion that can be drawn from it is
that adaptive differences tend to disappear when the conditions to which they
are an adaptation no longer exist ; and the very fact that the obvious structural
differentiation between the gametes vanishes in such a case is of itself a proof
that such differentiation is not the expression of intrinsic constitutional
differences between the gametes, for such differences could not be annihilated
merely by changed conditions of environment.

There can be no doubt that anisogamy in the form of visible structural
differences between the gametes of opposite sexes must have been acquired
very early by gametes as an adaptation to their functions. On the other
hand, it is highly improbable, to say the least, that the earliest gametes,
when the sexual process was first invented, so to speak, were structurally
differentiated. It must, of course, be postulated that the gametes possess
such intrinsic constitutional differences as would account for their behaviour—
that is to say, their mutual attraction and union ; and in this sense anisogamy
may be considered as a universal and primitive phenomenon.  But the number
of cases in which gametes are perfectly isogamous, as regards visible struc-
tural or other differences, is a sufficient proof that purely constitutional
anisogamy does not necessarily cxpress itself in perceptible differentiation
of the gametes.
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So far only primary sexual differences—that is to say, those
between the actual gametes—have been discussed ; but, as has been
stated above, the sexual differentiation may be thrown back, as it
were, into generations preceding the gametes. Thus, it is by no
means uncommon, especially in Coccidia and Haemosporidia, for
the gametocytes to be clearly distinguishable according to sex, the
female gametoeyte having the cytoplasm loaded with reserve food-
material, and usually with a smaller nucleus, while the male gameto-
eyte has the cvtoplasm clear and free from inclusions, and the
nucleus is relatively large. In Adelea the male gametocyte is
very much smaller than the female (Fig. 154). In Cyclospora
caryolytica, parasitic in the mole, the sexual differentiation is carried
back through generations antecedent to the gametocytes, and,
according to Schaudinn (147), male and female merozoites can be
distinguished.

The various types of polymorphism that have been discussed in
this chapter may be classified as follows :

1. Adaptive polymorphism.
(1) Passive.
(2) Active.
2. Ontogenetic polymorphism.
(1) In size alone.
(2) In structure also.
(2) Recapitulative.
(b)) Adaptive.
3. Sexual polymorphism.
(1) Primary (of gametes).
(2) Secondary.
(a) Of gametocytes alone,
(b) Of other generations also.

In the task of unravelling the complicated life-cycles of Protozoa,
it is of the greatest importance to distinguish clearly the significance
of the various forms that are seen, and there can be no doubt that
failure to do so has often been a source of error.  With some writers
it is an obsession to ascribe all differences to sex, and to interpret,
for instance, in the development of trypanosomes, all bulky forms
as females, and all slender, active forms as males, quite regardless
of the behaviour of the forms thus designated. It is far more
probable that in the majority, at least, of such cases the bulky
forms are related to the multiplicative, the slender, active forms to
the propagative function, respectively, and that the differences
between them have no relation whatever to sexual functions, either
in the forms themselves or in their descendants.
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B. LirFe-CyCLES.

In the foregoing section the various forms have been described
under which one and the same species of Protozoon may occur in
the course of its life-history, and in response to the conditions of its
particular mode of life. In some species it has been seen that the
changes of form and structure are so slight that the species are
practically monomorphie, in the sense that they can be identified
without difficulty in any active phase of life ; no species is absolutely
monomorphie, since, in addition to resting states, differences in size
due to growth, at least, will always be found. Other species, on
the other hand, are polymorphic to such an extent that their specific
identity in different phases can only be determined by tracing their
development in a continuous sequence ; and in extreme cases of
polymorphism the life-history becomes a varied pageant of dis-
similar forms succeeding each other in more or less regular order,
determined largely, if not entirely, by the conditions of the environ-
ment. In a former chapter the distinetion has been drawn between
a developmental cyele, consisting of a recurrent series of different
forms, and the complete life-cycle, consisting of the whole series
of forms or phases which appear between one act of syngamy and
the next. The complete life-cyele may comprise many develop-
mental cycles.

As a concrete example of a life-eyele comprising a great number of
different forms, and in which also the development may follow more
than one course, the life-cyele of Areella vulgaris may be selected
(Fig. 80). The life-history of this form has now been made known
in detail by the combined labours of many investigators, amongst
whom Hertwig (65), Elpatiewsky (144), Swarczewsky (101), and
Khainsky (145), must be specially mentioned.

The form which may be taken as the starting-point of the life-
evele is a minute, ameeba-like form, with a single nucleus (Fig. 80, A).
The amcobula, when set free, feeds, grows, and becomes after a
time spherical in form with radiate pseudopodia (Fig. 80, B); in
this stage it resembles a species of the genus Nuelearia. After a time
the Nuelearia-form secretes a shell, and now resembles an example
of the genus Pseudochlamys (Fig. 80, €'). With further growth,
chromidia are given off from the nucleus into the cytoplasm, the
nucleus divides into two, and the animal thus assumes gradually the
characters of the adult Areella (Fig. 32 ; Fig. 80, D). It has a
chitinous shell, circular in outline, flattened in profile-view, and
slightly concave on the under-side, in the centre of which is a large
circular aperture through which the pseudopodia stream out. The
body-protoplasm contains two nuclei situated approximately at

12
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Fra. 80.—Combined diagram to show the different methods of reproduetion and
syngamy in the life-cyele of Arcella.

A—D, The four stages in the ontogeny : A, the ameebula ; B, the Nuclearia-form ;
(', the Psendochinmys-form ; D), the adult Arcella.

D—@, Stages in the vegetative reproduction by fission: E, the protoplasm
beginning to stream out of the shell of the parent-individual ; F, division of the
nuclei of the parent, and formation of the shell of the daughter; &, migration
of the danghter-nuelei into the daughter-individual and completion of the division.

[Continued at joot of p. 179,
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the opposite ends of a diameter of the circular body, and an irregular
ring of chromidia forming a dense chromidial net. Under certain
conditions Areelle becomes encysted, forming a spherical cyst
with a tough impervious membrane within the shell, closing the
mouth of it.

The adult Arcella veproduces itself by a variety of methods,
which, however, may be reduced to two principal types : binary
fission, producing daughter-individuals (Areellee) of approximately
equal size ; and gemmation, producing small amabulz such as have
been described above as the starting-point of the ontogeny. The
production of the amebule may or may not be in relation to
syngamy, which, when it occurs, may be of one or the other of two
distinet types—karyogamy between amcebule, or chromidiogamy
between adult dreelle.

Binary fission (Fig. 80, D—) is the ordinary type of reproduction
during the * vegetative” life in the summer months, when the
animal is actively feeding, growing, and reproducing itself. In
the process of binary fission, the two nuclei divide by a form of
karyokinesis (Fig. 57, p. 110). A gquantity of the body-protoplasm
streams out through the mouth of the shell, together with some of
the chromidia, and one of the two daughter-nuclei of each pair also
passes out of the shell. The daughter-Areella thus formed secretes
for itself a new shell, and separates from the parent-individual,
which retains the old shell. Thus in binary fission both nuelei and
chromidia take part, the former dividing by mitosis, while the latter
are subjected to a roughly equal partition.

The ordinary binucleate form of Arcells may become multi-
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Fia. B0—continued :

All the figures below the level of D represent reproduction by gemmation :
those to the left are reproductive processes not combined with syngamy ;
those on the right show the methods of syngamy.

H, Formation of secondary nuclei and buds which are liberated singly
from the parent as amoebulze (a.).

I, Rapid bud-formation, leading to almost the whole protoplasm of the
parent being used up to form them.

J, Bud-formation external to the shell ; the protoplasm has streamed out,
leaving only a small residual portion, containing the primary nueclei, in the
slmlll ; the extruded protoplasm producing buds with formation of secondary
nuclei.

K, L, Formation of gametes and karyogamy : K, formation of macrameaba
(%) ; L, formation of micrameebae (4 ); the gametes (¢ and ) pass out of
the shell and copulate ( § ) to produce the zygote or amaebula ().

M—@Q, Chromidiogamy : M, two Arcelle coming together; N, the proto-
plasm, with the chromidia and degenerating primary nuclei, of the one passes
over into the shell of the other ; O, after intermingling of the chromidia, the
protoplasm becomes equally distributed between the two shells; P, the
chromidia give rise to secondary nuelei ; @, buds (amebul®, a.) are formed
and liberated.

Other letters : n., nucleus ; »., primary nucleus ; 2.2, secondary nucleus;
chr., chromidia ; sh., shell ; o, mouth of shell ; a., amebula,

Modified from a diagram by Swarczewsky.
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nucleate by formation of secondary nuelei from the chromidia, as
deseribed above (Fig. 32, p. 67). The secondary nuclei are entirely
distinet in their origin from the primary nuclei, which degenerate
when the secondary nuclei are formed. A multinucleate Arcella
may reproduce itself by binary fission after division of each secon-
dary nucleus by karyokinesis ; of each pair of secondary daughter-
nuclei, one goes to one daughter-Areella, the other to the other, so
that each daughter-dreella has the same number of nuclei exactly
(Hertwig, 65). _

Gemmation takes place in multinucleate forms containing a
number of secondary nuclei. A portion of the body-protoplasm
becomes centred round each secondary nucleus, and thus a small
cell is formed, which becomes ameeboid, quits the parent-body, and
cither grows directly into an adult Arcella by the successive stages
described above, or before doing so performs an act of syngamy:.

(remmation, as above described, takes place in three different
ways, as follows :

1. The buds are formed one at a time, and the parent-individual
persists and continues to reproduce itself (simple gemmation,
Fig. 80, H).

2. The whole body of the Areella breaks up into numerous buds
which swarm out of the shell, leaving behind in it the two primary
nuclei, with a small quantity of residual protoplasm. The parent-
individual then dies off, apparently, but it is possible that it may in
some cases regenerate the body again. This process of multiple
gemmation differs only from the simple gemmation deseribed in the
previous paragraph in being, as it were, greatly intensified, taking
place with such rapidity as to use up almost the entire protoplasm
at once (Fig. 80, I).

3. The protoplasm of the Arcella, with the chromidia, streams
out of the shell, leaving in it only the degenerating primary nuclei.
Outside the shell the ameboid body forms secondary nuclei, and
breaks up by multiple fission into a number of amoebule. This
process differs from that deseribed in the foregoing paragraph only in
taking place outside the shell (Fig. 80, J).

As already stated, the ameebule formed by multiple gemmation
may either be agametes, which develop directly into the adult form,
or gametes, which first go through a process of syngamy which has
been described in the previous chapter (Fig. 80, K, L). Both
agametes and gametes arise in the same manner; the gametes,
however, show sexual differentiation as regards size. The zygote
is an ameebula which develops into the adult form in the same way
as an agamete. In addition to syngamy (karvogamy) between
amabule, chromidiogamy between adult Arcelle also occurs, as
already described ; the result in this case also is the formation of a
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number of amebule which develop into the adult in the usual way
(Fig. 80, M—qQ).

Arcella thus furnishes a surprising example of diversity both in
the courses taken by the development and in the methods of
syngamy. We may now consider some further complications of
the life-cycle, which in other Protozoa takes usually a more definite
and stereotyped course, less liable to the variations in one and the
same species seen in Areella.

One of the commonest complications introduced into the life-
eveles of Protozoa is the differentiation of sexual and non-sexual
eycles. In the account given above of the life-cyele of Areella, it
has been seen that an adult may produce amoebule which as
agameles can grow up directly into the adult form without syngamy,
or which as gameles copulate before developing further. The
adult Arcellee, however, do not, so far as is known, exhibit any
differentiation in relation to these developmental differences, the
form that produces gametes being perfectly similar to that which
produces agametes. But in other cases there may be two distinct
forms of the adult individuals : the one, known as the sporont or
gamont, which gives rise to gametes ; the other, termed the schizont or
agamont, which produces agametes.* In this way an alternation of
generations is brought about in which the life-cycle as a whole
becomes a combination of two distinet types of developmental cycle
—one known as schizogony, in which no sexual processes occur ;
the other as sporogony, in which at one stage gamete-formation is
followed by syngamy.

An example of alternation of generations in a free-living form is
seen in the life-cyele of Trichospherium (Fig. 81), as described by
Schaudinn (146). The adult phase is a relatively large amahboid
form, approximately spherical in contour, and having the body
surrounded by a gelatinous envelope in which at intervals there are
apertures through which the lobose pseudopodia are extruded ; the

* The word * sporont ”* was a modification suggested by Biitschli for the term

“ sporadin,” originally coined h;,.r Aimé Schneider to denote the adult spore-
forming phase in the cephaline Gregarines (p. 339), and to E]I"-!-h]'l!..l.ll‘il'l. |L from ’rllf
earlier phase which still bears the epimerite, known as a cephalont (** cephalin,”™
Schneider).  Sinee the production of resistant spores in Gregarines and allied
orders, such as the Coeceidia, is accompanied by sexual phenomena, the word
* gsporont * has undergone both an extension and a change in its original meaning,
and has come to be used to denote a game h*-pm{lu;_-.ing form. In ’fli:-'. mMemoir on
Trichospherivm, Schaudinn used the word * sporont ™ in this sense, and coined
the term schizont to denote the agamete-producing form, and further coined the
words ** schizogony 7 and * sporogony 7 to denoto the non- sexual and zexual
eyeles respectively.  Since the word ** sporont 7 in the secondary meaning therehy
given to it has reference solely to the oceurrence of syngamy and not to the forms-
tion of resistant spores, and sinee these two processes are not always, though
frequently, combined in the same series of generations, it would pe rhaps be be tter
to replace the terms * schizont 7 and ** sporont " by ** agamont ”* and ** gamont ™’
respectively, were it not that this leads to the substitution of the extremely cacopho-
nous words “agamogony ’ and ** gamogony ' for “schizogony 7 and * sporogony.”
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Fic. 81.—General life-cycle of Trichospharium sicholdi, as an example of dimor-
phism in the adult condition combined with alternation of generations.
A, Schizont or non-sexual form, distinguished by the possession of rod-like
bodies in the envelope (compare F); this form may multiply by simple or
multiple fission (plasmotomy) in a * vegetative ”” manner, or by the process
of sporulation (schizogony) seen in B and ¢, in order to give rise to the gamete-
produeing form ; B, division of the body of the schizont into as many cells
(** sporogonia ') as there are nuelei ; ¢, rupture of the envelope and escape
of the sporogonia as active amebulw, cach of which forms an envelope for
[Continued at joot of y. 183.
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protoplasmie body is a multinucleate plasmodium. There are two
forms of the adult—the schizonts (agamonts), which are dis-
tinguished by the presence of rod-like spicules in the envelope
(Fig. 81, 4); and the sporonts (gamonts), which have no spicules
(Fig. 81, F). The schizonts reproduce themselves either in the
free state or after encystment. In the free state the reproduction
is by simple or multiple plasmotomy—that is to say, by division of
the plasmodium into two or more portions. In the encysted con-
dition the schizonts divide by multiple fission into as many daughter-
cells as there are nuclei in the plasmodium (Fig. 81, B), and each .
daughter-cell is set free as an ameebula (agamete), which may either
grow up into a sporont, or into a schizont which repeats the process
of multiplication by schizogony.

The sporont may reproduce itself in the free state in the same
manner as the schizont, by plasmotomy, or it may become encysted,
and then it multiplies in a manner totally different from that seen
in the corresponding phase of the schizont. The nuclei of the
encysted sporont multiply rapidly by karyokinesis (Fig. 81, ) until
there are a very large number of minute nuclei ; very probably the
final divisions in this process of multiplication are reducing divisions.
The protoplasmic body then becomes divided up into as many
minute cells as there are nuclei, and each of the daughter-cells
acquires two flagella, and is set free as a flagellula or gamete
(Fig. 81, H). The gametes, which are not differentiated in any way,
copulate with those derived from another sporont, and lose their
flagella (Fig. 81, I—L) ; the zygote is a small amcebula which grows
up into a schizont (Fig. 81, L, M, N, 4).

An alternation of generations similar to that of Trichospherium
oceurs also in the Foraminifera (p. 234). Here the schizont contains
numerous nuclei, which multiply by fission as the animal grows, and
also chromidia ; it reproduces itself by a process of multiple fission,
breaking up into a number of amebule (agametes), each with a
nucleus and chromidia, The amebula® creep out of the old shell,
which is abandoned, and each amobula secretes a shell for itself,

Fic. 81 confinued :
itsclf and grows, with multiplication of the nueclei (D and &) into the gamete-
Emcluning form or sporont ( /), similar in general structure to the schizont (4),
ut without rods in the envelope ; the sporont may also multiply in a vegeta-
tive manner by simple or multiple fission, or it may form gametes in the
manner seen in & and H ; &, active multiplication of the nuelei of the sporont
to form a great number of very small nuclei, after which the body divides
up into as many minute cells as there are nuelei ; these cells are the gametes,
and cach gamete acquires two flagella ; I, rupture of the envelope to set free
the gametes, which swarm out and conjugate ; I, conjugation of two gametes,
more highly magnified ; J, after fusion of the bodies of the gametes the
flagella are thrown off ; K, fusion of the two pronuclei ; L, complete zygote,
which forms an envelope and grows, with multiplication of the nuclei (M, N)
into the schizont (4), which was taken as a starting-point of the life-cycle.
After Schaudinn (146).
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and grows up either into a sporont or into a schizont again. The
sporont possesses only a single large nucleus, the primary nucleus
originally present in the amaebula, and a great number of chromidia.
When the sporont enters upon the reproductive phase, the primary
nucleus degenerates, and an immense number of secondary nuclei
are formed from the chromidia. Then the protoplasmic body divides
up to form as many cells as there are secondary nuclei. The cells
thus produced are the gametocytes, each of which divides by mitosis
to form four small cells, the gametes, which acquire flagella, swim
off, and copulate with gametes produced from another sporont ;
there appear, however, to be no differences exhibited by the gametes
of opposite sexes. The zygote forms a shell and grows into a
sporont. Since the zygote is very much smaller than the amoebula
produced by schizogony, the shell formed by it is also smaller. This
shell is later the initial chamber of the polythalamous adult, and
thus leads to a dimorphism in the adult shells, so-called ** micro-
spheaeric ¥ and * megalospheeric 7 forms (p. 235)—a dimorphism
related, in this ecase, not to the manner in which the adult individuals
reproduce themselves, but to the manner in which they have been
reproduced.

In free-living forms the alternation of generations is related to
external conditions of the environment, as, for example, seasonal
changes ; the sexual generation may appear in the autumn, while
the non-sexual generations are found in the spring and summer.
In parasitic forms, on the other hand, alternation of generations is
of common occurrence in relation to a change of hosts. Thus, in
the life-cyele of the Coecidia (Fig. 152), described above, the multi-
plicative phases reproduce non-sexually by schizogony, as the so-
called *° endogenous cyele ' ; the propagative phases are preceded
by gamete-formation, leading to spore-formation, the so-called
* exogenous eycle.”” In Haemosporidia, such as the malarial parasites,
for example (Fig. 156), the alternation of generations is related to
an alternation of hosts ; the non-sexual, schizogonous generations
take their course in the blood of the vertebrate host, in which the
gamonts are produced, but do not develop further unless taken up
by the invertebrate host, in which alone gametes are formed and
sporogony takes place.

The phrase © alternation of generations ” must not be construed
into meaning that the sexual and non-sexual generations succeed
each other in a regular alternation. On the contrary, such regular
alternation, if it occurs at all, is rare, and as a rule a single sexual
generation is followed by several, or it may be by an immense
number, of non-sexual generations before the sexual cyele recurs.
The malarial parasite can multiply non-sexually in the blood for
many years without dying out ; and if propagated artificially from one
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vertebrate host to another, it is probable that it could dispense alto-
gether with the sexual eyele, which occurs only in the invertebrate
host, so far as is known. In the suborder Eugregarine of the
Gregarinoidea an opposite condition occurs, since these forms
possess only the sexual eycle, sporogony, and there is no non-sexual
schizogony. Whether this condition is to be regarded as a primitive
state of things, or whether the Eugregarines are to be regarded as
having dispensed with the non-sexual process of schizogony secn
in the allied suborder Schizogregarine, must remain an open
question.

A further cauntion is also necessary with regard to the alternation
of generations in Protozoa. From the known facts of the malarial
life-eyele, in which an alternation of sexual and non-sexual cyecles
is correlated with an alternation of hosts, it has often been assumed,
implicitly or explicitly, that a similar alternation of sexual and non-
sexual cycles must occur in other cases where there is an alternation
of hosts, as in the case of trypanosomes, and in particular that the
sexual eyele must oceur in the invertebrate host. This assumption
is by no means justified, however, and has been the cause of much
unsound or unwarranted interpretation of the facts, especially as
regards the significance of the wvarious forms of trypanosomes,
which are continually aseribed to sexual differentiation-on no other
ground than the bare fact of form-differentiation, as pointed out in
the previous chapters. Up to the present there is not a single case
in which sexual phenomena in trypanosomes have been described
in a perfectly satisfactory manner, free from all doubt ; and, on the
other hand, it has been asserted that the syngamy occurs in the
verfebrate host in these parasites (Ottolenghi, 492).

EBibliography.—For references see p. 4580.



CHAPTER X
THE GENERAL PHYSIOLOGY OF THE PROTOZOA

THE Protozoa, as has been seen in the previous chapters, exhibit a
wide range of structural differentiation, from forms which exemplify
a cell reduced to its simplest essential parts, nucleus and eytoplasm,
to others in which the eytoplasmic elements give rise in different
parts of the body to a great variety of structures and organs, each
subservient to some special function. In the Protozoa of simplest
structure, therefore, the study of the physiological activities of the
organism coincides, more or less, with that of the elementary
properties of the living substance, protoplasm, its peculiar powers
of metabolism and transmutation of energy ; while in Protozoa of
‘complicated organization the mechanism and mode of action of the
various eell-organs must be considered in relation to their structure,
so far as it can be made out.

It is not possible to discuss adequately, in the limited space of a
chapter, the intricate problems, for the most part still very obscure,
of the vital mechanisms of elementary organisms. The matter can
only be dealt with here on broad general lines, and those desirous
of studying the subject further must consult the references given to
special works or memoirs.* On the other hand, the special functions
and mechanisms of the various cell-organs (** organelle’™) have been
considered in deseribing the structure of the organs themselves.
In this chapter, therefore, it is intended rather to fill the gaps left
in previous chapters ; and the physiological problems presented by
the Protozoa will be sketched in brief outline under the following
headings : (1) Nutrition and Assimilation ; (2) Respiration ; (3) Secre-
tion and Excretion ; (4) Transmutation of Energy ; (5) Reactions to
Stimuli and to Changes of Medium or Environment ; (6) Degenera-
tion and Regeneration.

* For works dealing with the ph;-,rmnlugy of Protozoa in a guwml way the student
should consult espeecially Verworn, ** Allgemeine Physiologie,” Jena, 1907 (a trans-
lation of the second German edition, under the title ** General P]!w'-;l{}lug‘_‘-,' " was
published l’}r Macmillan, 1899) ; Prowazek, ** Einfithrung in die Physiologie der
Einzelligen,” Leipzig (Teubner), 1910 ; the chapter on the gt-lmml physiology of
the Protozoa in Doflein’s ** Lehrbuch df:l Protozoenkunde ' ; and the excellent
summary of methods and results of physiological invost.ignt.imm upon Protozoa

given by Piitter in Tigerstedt’s ** Handbuch der Physiologischen Methodik.™
186
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1. Nutrition and Assimilation.—Living organisms, considered
generally, exhibit a great variety of methods of nutrition, which
may be classified into two main groups ; bearing in mind, however,
that in all classifications of living beings, or of their vital properties,
any groups or classes that can be distinguished are always connected
by gradual and imperceptible transitions, and that consequently
forms will present themselves which, owing either to their transi-
tional nature or to the imperfect state of our knowledge concerning
them, can only be assigned to one or the other group in a manner
as arbitrary as the statement that the 21st of June is the first day
of summer—a difficulty which in no way invalidates the distinction
between spring and summer.

In the first place, many organisms can build up the complex
protein-substances, of which the living protoplasm is composed,
from simpler chemical matervials. Of this type there are found
among Protozoa, as already stated, two types of nutrition : first, the
holophytic, or plant-like, in which the organism is able, by means of
special cell-organs, to utilize the energy of the sunlight in order to
synthesize its body-substance from the simplest chemical materials,
such as water, carbon dioxide, and mineral salts, through a series
of substances in an aseending scale of chemical complexity ;
secondly, the saprophytie type, in which the body contains no visible
organs subserving the function of nutrition, but the organism is
able to build up its protoplasm from food-materials consisting of
organic substances in solution which are far less complex chemically
than the body-proteins.

In the second place, many organisms cannot build up their body-
substance from materials of simpler chemical constitution, but are
entirely dependent on a supply of protein-substance ready-made,
which they obtain either by ingesting and digesting other living
organisms in the holozeic method, or by living as parasites at the
expense of other creatures. These two methods graduate into one
another, since many parasites simply devour portions of the bodies
of their hosts in a holozoic manner, but the majority of parasites
absorb fluid nutriment from their hosts in an osmotic manner :
hence it is convenient to distinguish holozoic and osmotic parasites.

Considering these various methods of nutrition, it is seen that,
from the point of view of the nature of the food, those which ingest
solid food-particles (holozoic forms) can be distinguished from those
which absorb their food in a diffused or dissolved condition (holo-
phytic and saprophytic forms and osmotic parasites). From the
point of view of the structure of the organism, those which possess
special organs of nutrition (holozoic and helophytic forms) can be
distinguished from those which possess none (saprophytic forms and
osmotic parasites).
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(a) Holophytic Nutrition.—The characteristic of this type of
nutrition is that the organism contains special pigments by means
of which it is able to decompose (0, in the sunlight, setting free
the oxygen and retaining the carbon, which is built up in union
with other elements derived from water and mineral inorganic salts.
The pigments, termed comprehensively chromophyll, are contained
in bodies termed ** chromatophores,” which occur in diverse forms
and varying numkbers in different species, and which multiply by
division when the cell divides. The chromophyll-pigments are of
various tints — yellow, brown, green, blue-green, etc. — but the
commonest tint is the green chlorophyll, similar to that character-
istic of plant-cells. A blood-red pigment, termed hematochrome,
occurs in some flagellates—e.q., Hematococcus ; it appears to be a
modification of chlorophyll produced under certain conditions (see
Reichenow, 97-5).

For the details of the complicated process of the synthesis of
chemical substances in the holophytic mode of nutrition, the student
is referred to botanical textbooks dealing with plant-physiology.
There appears to be no essential difference between the assimilative
processes of holophytic Protozoa and of ordinary plant-cells. A
characteristic product of holophytic nutrition is seen in the forma-
tion of amyloid substances, the most important of which are starch
(amylum), and an allied substance known as * paramylum,” which
differs from starch in some of its reactions, notably in that it is not
coloured blue with iodine. Paramylum is of more frequent occur-
rence in Protozoa than true starch. The amyloid substances occur in
characteristic masses in the cytoplasm (see especially Biitschli, 153).

The chromatophores of Protozoa contain usually small refringent
bodies termed wyyrenoids, which also multiply by division. The
pyrenoids are often surrounded by a coat or envelope of paramylum,
and appear to be the centres of the production of amyloid substance.

Many flagellates with green chromatophores combine holophytic with
saprophytic nutrition. Examples of such ™ mixotrophic ™ forms are seen
in the genus Fuglena {z"unmtmn 223), the species of which flourish best in
g medium containing organic substances, and cannot maintain themselves
in pure water. Fuglena viridis was shown by Khawkine to be able to live
for a considerable period in the dark in media containing organic substances,
but did not lose its green colour and did not multiply. E. gracilis, on the
other hand, in Zumstein’s experiments, lost its green colour and passed into
an Astasia-like phase in the dark, or even in the light when placed in solutions
very rich in organic substances, nourishing itself as a saprophyte. When the
Astasia-form was exposed to the light, in solutions containing a small amount
of organic matter, it became green again and passed back into the Buglena-
phase. The degree to which the specios of Euglena can adapt themselves
to a purely mpruph_yiw life would appear to vary in different cases. In the
colourless forms the chromatophores lose their chlorophyll, and remain as
colourless leucoplasts.

The combination of holozoie and holophytic nutrition has been noted
above (p. 15).
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(b) Holozoie Nutrition.—In this type of assimilation three series
of events must be distinguished, each of which may be effected by
means of special organs : the capture and ingestion of the prey ; its
digestion ; and lastly the rejection from the body of the non-
nutritive residue (defecation).

The methods of food-capture and ingestion have been dealt with
above in a general way. As regards food - capture, methods of
prehension by means of pseudopodia, or by special adhesive organs,
such as the suctorial and raptorial tentacles of Acinetaria (p. 457),
the tongue of Didinium (p. 442), etc., must be distinguished from
methods whereby the food is wafted towards the body in currents
produced by special vibratile organs such as flagella and cilia. As
regards ingestion of food, a distinction is imposed by the nature of
the outer surface of the body-protoplasm, whether naked or invested
by a firm cortex or cuticle.

In naked forms the food is ingested at any point, by methods
which vary in different forms. In Ameba proteus the hinder end
of the body is most active in ingestion ; in 4etinospherium all points
on the surface are equally active. Rhumbler (204) distinguishes
four methods of food-ingestion in ameeba : (1) By ** import,” when
the food is drawn into the protoplasmic body as soon as it comes
into eontact with it, and with scarcely any movements on the part
of the ameeba (Fig. 23) ; (2) by flowing round, “* circumfluence,” in
which the protoplasm, as soon as it comes into contact with the
food-particle, flows round it on all sides and engulfs it; (3) by
* eireumvallation,” when the ameeba, while still at some distance
from the object, sends out pseudopodia which flow towards each
side of the prey, and ultimately meet round it and surround it com-
pletely, without ever having been in actual contact with it ; (4) by
*invagination,” in which the ameba touches and adheres to the
object, and the portion of the ectoplasm in contact with it is
invaginated into the endoplasm like a tube, the walls of which
become liquefied and fused together, so that the food-particle is,
as it were, sucked into the endoplasm (Fig. 82). Of these various
methods, the process of circumvallation is most suggestive of a
conscious and purposeful act on the part of the amaba ; but a
remarkable parallel to it is seen in the penetration of Lankesterella
into a red blood-corpuscle, as described by Neresheimer (see p. 378,
infra). In this case, as soon as the parasite comes within a certain
distance of the corpuscle, the latter opens its arms, as it were, to
the parasite, and engulfs it in a manner very similar to the
ingestion of food by circumvallation on the part of an amceba.
In both cases the object that is ingested must give off some substance
which exerts at a certain distance an effect on the protoplasm of
the cell which ingests it.
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According to Rhumbler (204), with a more fluid condition of the
ectoplasm, the food is ingested by import or circumfluence ; when
the ectoplasm is stiffened to a membrane-like consistence, the
ingestion is effected by circumvallation or invagination. Rhumbler
maintains that all known methods of food-ingestion by ameebea, as
well as their movements, can be explained mechanically by differ-
ences of surface-tension in colloidal limiting membranes, and can
be imitated artificially in substances that are not living,

¥

Fia. 82.—Ingestion of a food-particle by * invagination ” in Ameba ferricola.
A—EFE, Five stages of the process, semi-diagrammatic ; F, diagrammatic
figure to show the direction of the currents on the surface of the body of the
amoba during the process of ingestion.  After Grosse-Allermann (245).

In corticate forms the ingestion of food is limited to one or more
special openings or organs, in which a direct communication is
established between the fluid endoplasm and the surrounding
medium, as in the cytostomes of Flagellata and Ciliata and the
suctorial tentacles of Acinetaria,

The digestion of the food is effected within the protoplasmic body,
and as a rule the prey is taken bodily into the cytoplasm ; but
the Acinetaria have the power, not fully explained, of sucking out
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the body-substance of their prey, probably by the aid of secreted
ferments. Together with the food a certain amount of water is
ingested, forming a drop or food-vacuole in which the actual
digestion takes place. The quantity of water ingested with the
food varies considerably, and, speaking generally, is inversely pro-
portional to the size of the object that is devoured ; that is to say,
small food-particles, such as bacteria, lie as a rule in a very distinct
vacuole, but large bodies, such as diatoms, usually appear as if
imbedded in the eytoplasm, with no liquid vacuole visible around
them. Ammebae not infrequently devour organisms larger than
themselves, so that the evtoplasm of the amceeba appears like a
thin skin or envelope over the surface of the prey. According to
Greenwood (161), Amaeba proteus takes in but little fluid when it
ingests quiescent solid matter, such as starch-grains or yeast-cells,
but when actively-moving prey is dealt with an area of water not
inconsiderable surrounds it; on the other hand, non-nutritious
particles are not surrounded by fluid when they lie in the endoplasm.

In forms in which food is ingested through a cytostome, as in
Ciliata, the food-particles, usually of small size, are wafted down
the wsophagus and collect at its proximal blind end, where a depres-
sion arises in the endoplasm, which gradually deepens, and finally
closes over and separates from the cesophagus as a closed vacuole
containing the food. According to Nirenstein (181), the food-
vacuole is detached from the cesophagus by suction of the endoplasm,
like a process of swallowing (*° Schlingvorgang ). The vacuole is
at first immured in a thin layer of less fluid protoplasm, doubtless
as the effect of contact with water (see p. 44); consequently the
vacuole is not at first circular, but often spindle-shaped in its
contours ; it soon, however, assumes a spherical form, indicating
that its protoplasmic envelope has become liquefied.

In cases where actively-motile organisms are devoured—as, for
example, flagellates by amceebz—the prey can often be seen to per-
form violent movements within the vacuole ; but soon the move-
ments become feebler and cease entirely. Bacteria ingested by
Paramecium become immobile about thirty seconds after the
vacuole has become detached from the cesophagus. In many cases,
however, the prey is killed when seized by the pseudopodia, and
before being ingested, as in Heliozoa and Foraminifera. After the
prey is killed it is slowly digested within the food-vacuole.

During the process of digestion the food-vacuole may perform
definite migrations within the body of the animal. In amcoebe the
vacuoles are carried about by the currents of the protoplasm,
without, however, pursuing any definite course, and they tend to
become aggregated in the hinder end of the body, when the animal
is moving in a definite direction. In the Infusoria, on the other
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hand, the endoplasm shows a constant rotating movement, known
as “eyelosis.”  In Paramecium the vacuoles are carried round by
the current of the cyelosis, and each vacuole may either do a short
course or a long course; the short course is simply round the
nucleus, keeping close to it, while the long course travels the whole
length of the body, up one side and down the other, Asa rule a
acuole goes a short course two or three times, and then does a
long course (Nirenstein, 181). The path of the vacuole varies,
according to the nature of the contents; but the tendency is to
keep them in the region posterior to the nucleus, where the contents
are either cast out through the anal pore, or the vacuole circulates
again in the cyelosis. In Carchesium the food-vacuoles, when
formed at the base of the cesophagus, pass down to one end of
the horseshoe-shaped nucleus, and then glide close along its concave
margin, passing round and up to the opposite end of the horseshoe
into the region near the upper end of the vestibule, from whence the
vacuole is finally emptied through an anal pore into the vestibule
itself (Greenwood, 162).

The process of digestion within the food-vacuole has been studied
by a number of investigators, amongst whom Le Dantec, Greenwood
(162), Metschnikoff (180), Metalnikoff (179), Nirenstein (181), and
Khainsky (170-5), must be specially mentioned. Their results are
not always in agreement, indicating that the process of digestion
is not always the same in different cases, even in the food-vacuoles
of one and the same species. According to Nirenstein (181), the
food-vacuoles of Infusoria exhibit changes which can be divided
nto two periods : in the first the vacuole shows an acid reaction,
and the ingested organisms are killed ; in the second the vacuole
has an alkaline reaction, and the albumens are digested. According
to Khainsky (170°5), however, the reaction of the food-vacuoles of
Paramecium is acid during the entire period of the proteolytic
process, and only becomes neutral and finally alkaline when the
solution of the food-substance is at an end.

In the first or acid period, according to Nirenstein (181), the
ingested food-particles—e.g., bacteria—after being rendered im-
mobile, are clumped together, enveloped in a turbid substance
which makes their outlines indistinet. The reaction of the vacuole
is strongly acid, due to the presence of mineral acid in the vacuole.
During this period, which lasts from four to six minutes, the vacuole
diminishes in size, till it is not more than one-third of its original size.
When the vacuole was first formed, its wall was surrounded by a
number of granules which stain very distinetly with neutral-red ;
these granules pass suddenly into the interior of the vacuole after
it has become diminished considerably in size. Nirenstein regards
the red-staining granules as bearers of a tryptic ferment.
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In the second or alkaline period the vacuole enlarges rapidly to
more than its original volume. The red colour produced by staining
with neutral-red disappears. The clumped food-mass breaks up into
smaller particles again. From the red-staining granules of the first
period deeply-staining spheres arise, homogeneous, refractile, and
apparently fluid (Nirenstein, 181). According to Khainsky (170-5),
the grains or droplets which are formed gather at the surface and
pass out into the endoplasm ; they represent the first products of
the assimilatory process in the vacuole, and their further chemical
transformation takes place in the endoplasm itself (compare the
refringent bodies formed in the process of digestion in acinetans,
p.458). According to Nirenstein, however, thespheres become smaller
and smaller, being reduced to tiny grains which vanish completely,
dissolved in the vacuole-contents. The vacuole now diminishes in
size a second time, and passes to the anal region, where it fuses with
other similar vacuoles, and is finally rejected from the anal pore.

In other cases, however, no acid reaction has been demonstrated
in the vacuoles at any time, as, for example, in Actinospherium—a
peculiarity which is perhaps to be correlated with the fact that in
this form the prey is killed when seized by the pseudopodia. It may
be supposed that the processes which, in Infusoria, ete., go on during
the first or acid period of the food-vacuole, take place in Actino-
spherium and some other forms before the vacuole is formed, in
which case the vacuole itself shows only the second or alkaline phase
of the digestion.

According to Greenwood and Saunders (163), any ingested particles exeito
the secretion of acid, but the true digestive vacuole is only formed under the
stimulus supplied by nutritive matter. Metalnikoff (179), however, found
that in the same individual some of the food-vacuoles are first acid and then
alkaline, while others are alkaline throughout in their reactions, and others
again, but rarely, show an acid reaction throughout ; he concludes that the
living cell has the capacity of adapting itself to the food supplied, and of
altering the properties of its digestive juices in accordance with its require-
ments.  The process is perhaps comparable to the manner in which the blood-
cells produce different anti-bodies when brought into contact with different
pathogenic organisms or toxins.

The variety of ferments that have been isolated from different
Protozoa also indicates that the digestion takes a different course
in different cases. In the plasmodia of Mycetozoa, a peptic ferment,
which when acidulated dissolves fibrin, has been isolated ; but since
the protoplasm of the plasmodium has a distinctly alkaline reaction,
it was thought by some that the ferment must be without function.
Metschnikoff (180) showed, however, that the food-vacuoles formed
in the plasmodium had a strongly acid reaction, in contrast to the
protoplasm, and thus demonstrated the function of the peptic
ferment in the digestion. In other cases tryptic ferments have been
isolated (* amabodiastase,” etc.).

13
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Some doubt has existed as to the power possessed by Protozoa
of digesting fats, and, according to Staniewicz (208), no digestion
of fat takes place in Infusoria. According to the recent investiga-
tions of Nirenstein (182), however, Paramecia under natural con-
ditions contain fat in more or less considerable quantities. By
choice of suitable food, the quantity of fat in the endoplasm can be
increased greatly. The fat-granules serve as reserve-nutriment,
and disappear under starvation. Paramecia which have lost their
fat in this way, if then fed with milk, oil-emulsion, or yvolk of egg
1ubbed up in water, show in a few hours the endoplasm full of fat-
granules ; if fed with starch or particles of egg-albumen, the same
result is obtained, but not to anything like the same extent.
Experiments on fatty substances ingested by the animals showed
that the fat remains unaltered during the first (acid) period of the
digestion in the food-vacuole, and is digested during the second
(alkaline) period. Feeding with fatty acid and glycerine also leads
to storage of fat in the endoplasm. If fed with oil-globules stained
with Soudan IIIL., unstained oil-globules appear in the endoplasm.,
Nirenstein concludes from his observations that the fat is broken
up into its soluble components in the vacuole, and synthesized again
to neutral fat in the endoplasm.

The indigestible residues of the food are ejected from the body
either at any point on the surface, in ameeboid forms, or through a
definite aperture, in corticate forms. A great accumulation of
faecal matter may take place in some cases, as in the * stercome ™
of Foraminifera (p. 233), of which the animal purges itself
periodically.

(¢) Saprophytic and Parasitic Nutrition. — In this type the
organism absorbs its nourishment by diffusion through the surface
of the body without the aid of any visible organs or structural
differentiations of any kind. Practically nothing is known of the
mechanism by which this is effected or of the chemical processes
involved, but it is probable that enzymes secreted by the organism
reduce the nutritive particles to a soluble form prior to absorption.
There is reason to believe that the nucleus is specially concerned
in the production of enzymes, and in many species, parasitic or
otherwise, the behaviour of the nucleus indicates a relationship
between it and the process of absorption of food-substance. In
Carchesium, as already stated, the path along which the food-
vacuoles travel runs close along the inner edge of the horseshoe-shaped
macronucleus (Greenwood, 162); in Euplotes, similarly, the large
macronucleus encloses an area containing all the food-vacuoles
(Fig. 182). According to Wallengren (214), the reactions of the
food-vacuoles of Paramecium change as they pass the nucleus, and
the function of the evelosis in the endoplasm is to bring the food-
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vacuoles near, and under the influence of, the nucleus. In the
coccidian parasite Caryotropha (p. 352), the nucleus of the parasite
is connected by a kind of protoplasmic canal with the nucleus of the
host-cell (Siedlecki, 653). In the astomatous Ciliata (p. 451) a
diffuse nucleus is very commonly found, probably in relation to
absorption of nutriment by the osmotic method.

The process of nutrition in Protozoa may lead in some cases,
not to growth of the protoplasmic body directly, but to the produc-
tion and storage of reserve food-substances, which are precipitated
in the cytoplasm, and are utilized at a later period for rapid growth
during reproductive phases. The reserve-materials deposited in
this way vary considerably in nature in different cases. Examples
are the paramylum-grains of many flagellates ; the paraglycogen-
grains of gregarines and ciliates, similar in nature to glycogen, but
with certain distinctive reactions ; the plastinoid granules of
coceidia (p. 346) ; and other similar substances. In Radiolaria oil-
globules and albumen - spheres occur. An important substance,
acting apparently as reserve-material for the growth of the nucleus,
is volutin (p. 68).

The effects of starvation on Protozoa have been studied by a number of
investigators, most recently by Lipska (173), who gives a complete bibliog-
raphy and résumé of previous work on the subject. Lipska found that
Parameciwm died after five to seven days, a much shorter period than allowed
by Wallengren (214) and others, indicating that Lipska's methods were more
drastic and sources of food were more thuruug._,hl y excluded in her experiments.
In the first period of starvation the reserves in the endoplasm are used up,
first the food-vacuoles and their contents, then the smaller endoplasmic
granules. After the fourth day the animal becomes deformed. Its dimensions
diminish progressively, and death supervenes when it has lost half its initial
volume. The cctoplasm with its cilia and trichocysts undergo no change,
but the endoplasm loses its food-vacuoles and a part of its crystals, and
becomes very transparent. The maeronucleus becomes enlarged and breaks
up into two halves. The micronucleus undergoes no change of any kind.
Death is preceded by a progressive enfeeblement of all functions, such as
movements of the cilia and pulsation of the contractile vacuoles. According
to Wallengren, the reactions of the Paramecium (geotaxis, thermotaxis,
galvanotaxis) remain normal to the last. Wallengren deseribed an excessive
vacuolation of the endoplasm as the result of starvation ; but according to
Lipska this phenomenon is not due to starvation, but to the chemical action
of ammoniacal products generated by bacteria present in the infusions, and
does not occur if they are excluded. Other observers noted the occurrence
of numerous conjugations during the first few days of starvation, but Lipska
was unable to confirm this; in her experiments, however, the number of
Paramecia placed in each tube was small, not more than ten. Paramecia
containing symbiotic alge were more resistant to starvation than those
without them.

2. Respiration,—By respiration in its widest sense must be under-
stood all processes in the organism whereby the potential energ
stored up in chemical compounds of high complexity is set free to
furnish the energy required by the organism for its vital activities.
This object may be effected in two ways—Dby processes of oxidation,
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or by the splitting up of complex chemical substances ; the result
in either case is the production of energy in various forms and of
simple chemical substances, such as water and carbon dioxide
(compare Barratt, 148). For the processes of oxidation the
organism may either absorb free molecular oxygen from its environ-
ment, or may produce it by internal molecular changes of substances
contained in its own body, as in anaerobic organisms living in a
medium in which free oxygen is lacking.

Many free-living Protozoa require oxygen, and are visibly and
rapidly affected by the lack of it, especially in their powers of
movement. No special organs of respiration are found in any
Protozoa, being unnecessary in animals of such small bulk, and in
which, consequently, the surface of the body is considerable in
proportion to the mass. The contractile vacuoles, when present,
are doubtless a means of eliminating carbon dioxide, together with
other waste products, from the body. It must be supposed, there-
fore, that as a general rule oxygen is taken up from the surrounding
water by the protoplasm, of which the limiting membranes are
freely permeable, and that the carbon dioxide is given off in a
similar manner. The experiments of Verworn (211) on Spirostomum
show that the respiratory processes take place in the cyvtoplasm,
independently of the nucleus, which takes no share in respiration.

On the other hand, many sapropelic (p. 14) and parasitic forms
inhabit media lacking in free oxvgen, and are anaerobic ; in such
forms the respiratory processes of the protoplasm can only take place
by intramolecular changes, in which the stored-up reserve-materials
are probably split up to supply the required oxvgen.

The experiments of Plitter (201) on a number of species of Ciliata, both
free-living and parasitie, showed that, when these animals were placed in
an anaerobic environment, different individuals of the same species reacted
very differently to the conditions, some dying very rapidly, others being
quite unaffected for a long time. It was shown further that this difference
was related to the amount of reserve-materials present in the body (proteins
and glycogen), which can be observed to vary greatly in different individuals
from the same culture. If Paramecia were first starved for some days and
then placed in anaerobie conditions, they succumbed much more rapidly
than normal individuals. Moreover, under anaerobic conditions the reserve-
materials were used up much more rapidly than under normal conditions,
and without resulting in increased production of energy. Opaling, when
placed in a eulture-medium to which albumen was added by boiling up dried
white of egg in salt-solution, was able to make use of the energy of the albumen
without the help of free oxygen, and so to live for & much longer time. The
cilintes were found to succumb much more rapidly to the effects of anaerobie
conditions in smaller than in larger quantities of water, as the result of auto-
intoxication in consequence of the defective exeretion of the products of
anacrobic metabolism. Spirostomum was found to be more affected by
anacrobic conditions in small quantities of water than Paramecium. The
differences between the two forms ig to be ascribed to the system of the

contractile vacuoles, which is far more efficient in Paramecium than in
Spirostomum ; the contractile vacuoles tend to remove from the body the
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produets of metabolism, a primary necessity of anaerobie life. The question
of size is also a factor, since deleterious substances may diffuse from the
surface of the body, and in a small body the surface is greater in proportion
than in a larger one. Consequently the conditions are more favourable for
a smaller species, such as Paramecium, than for a large form, such as
Npirostomumn.

Excess of oxygen was found by Piitter (198) to have an injurious effect
on Spirostomum, affecting, however, only the eytoplasm, and not the nueleus,
in the first instance,

On the current view that the symbiotic vegetable organisms present in
many Protozoa aid in the respiratory processes by absorbing the carbon
dioxide, breaking it up, and setting free the oxygen, the experiments of
Lipska (173) on a culture of Paramecia which contained green algme (Proto-
coccaces®) in their endoplasm are of considerable interest. In two glass
vessels of equal size there were placed, in the one Paramecia with, in the other
without, the algwe in their body. Hydrogen was circulated through the vessels
to drive out the air, after which they were hermetically sealed and exposed
to the same conditions of light and temperature., After fifty hours the
vessels were opened. The Paramecia without alge were dead, but those
containing alge were still alive, though feeble in their movements, and they
revived completely in about twenty-four hours after air had access to them.
In another experiment two batches of Paramecia were kept in the dark ;
after eight days those without algze were dead, while those cnnlﬂinin% algae
were perfectly normal. Old cultures of Paramecia containing alge showed
no conjugation ; Lipska explains this as due to the influence of the alge,
since, by setting free oxygen, they prevent the development of anaerobic
bacteria which produce substances toxic to the Infusoria.

According to Popoft (185), the depression-periods of Protozoa (p. 208) are
partly due to derangements of the respiratory processes and to accumulation
of products of metabolism in the cell.

3. Excretion and Secretion.—The waste substances excreted from
the protoplasm may be either soluble or insoluble in nature. If
soluble, they may either pass out of the protoplasmic body by
diffusion from the surface, or may be removed by the agency of the
contractile vacuoles.

Contractile vacuoles are of common oceurrence in free-living fresh-water
Protozoa, but are usually wanting in marine forms, or, if they oceur in them,
they pulsate very slowly. They are generally absent also in entozoic and
parasitic Protozoa, but are found, however, in some internal parasites—for
example, in all Anoplophryine (p. 452 ; Cépéde, 831).

Some authors (e.g., Degen, 154) have described an investing membrane
to the contractile vacuole, but it is practically eertain that no such membrane
exists, and that the vacuole is simply a drop of watery fluid lodged in, and
bounded by, the more viscid protoplasm, without any special structural
differentiation (compare Khainsky, 170-5). The contractile vacuoles were
believed at one time to empty themselves internally, and to function simply
as circulatory organs ; but in all cases in which they have been studied care-
fully, it has been proved that they empty themselves to the exterior (compare
Jennings, 167, Khainsky, 170-5).

The effect of changes of temperature is noted below (p. 206). Increased
pressure makes the pulse slower (Khainsky, 170-5). Degen (154), experi-
menting with Glawcoma colpidium, found that oxygen produced at first an
increase in the frequency of the pulse, which soon became normal again.
Hydrogen and carbon dioxide diminished the frequency and caused a dilata-
tion of the vacuole ; both these gases were lethal in their effect, especially
carbon dioxide. Isotonic solutions of neutral salts had a retarding eflect.
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Substances that precipitate albumens have a retarding effect combined with
dilatation of the vacuole. Degen, following Hartog, regards the vacuole as
primarily a mode of compensation for the tendency of the protoplasm to take
up water by imbibition, a tendeney checked or inhibited by changes in the
tonicity of the medium. Thus Zuelzer (222) found that Ameba verrucosa,
if transferred gradually from fresh water to sea-water, lost its contractile
vacuoles ; at the same time its protoplasm shrank and altered in character,
and the nucleus acquired a different structure and appearance. When re-
stored to fresh water, the contractile vacuoles reappeared, and the nucleus
and ecytoplasm became of normal character. These experiments indicate
that the formation of the contractile vacuoles depends on differences in the
tonicity of the protoplasm and the surrounding medium ; they also raise the
suspicion that many species of marine Protozoa may be only different forms,
due to change of medium, of fresh-water species, or vice versa.
For the exeretory vacuole-system of Opalina, see p. 447.

Insoluble excretion-masses are often formed in great quantity in
the bodies of Protozoa. Such substances take the form of erystals
or grains of various kinds, and often of pigment. An example of
such a substance is the melanin-pigment of the hemamabea (p. 359),
which appears to be a derivative of the haemoglobin of the infected
blood-corpuscle. Pigment may arise also by degeneration of
superfluous chromatin extruded from the nuecleus, as in Aectino-
spherium (p. 209), or by degeneration of nuclei, as in abnormal
obeysts of Cyelospora caryolytica (p. 364).

The eytoplasm of Paramecium contains erystals which have been studied
by Schewiakoff (206), who finds that they consist of calcinm phosphate, either
Cag(POy)s or CagHy(P0y)e. When the Paramecia were starved, the crystals
disappeared completely in one or two days; if then the Paramecia were
supplied with food again, the erystals reappeared. Schewiakoff was never
able to observe that the crystals were ejected from the anus, but they were
seen to collect round the contractile vacuole. He is of opinion that the
insoluble phosphate is dissolved in the enchylema, or is converted into the
soluble form CaHy(P0y)s, and then eliminated by the contractile vacuole.

Insoluble excretion-masses may be simply extruded from the
body, a process which commonly takes place at certain erises, as,
for example, prior to encystment. Or, on the other hand, they
may remain in the protoplasm, and are finally abandoned in the
residual masses left over during reproductive phases, as seen com-
monly in the sporulation of wvarious types—for example, the
heemameeba already cited and other Sporozoa. In such cases the
voung individuals are formed of protoplasm free from the coarse
excretion-granules, and the body of the parent, so much as is left
of it, dies off and disintegrates. In some cases, however, the young
individuals formed contain enclosures derived from the parent-body,
as, for example, the erystal-bearing swarm-spores of Radiolaria
(p. 264) ; but in such cases the enclosure is probably of the nature of
reserve-material,

Necretion, more or less rapid, of various substances can be
observed without difficulty in various Protozoa. Examples are the



THE GENERAL PHYSIOLOGY OF THE PROTOZOA 199

gpicules and various skeletal struetures; the shells, houses, ete. ;
adhesive substances or stalks in sedentary forms, as, for example,
the non-contractile stalks of many Vorticellids (p. 441); and the
cysts or envelopes secreted round the body, such as the sporocysts,
etec. The pseudopodia of many Amceebwea, such as Difflugia, are
covered by a sticky slime which enables the animal fo adhere to
surfaces over which it creeps, and which can be drawn out by
contact with a glass rod into threads, like the mucus of a snail
(Rhumbler, 34). In Foraminifera and Heliozoa the pseudopodia
appear to secrete a substance which holds the prey fast, and at the
same time kills it, as already mentioned. Some Protozoa—for
example, gregarines—leave a trail of mucilaginous substance behind
them as they move forwards, and by some authors this secretion
has been regarded as the mechanism by which locomotion is effected
(p. 327). Internal secretions in connection with the digestive
function have been mentioned in a previous section. Areella has
the power of seereting gas-bubbles in its protoplasm for hydrostatic
purposes (compare also the Radiolaria, p. 252).

4. Transformation of Energy—(n) Movement.—The different motile
organs of Protozoa have been described above. Considered from a
morphological standpoint, the protoplasmic body may exhibit, in
the first place, no specially differentiated organs of movement,
which then takes the form of currents and displacements in the fluid
protoplasm itself, manifested externally in the form of pseudopodial
processes or flowing movements of the entire body, internally as
streaming movements in the protoplasm. Secondly, there may be
special organs of movement, either external, in the form of vibratile
organs, such as cilia, flagella, or undulating membranes ; or internal,
in the form of contractile fibrils or myonemes.

Different as pseudopodia may appear at first sight from vibratile
organs, such as cilia or flagella, there is nevertheless a very gradual
transition from the one type to the other (see p. 53, supra). Of
pseudopodia there are two chief types of structure—the lobopodia,
in which a fluid core of endoplasm is enveloped by a superficial layer
of stiffer ectoplasm ; and the awopodia, in which, on the contrary, a
secreted axis of rigid or elastic nature is covered by a more fluid layer
of protoplasm. The axopodia are connected by transitions both
of structure and movement with organs of the vibratile type. In
both flagella and cilia the structure consists of a firmer elastic axis
covered over by a more fluid superficial layer (pp. 52, 54) ; many
axopodia exhibit swinging, nutating, or bending movements differ-
ing only in degree from those of flagella (p. 51). There are grounds
for believing the one type of organ to have been derived phylo-
genetically from the other.

The streaming movements of protoplasm have been the subject
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of much investigation and discussion. The older view, which
ascribed them to contractility and assumed a complicated structure
in the protoplasm, has now been superseded generally by the theory
connected more especially with the names of Quincke, Berthold,
Biitschli (37), and Rhumbler (34, 35, 40, ete.), according to which
differences of surface-tension are regarded as the efficient cause of
the streaming movements of the pseudopodia and the protoplasm.
The living substance is in a state of continual chemical change in
every part ; such changes are sufficient to account, in one way or
another, for the origin of local differences in the physical nature
(adhesion) of the surface of the body in contact with the surrounding
medium, or of internal protoplasmic surfaces in contact with
vacuoles or cavities filled with fluid ; and the resulting differences in
surface-tension cause flowing movements both in the protoplasm
and in the fluid with which it is in contact. The relation of such
currents to the movements of psendopodia has been discussed above
(p- 47). Similar movements have been imitated artificially by
Biitsehli and Rhumbler in a manner which can leave no doubt that
the physical analogy is a reasonable interpretation of the mechanism
of amwhboid movement,

The close structural similarity between flagella and cilia on the
one hand, and the axopodia on the other, makes it highly probable,
to say the least, that the same explanation of the movement applies
to both. The axis of the vibratile organ is commonly regarded as
a firm, elastic, form-determining strueture ; the more fluid sheath
as the seat of the motile activity. Chemical differences set up in
the limiting membrane, causing differences in the surface-tension of
the sheath along certain lines, have been supposed to be responsible
for a deformation of the sheath, bending the axis and the whole
organ with it ; with equalization and disappearance of such differ-
ences, the elastic axis straightens itself again. How such chemical
differences are set up remains to be explained ; possibly they origi-
nate in chemical changes taking place explosively in the basal
apparatus of the vibratile organs ; in any case it is clear that, as com-
pared with pseudopodia, they act with extreme rapidity, and, further,
that they are localized on the surface of the flagellum or cilium.
From the movements of these organs, the contraction appears to run
a spiral course as a general rule—at least in cilia (p. 54) ; flagella,
however, appear to be capable of various kinds of movements (p. 52).

According to Prowazek (192), the flagellum of a trypanosome only retains
itg motility so long as it remains in conneection with the kinetonucleus. Wer-
bitzki (526), however, has succeeded in producing strains of trypanosomes
without kinetonuclei, and with apparently no resulting loss of motility. It
has been observed frequently that detached cilia or flagella continue to
contract, for a time at least ; and Schuberg (44) denies that the basal granules
of the cilia function as centres of kinetic activity.
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With regard to the contractility of the myonemes, no detailed explanation
can be offered at present. Biutschli (37) has shown the possibility of explaining
the contractile mechanism of such structures by differences in surface-tension
arising between the walls and the contents of protoplasmic alveoli which
are disposed with a definite arrangement.

(b) Other Forms of Energy.—Light-production or phosphorescence
is a common phenomenon in marine Protozoa, a property expressed
in such names as Noctiluca (p. 279) and Pyrodinium (p. 278). The
magnificent phosphorescent effects often seen at night, especially
in warmer seas, is to be referred chiefly to swarms of Protozoa.
The source of the luminosity appears to reside in small globules of
fat or oil, and is probably the result of oxidation. It is easy to
observe that the production of light is stimulated by agitating or
stirring the water. TFor a general discussion of luminosity in living
organisms, see Pltter (200).

From the analogy of the known facts in the physiology of animal
and plants, it may be inferred that in Protozoa also the vital
activities are accompanied by the production of heat and by
electrical changes; but no exaect determinations of such changes
have been made.

5. Reactions to Stimuli and Environment.—It can easily be
observed that Protozoa react in a definite manner to stimuli, and
behave in a particular way under certain conditions. In most
cases, however, these responses to external conditions must be
regarded as fundamental properties of the living protoplasm, and
not: as functions of specially differentiated organs of the body.
This is well seen, for example, in amob:e, some species of which are
very sensitive to light, and cease feeding when exposed to the
bright illumination of the stage of the microscope (Rhumbler, 34).
In Arcella the nuclear division is stated to take place only at night,
between 1 and 5 a.m. (Khainsky, 145). In such cases, however,
there is nothing which can be identified as a special light-perceiving
organ.

In other cases Protozoa may possess organs which must be regarded
as sensory in nature. Pseudopodia appear to possess in many cases
a tactile or sensory function to a marked degree, and sometimes to
be specialized for such functions, as, for example, the anterior
pseudopodia of some Myxosporidia, such as Leplotheca agilis
(Fig. 165). The same is true to a much greater degree of flagella
and cilia ; anteriorly-directed flagella are perhaps always sensory in
function, especially when they are not the sole means of locomotion,
as in such forms as Rhizomastigina (p. 268) or Bodonide (p. 270) ;
and in many Ciliata stiff tactile bristles occur (p. 446). In many
flagellates organs are found which appear to be specially sensitive
to light, in the form of pigment-spots or stigmata, which are
described further below.
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The oceurrence of a conducting nervous apparatus is more
doubtful ; it has been affirmed for Stentor by Neresheimer (p. 446),
but is not confirmed by other observers. It can at least be asserted
that in the more highly organized Ciliata a stimulus may lead to
sudden movements in which different sets of contractile structures
take a concerted part.

The reactions of Protozoa to stimuli have been the subject of a
great deal of experimental research by many investigators, amongst
whom Verworn, Loeb, Jennings (165), and Piitter (199), deserve
special mention. The results of these investigations can only be
summarized briefly here. The various reactions are classified in the
first instance, according to the nature of the stimulus, by the use of
a terminology in which each principal category is denoted by a
word terminating in {faxis, or in adjectival form—factic. Thus we
can distinguish—(a) Chemotaxis, or reactions to chemical stimuli ;
(b) Phototaxis, or reactions to light ; (¢) Thermotaxis, or reactions
to heat or cold ; (d) Barotaxis, or reactions to mechanical stimuli ;
and (e) Galvanotaxis, or reactions to electrical stimuli. A given
Protozoon may be quite unaffected by a particular stimulus ; or, on
the other hand, it may be affected by it in such a way that it tends
to move towards the source of the stimulus (positive taxis) or away
from it (negative taxis). The result depends, in many cases, on
the intensity of the stimulus applied ; thus, a Fuglena will move
towards a moderate light (positive phototaxis), but away from a
too intense illumination (negative phototaxis). In each case an
optimum econdition exists, in which the positive taxis reaches its
maximum,

In such experiments the Ciliata are the objects of choice, on
account of the definite polarity of their movements as compared
with forms less highly organized, such as ameba. In the Ciliata
a negative taxis results In an * avoiding reaction” (Schreck-
bewegung), in which the animal shrinks back with reversal of the
ciliary movements, * turning towards a structurally-defined side,
followed by a movement forward ™ (Jennings). Repeated experi-
ments have shown that the forms taken by the avoiding movements
do not depend on the nature of the stimulus, but on the organization
of the animal itself, and are always the same for a given species.
An Oaytricha, for example, turns always to the right, whatever the
direction from which the stimulus comes. The movement is deter-
mined automatically by the structure of the body. * The same
symptom can be called forth by the most diverse stimuli ** (Piitter,
199).

hTe various faxes may now be considered briefly :

(@) Chemotaxis and Effects of Environment.—This category in-
cludes reactions to liquids or gases diffused in the water ; reactions
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to gases may be considered as equivalent to a sense of smell in
higher organisms (osmotaxis).

It has been shown by many experiments that a given species is
attracted towards certain chemical substances, repelled by others,
Thus, Paramecium is attracted towards weak acids, but repelled by
them in greater concentration. 1If a drop of acid of suitable strength
is placed in the midst of a number of Paramecia distributed evenly
in the water under a cover-slip on a slide, they tend to gather round
the drop. As the drop diffuses in the surrounding water, the
Paramecia arrange themselves in a ring in the region of optimum
concentration. If, however, the drop of fluid employed is of a
strength which represents the optimum of chemotaxis for the species,

Fic. 83.—Diagram showing the course taken by a Paramecium which has entered
a drop of fluid to which it is positively chemotactic. The forward movements
of the Paramecium are indicated by arrows; its backward movements by
dotted lines ; the outline of the drop of fluid by a circle. Each time the
Paramecium, in its forward movement, reaches the confines of the drop, it
comes into contact with fluid which is less positively chemotactic than the drop
into which it has entered ; it then shrinks backward (avoiding reaction), after
which it moves forward again with the same result every time it reaches the
edge of the drop. After Lang (10).

the Paramecia gather within it, and in such a case the position taken
up by each Paramecium depends on the avoiding reaction made by
it when it comes in contact with a less attractive medium. Thus,
if a Paramecium, swimming in a straight line, enters a drop of fluid
which is positively chemotactic to it, when it has crossed the drop
to its opposite boundary it comes to the region where it meets with
fluid which is less chemotactic to it ; it then shrinks back with an
avolding movement ; after a time it again moves forward, and comes
again into the negatively chemotactic region, with the same result
as before. Thus its movements are as if caught in a trap (Fig. 83),
in which it is held by the automatic movements called forth by the
difference between the more and the less chemotactic fluids, until
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the differences slowly disappear by the diffusion of the one liguid
into the other.

(‘hemotaxis is a phenomenon which is obviously of the greatest
importance in the natural life of the organism. It comes into play in
the search for food and in sexual attraction, for example. It has long
been known that certain Protozoa are attracted towards food-
substances, especially those species which feed more or less
exclusively upon certain particular foods. Plasmodia of Myecetozoa,
for example, “scent” their food from a considerable distance, and
move towards it.

Rhumbler (34, 204) has studied the ingestion of food by ameabm, and has
made a number of experiments on the manner in which drops of fluid take up
or cast out solid particles. Thus, a drop of chloroform suspended in water
draws into its interior a glass splinter coated with shellac when brought into
contact with it ; after a time the coating of shellac is dissolved in the chloro-
form, and the glass splinter is then ejected from the drop. This experiment
furnishes data for a mechanical explanation of the ingestion of food and
ejection of faecal matter ; and it might be expected that amebae in Nature
would ingest mechanically, and as it were helplessly, many substances of a
useless kind with which tlw are brought into contact. This may occur
experimentally when amaba are brought into contact with substances of
no nutritive value ; Rhumbler observed an amoeba which ingested earmine-
particles until it died. In Nature, however, there can be no doubt that
amabm exercise a certain choice or selection in the fuml they ingest, doubtless
as the effect of chemotactic reactions (compare Jennings, 168). In the
Ciliata, however, there appears to be no selection of the food-particles wafted
down the wsophagus except as regards their size (compare Greenwood, 162).
IPurely mechanical reactions, on the other hand, may possibly explain the
apparent selection w ‘hich many Protozoa exhibit in hulldmg up houses of cer-
tain special materials (p. 34).

Chemotactic reactions to particular substances must play a large part
in determining the migrations of certain parazitic Protozoa towards particular
organs of the body in which they are parasitic, in so far as such migrations
are not purely passive on the part of the parasite, or determined to some extent
by rheotaxis (see below).

The attraction of gametes to one another can hardly be effected by any-
thing but chemotaxis. It is well known that the antherozoids of the fern-
prothallus are positively chemotactic to malic acid, which is secreted by the
oogonium. In Coceidium schubergi, Schaudinn (99) observed that the macro-
gamete, as soon as it had expelled its karyosome, but not before, became
attractive to the mierogamete.

The effects of drugs and reagents on the activities of the Protozoa is a
field of investigation which cannot be dealt with in detail here. Some
reagents have a quickening effect on the movements, others the contrary.
Narcoti ics, on the other hand, such as alechol, ether, ete., may at first have
a stimuls 1.*1|1g, later a deleterious, action on the vital qlf"ll\“lt:\". Minute doses
of alecohol, according to Woodruff (216), diminish the rate of division at one
period, angment it at another, of the life-cyele, but in the latter case the rate
is not continuous, but decreases again ; increase in the amount of aleohol
will, however, .1gn,in cause & more rapid cell-division for a limited period.
’i‘h!;. roid extract is stated to have an attractive effect on Paramecium, and also
increases its eapacity for reproduction (Nowikoff, 183). For the effects of
other drugs and poisons, see Giemsa and Prowazek (159), and Prowazek
(191, 192, and 195). In the same culture different individuals often exhibit

different powers of resistance to the effects of reagents.
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(b) Phototaxis and Effects of Light and Other Rays.—Many Pro-
tozoa appear quite indifferent to light—at least of ordinary intensity ;
others show a very decided reaction, as already mentioned, either
negative or positive. Thus many amobae, Pelomyxa, ete., are
negatively phototactic, and pass at once into a condition of rest
and inactivity when exposed to light. According to Mast (176), a
sudden increase in the intensity of the illumination inhibits move-
ment in Ameba proteus ; but if the illumination remains constant,
movement beginsagain in a few moments,
If the illumination is very gradually in-
creased, it produces no response. In
strong light Amaba proteus orientates
itself, producing pseudopodia only on the
less lluminated side.

Many flagellates, on the other hand,
especially the holophytic forms such as
Dinoflagellates, Phytomastigina, Eugle-
noids, ete., show the opposite reaction,
moving towards the light or becoming
active when exposed to it, and passing
into a resting state in the dark. The
positive phototaxis of the holophytic

Anterior end of

Fig. 84.—A,

Protozoa has an obvious bionomical sig-
nificance, since the holophytic nutrition
can only proceed in the presence of light.

In the majority of holophytic flagellates the
phototactic reaction is associated with the
possession of a speeial organ, the stigma or
“eye-spot.” The stigma of Fuglena consists
of a protoplasmic ground-substance forming a
fine network, in which is embedded pigment
in the form of drop-like bodies. The pigment
granules are brightly refractile, with a distinet
outline, and form a single layer. In some cases
the granules are spherical and all of the same
S1Ee 5

in others they are more irregular in form and of different sizes.
plgln@nt appears to be a derivative of chlorophyll.

Euglena viridis.
lum ; o=,
thickening (blepharoplast ¥)
on one of the two roots of the

fl., Flagel-
wsophagus ; 0.,

flagellum ; sf., stigma ; rh,
the two roots of the flagellum
passing through the reservoir
() of the contractile vacuoles,
two to be attached to its
opposite side. B, Stigma in
surface view, highly magni-
fied, showing the pigment-
grains imbedded in a proto-
plasmic basis. After Wager
(213).

The

The stigma is in close

contact with a well-marked thickening on one of the two branches into
which the flagellum bifurcates at its base. Wager (213) suggests that this
thickening (blepharoplast ¥) is a specialized sensitive organ which is stimulated
by the light-absorbing pigment-spot, the stigma, and that in this way the
reaction of Buglena to light is determined.  Euglena swims towards a moderate
light, but away from strong sunlight. If kept in bright sunlight it comes to
rest, rounds itself off, and ultimately becomes encysted.

The blue and violet parts of the spectrum exert the strongest stimulus
on flagellates. In the case of Amaba proteus, Mast (176) found the blue rays
nearly as efficient as white light in causing reactions, but violet, green, yellow,
and red, to be but slightly active. Paramecium and some other Protozoa are
stated to react only to the ultra-violet rays.

The effect of radium-rays upon various Protozoa has been investigated
by Zuelzer (221). Some species are more affected by them than others:
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Amaeba limazx, for example, was very resistant to the rays, while other Protozoa
were very soon injured by them. In all cases long exposure to the rays was
fatal. The first effect of the rays was generally to quicken the movements;
the next was an injurious action. The rays appear to act more particularly
upon the nucleus in the first instance, with subsequent gradual deleterious
effects upon the eytoplasm.

In experiments on the effect of Rontgen-rays on Paramecium and Volvox
(Joseph and Prowazek, 169), these forms were found to exhibit a negative
taxis, collecting in ten to fifteen minutes in a part not exposed to the rays.
Exposure of Paramecium to the rays caused the pulse of the contractile
vacuoles to become slower to a marked degree as a rule, but individual
variations were observed in this reaction, the effect being inconsiderable in
some cases ; and the animals gradually regain the normal pulse. [fniéra vitam
staining of the nucleus of Paramecium exposed to the rays gave a result similar
to that obtained by staining Paramecia fatigued by being shaken evenly and
continuously for two hours. Long-continued action of the rays killed the
Organisms.

(¢) Thermotaxis and Effects of Temperature.—For a given species
of the Protozoa there is an optimum temperature at which its vital
activity 1s at its highest pitch, and above which the activity 1s
diminished until it reaches a point at which the vitality is impaired
and the animal is finally killed. A temperature, however, at which
the animal succumbs sooner or later may at first have a quickening
effect upon the vital functions. Thus, many experiments have
shown that a rise of temperature increases greatly the rapidity and
frequency of the pulsations of the contractile vacuoles ; and in the
case of Glaucoma colpidium Degen (154) found that, although the
animal was killed by a temperature above 30° C., the maximum
frequency of the pulsations was produced temporarily by a tempera-
ture of 34° C., above which the frequency was rapidly diminished
(compare also Khainsky, 170°5).

The optimum temperature may, however, be different at different
stages in the life-cyele, as in parasitic Protozoa which infest a warm-
blooded and a cold-blooded host alternately ; in such cases a change
of temperature may perhaps be a factor in bringing about develop-
mental changes. In free-living Protozoa the phases of the life-cycle
are often related to seasonal changes, and are probably induced
largely by conditions of temperature.

Experimentally it has been shown that Protozoa tend to move towards
regions of more favourable temperature, and away from those less favourable.
Khainsky (170-5) found that rise of temperature produced a quickening of
the digestive processes in Paramecium, very marked at 24° C. or above. At
30° C. and above Paramecium takes up scarcely any more food ; the contents
of the food-vacuoles, which continue to be formed, then consist almost entirely
of water.

The effects of temperature on the development in cultures are very marked.
Popoft studied the growth of Frontonia lewcas in cultures kept at 14° C.and
25° C. respectively ; at the lower temperature the animals divide once in
about eighty or ninety hours, in the warmer culture once in about seventeen
hours ; in the cold both the nucleus and the body grow to a size absolutely

larger than in the warmth, but in the former case the nucleus is about .y,
in the latter about 1, the bulk of the whole body (Hertwig, 92). In the case
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of Actinospheerium, the experiments of Smith (207), Mackinnon (174), and
Boissevain (151), show that increased temperature hastens on encystment,
and causes fewer and larger cysts to be formed in which the nuclei are larger
but poorer in chromatin; while at lower temperatures the encystment is
retarded, and finally inhibited altogether, and the cysts produced are smaller
and more numerous, with nuclei smaller than the normal but rich in chromatin.

(d) Barotaxis and Effects of Mechanical Stimuli.—This category
includes Geotaxis, or reactions to gravity ; Thigmotaxis, or reactions
to the mechanical contacts of hard surfaces; and Rheotaxis, or
reactions to the pressure of currents in the surrounding medium.
The influence of gravity is seen in the manner in which many
Protozoa, when placed in a vessel, seek of their own accord the
bottom in some cases, the surface-film in others. The plasmodia of
Mycetozoa exhibit often a well-marked rheotaxis, and move in the
opposite direction to currents of water. It has been suggested that
a similar rheotaxis may explain the passage of blood-parasites from
the invertebrate to the vertebrate host during the act of blood-
sucking ; but it is probable that such migrations are purely passive,
s0 far as the parasites are concerned.

Contact-stimuli acting from one side often have a marked effect
un the movements of Protozoa. An amceba tends to adhere to, and
spread itself over, a firm surface with which it comes in contact.
The movements of Ciliata often cease when they come in contact
with a firm substance, and the animal remains still ; Pitter (197)
has shown that the contact-stimulus may be sufficient to prevent
a Paramecium from reacting to thermal or electric stimuli, which
would otherwise produce a marked effect upon its movements.

Under effects of mechanical stimuli must be included those brought about
by changes in the tonicity of the surrounding medium. BSuch effects have
already been discussed above as regards their action on the contractile
vacuoles. For the remarkable experiments of Verworn on the change in
body-form and in the nature of the pseudopodia exhibited by amobz under
the action of different media, see p. 217, infra. Free-living Protozoa are
probably seldom if ever subject to such changes, though they might well
oceur in the environment of marine forms living near the upper limit of the
tide-marks, in rock-pools, or other places where the tonicity of the medium
might be lowered temporarily by influx of fresh water, as the result of rain
or other natural causes. On the other hand, parasitic forms, and especially
those which pass from one host to the other, may be subject to rapid changes
of tonicity in their environment. In this connection special interest attaches
to the experiments of Robertson (503) on fish-trypanosomes ; it was found
that in undiluted blood or in blood diluted with isotonic solutions the
trypanosomes underwent no change in wvifro, but that when the blood was
diluted with water the trypanosomes multiplied by division, and went through
changes similar to the first stages of the natural development in the leech.
It was concluded, therefore, that the prineipal stimulus which initiates the
developmental changes in the organism was a lowering of the osmotie tension,
with consequent absorption of water by the protoplasm. Neumann (677)
also found that the * exflagellation ™ of the Profeosoma-parasite of birds was
greatly furthered by addition to the blood of not more than one-fifth of its
volume of water.
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(¢) Galvanotaxis and Effects of Eleetrical Stimuli.—Protozoa
placed in an electric field—that is to say, in a drop of water between
the two poles of a battery under a cover-glass on a slide—are
affected to a marked degree, but with opposite results in different
species.  Opalina places itself parallel to the direction of the current,
with its anterior end towards the anode. With a current of
moderate intensity it swims towards the anode ; but with a stronger
current the speed at which the animal moves is diminished, and
with still more increased strength of current it is carried passively
towards the kathode, with its hinder end forward, as the result of
kataphoric action (Wallengren, 215). Chilomonas behaves in a
similar manner. Paramecium and Colpidium, on the other hand,
move towards the kathode. Spirostomum with a moderate
current also moves towards the kathode, but with stronger currents
it first contracts its myonemes spasmodically, and then takes up
a position transverse to the direction of the current, and remains
still.

According to Wallengren (215), the apparently different galvano-
tactic phenomena exhibited by different ciliates admits of a uniform
explanation, by a combination of two effects. In the first place,
in the half of the body turned towards the kathode the expansion-
phase of the ciliary movement is stimulated ; in the anodic half of the
body, the contraction-phase is stimulated. In the second place, the
turning movements of the ciliates are determined mechanically
(compare the ** avoiding reactions ’ mentioned above), and may be
effected either by the expansion or by the contraction of certain
cilia.  Consequently, if the turning movements are effected by
beats of expansion, the animal places itself antomatically in a posi-
tion in which it moves towards the anode ; if beats of contraction
are effective in the turning movement, it moves towards the
kathode. According to Statkewitsch (209), the galvanotactic re-
action is one which overcomes chemotactic stimuli, and leads the
animals irresistibly into toxic media in which they are killed.

G. Degeneration and Regeneration.—The fact that under certain
conditions Protozoa undergo a process of physiological degenera-
tion, which may end in death, has been observed frequently by all
those who have kept cultures of Protozoa under observation for
a long time. It has been pointed out in a previous chapter (p. 135)
that the life-cycles of Protozoa exhibit depression-periods (Calkins)
which are characterized chiefly by cessation of feeding, metabolism,
growth, and reproduction, together with increase in the size of the
nucleus, and tendency to deposition of grains of fat or other sub-
stances in the protoplasm, giving the body a characteristic dark-
grey appearance. Such periods recur regularly and apparently
normally in the life-cycles both of Protozoan and Metazoan cells
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(Popoff, 184); they may also be induced artificially in various
ways by unfavourable conditions, such as overfeeding or starvation,
changes of temperature, or treatment with reagents (compare
Smith, 207 ; Popoff, 186 ; Boissevain, 151).

A state of depression may be regulated naturally by conjuga-
tion, or by restoration of the nucleo-cytoplasmic balance through
a process of self-regulation on the part of the organism. The
regulative processes consist of absorption of a large part of the
superflious chromatin, so as to restore the normal quantitative
relation of the nucleus and cytoplasm. On the other hand, the
depression may lead to complete degeneration of the organism
without possibility of recovery, and death ensues by a process of
disruption of the protoplasm into granules—so-called ‘¢ granular
disruption ” (korniger Zerfall). Some examples are given below :

Actinospheerium can be brought into a condition of depression either by
starvation or overfeeding (Hertwig, 164). In the depressed state a great
quantity of chromatin is extruded from the nuelei in the form of chromidia
which degenerate into pigment, so that the animal during a depression-period
has a characteristic brownish tint, more or less pronounced in proportion
to the degree of depression. In extreme cases the protoplasm is bereit of its
nuelei, and becomes incapable of continuing to live. The nuclei may become
entirely resolved into chromidia ; or some of the nuclei grow to a relatively
gigantic size and are cast out, while other nuclei break up; or the entire
medullary Jayer surrounding the enlarged nuclei may be thrown off. The
pseudopodia may disappear altogether or become deformed in various ways,
the difference between cortical and medullary substance may be annulled
or abnormally increased, and the metabolism may be modified, all these
changes being in relation fo nuclear alterations.

In Opaling, according to Dobell (155), physiological degeneration can be
induced by starvation of its host, the frog. The degenerating Opaline lose
their cilia and become irregular in form ; peculiar refringent eosinophile
globules appear in the cytoplasm ; the nuclei undergo increase in size and
modification in structure, give off chromatin, and undergo irregular fusions’;
and the body divides irregularly, sometimes producing buds which contain
no nucleus. Ultimately the Opaline disintegrate.

Prandtl (187) has described the degeneration of Amaeba profeus. The
nucleus increases in size and becomes hyperchromatinic. Chromidia are
extruded into the cytoplasm, and may there degenerate, with formation of
numerous small erystals. The chromatin in the nucleus also degenerates
to form a mass of brown pigment, which is extruded en bloc into the cyto-
plasm, or forms a ring of fine granules round the nucleus. The pigment may
also spread through the whole eytoplasm, giving it a brownish tinge. Finally
the nucleus breaks up and disappears altogether. Degenerating ameebae are
subject to the attacks of parasites. A noteworthy feature is the tendency
of the degenerating amcebwe to associate in clumps, and plastogamic fusion of
two ameebe was observed by Prandtl. The tendency to fusion may be
compared with the agglomeration of trypanosomes, ete. (p. 128), which is
common also in degenerating forms or under unfavourable conditions.* It
is not improbable that many of the plastogamic unions of Sarcodina often

* The * conjugations ™ observed b{( Piitter (201, p. 582) in Opaline kept
without oxgyen must have been also phenomena of the nature of agglomeration,
ginee in Opaling syngamy takes places between special gametes, and not in the
form of conjugation of adult forms as in other Ciliata (p. 453).

14
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described may be phenomena of agglomeration associated with a similar
condition.

In. Radiolaria, Borgert (152) describes fatty degeneration affecting the
nuclens as well as the protoplasm, both endoplasm and ectoplasm. The
nucleus becomes converted entirely into a vesicle filled with a mass of fat-
globules, or into a number of such vesicles.

In Tocoplrya quadripartite subjected to starvation, after the refringent
bodies (p. 458) have been absorbed, the nucleus becomes modified in structure,
the tentacles are retracted, active budding takes place, and with the last bud
formed the nucleus disappears and the remaining protoplasm dies away.

From a consideration of the various examples of degeneration
from different causes, it appears that the first part to be affected
iz always the nucleus, and that the other derangements of the
structure and functions of the body are secondary consequences
of an abnormal condition of the nucleus.

The regeneration of lost parts of the cell-body of Protozoa has
been the subject of experiment by a great number of investigators.
The methods employed have consisted mainly in mutilating the
body or cutting it up in‘o a number of pieces, in order to find out
to what extent the fragments possess the power of regenerating the
lost parts. The experiments have led to one very definite result,
which can be expressed briefly : no separate part of the body is
capable of continuing its vital activities indefinitely, or of regenera-
ting any of the deficiencies in the structure of the body, if it does
not contain the nucleus or a portion of the nucleus. Non-nucleated
fragments may continue to live for a certain time ; in the case of
amoeba such fragments may emit pseudopodia, the contractile
vacuole continues to pulsate, and acts of ingestion or digestion
of food that have begun may continue ; but the power of initiating
the capture and digestion of food ceases, consequently, all growth
is at an end, and sooner or later all non-nucleate fragments or
enucleated bodies die off. A Polystomella which possesses a nucleus
can repair breakages to the shell ; an individual deprived of its
nucleus cannot do so (Verworn). On the other hand, an isolated
nucleus, deprived of all protoplasm, dies off ; but a small quantity
of protoplasm containing the nucleus or a part of it is able in some
cases to regenerate the whole body, and to produce a complete
individual of small size.

In experiments on regeneration the Ciliata are the objects of choice ; their
complicated structure permits the regeneration that has taken place to be
estimated accurately ; their size renders the mutilation more easy to perform ;
and the large size and frequently extended form of the nucleus makes it
possible to divide up this body also. In recent experiments Lewin (171)
has succeeded in dividing Paramecinm into a number of fragments (* mero-
zoa ), containing each a portion of the macronucleus. Only one of the
merozoa obtained in this manner contains the micronucleus, which is too
minute to be divided by a mechanical operation. Except when the Paramecium

was in process of division, only one merozoon recovered the normal body-
form and proceeded to divide ; and the interesting result was obtained that
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the merozoon which survived was not necessarily the one which contained the
micronucleus. Regenerated individuals multiplied for a number of genera-
tions, producing a culture of ** amicronucleate ” Paramecia. 1f, on the other
hand, a Paramecium in process of division was halved, each half regenerated
the entire body and was capable of division. These experiments indicate
that Paramecium contains a division-centre independent of the nuclei, and
that its presence is necessary for regeneration of the body.

Prowazek (189) observed occasionally a certain power of regeneration in
non-nucleated fragments of Stentor, but considered it possible that extra-
nuclear chromatin might have been present. The same author (190) ob-
served abnormal regeneration, leading to monstrosities with three hinder ends,
in a culture of Stylonychia mytilus during a depression-period which led finally
to the extinetion of the culture. The recent experiments of Lewin (172) on
Stylonychia mytilus show that, in the regeneration which follows artificial
mutilation, multiplication of micronuclei may occur, with the result that the
regenerated individual may have more micronuclei than the number typical
of the species or race.

Bibliography.—For references see p. 431.



CHAPTER XI
SYSTEMATIC REVIEW OF THE PROTOZOA: THE SARCODINA

As stated in Chapter I., the Protozoa are commonly divided into
four principal classes. Of these, two—namely, the Sarcodina and
Mastigophora—may be regarded as the more primitive groups,
comprising the main stock of less specialized and typical forms
from which the other two classes have been evolved. The Sporozoa
are an assemblage of exclusively endoparasitic forms exhibiting
clearly the modifications and adaptations induced by, or necessary
for, their particular mode of life ; and it is practically certain that
the Sporozoa are not a homogeneous class showing mutual affinities
based upon a common ancestry, but that one section of the group
is a specialized offshoot of the Mastigophora, the other of the
Sarcodina, and that the two sections are united only by characters
of convergence due to the influence of a similar mode of life. The
Infusoria, on the other hand, are a specialized group in which great
complexity of organization has been attained ; they are the highest
class of the Protozoa, and furnish examples of the most extreme
degree of structural differentiation of which a unicellular organism
is capable.

While there is but little difficulty, as a rule, in defining the classes
Sporozoa and Infusoria, or in assigning members of these groups
to their proper systematic position, the case is different, very often,
when we have to deal with the other two classes. The werbal
distinction between them is based chiefly on the use of the word
“ adult ”’: Sarcodina are Protozoa which have no permanent organs
of locomotion in the adult condition, but move by means of pseudo-
podia extruded from the naked protoplasmic body ; Mastigophora,
on the other hand, bear organs of locomotion in the form of flagella
in the adult condition, whether the protoplasmic body is naked
and amaeeboid or corticate and of definite form. In both classes the
youngest stages may be flagellate ; if, in an amamboid form, the
flagella are retained in the adult, the organism is classed in the
Mastigophora ; if lost, in the Sarcodina.

The word * adult ”* when applied to the Metazoa has a meaning
which can be defined clearly, as a rule, by the criterion of sexual
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maturity. In the Protozoa no such criterion is available, and the
distinction between young and adult is based on differences in size
and growth, or on phases of the life-cycle selected in an arbitrary
manner. In many cases the distinction presents no difficulty ; it
is perfectly easy to distinguish young from adult stages in such
forms as the Foraminifera and Radiolaria among Sarcodina, or the
genus Noctiluca among Mastigophora. But in other cases it is
purely a matter of opinion which phase in the life-cycle is to be
regarded as adult. Such a form as Pseudospora has a flagellated
and an amceeboid phase (Robertson), and can be placed in either
the Sarcodina or the Mastigophora with perfect propriety. The
ameeba-like genus Masligameba is placed in the Mastigophora
because the flagellum is retained ; but if any species of this genus
were to lose its flagellum when adult, rigid adherence to verbal
definitions would necessitate its being classed in the Sarcodina.

The difficulty of separating and defining the stems of the Sarco-
dina and Mastigophora at their root is only to be expected on the
theory of evolution. The two classes are undoubtedly descended
from a common ancestral type, which has bscome modified in
two divergent directions, giving rise to two vast groups of organisms
which may differ from one another very slightly or very greatly in
selected examples. The systematist may meet with many obstacles
when it is required to lay down verbal distinetions between the two
classes, but it is easy to recognize, in a general way, two principal
morphological types, round which each class is centred, and which
may be realized to a greater or less extent in given cases.

1. Sarcodine Type—Protozoa which grow to a relatively large
size ; in the so-called ** adult phase’ permanent organs of loco-
motion are wanting, and the naked protoplasmic body moves or
captures food by means of pseudopodia ; the young stages may be
flagellate or ameeboid.

2. Mastigophoran Type.—Protozoa usually of minute size, seldom
with a large adult phase (as, for example, Nocti uca); flagella
retained throughout active life, only lost in resting phases ; body,
amaehoid or corticate.

THE SARCODINA.

The name Rhizopoda is sometimes used for this class but this
name is only applicable, strictly speaking, to the first four orders
recognized below, in which the pseudopodia are more or less root-
like, and not to the orders Heliozoa and Radiolaria, characterized
by stiff radiating pseudopodia.

General Characteristics.—As stated above, the Sarcodina are Pro-
tozoa for the most part of relatively large size. Many Sarcodina
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are visible to the naked eye, and some of the Radiolaria, Foramin-
ifera, and Mycetozoa, attain to a size that must be considered
gigantic for Protozoa. The more primitive forms, on the other
hand, are often very minute.

The body-form is of two principal types, related to distinet habits
of life—namely, the amwmboid type, characteristic of forms that
creep on a firm substratum ; and the radiate type, seen in floating
forms. Amaeboid forms are found aquatic, semiterrestrial, and
parasitic ; radiate forms are for the most part pelagic, living floating
or suspended in large masses of water, marine or fresh-water.

The protoplasmic body is in many cases distinetly differentiated
into clear motile ectoplasm and granular trophic endoplasm. The
surface of the protoplasm is naked, or may be covered in rare in-
stances (Ameba verrucosa, A. lerricola, ete.) by a very thin pellicle
which modifies, but does not restrain, the ammboid movements.
A resistant cuticle or cell-membrane investing the body is not
formed, but an external shell or internal supporting skeleton is
frequently present.

The locomotor organs in the adult are always pseudopodia, which
may be of various types—lobose, filose, or reticulose (Chapter V.,
p. 46) ; they may lie in one plane, as in creeping forms, or may be
given off on all sides, as in pelagic forms. The youngest forms
(swarm-spores) may be flagellate or ameeboid. In some cases the
pseudopodia of the young forms may differ markedly in character
from those of the adult ; for example, the adult Ameba proteus has
fluid protoplasm with thick lobose pseudopodia, but the voung
ameebula produced from the cyst of this species has viscid proto-
plasm with sharp, spiky pseudopodia (Scheel).

The free-living Sarcodina are almost without exception holozoie,
capturing other organisms by means of their pseudopodia, and
devouring them ; but the remarkable genus Chlamydomyxa (p. 243)
has chromatophores, and can live in either a holozoic or holophytic
manner, like some flagellates ; and the genus Paulinella, allied to
Euglypha, also possesses chromatophores and is capable of holo-
phytic nutrition (Lauterborn).

The nuclear apparatus consists of one or more nuclei, in addition
to which chromidia may be present. A single nucleus is charae-
teristic of the majority of species, even of many which grow to
very large size, such as many Radiolaria, in which the nucleus also
attains to proportions relatively gigantic. In other cases increase
in the size of the body is accompanied by multiplication of the
nuclei ; there may be two nuclei constantly, as in Amaeba binucleata
(Schaudinn), or several, as in Difflugia urceolata, or many hundreds,
as in Actinospherium and Pelomyxa, or even thousands, as in the
Mycetozoa. In such forms the adult is a plasmodium, but the
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numerous nuclei show no differentiation amongst themselves, and
appear to be perfectly equivalent both in structure and function.
Chromidia may be present as a permanent cell-constituent in many
Amaehzea, such as Areella, Difflugia, and the Foraminifera ; in other
cases they are formed temporarily, as extrusions from the nucleus,
during certain phases of the life-cycle, either as a preliminary to
reproduction or as a regulative process under certain physiological
conditions.

The reproduction of the Sarcodina is effected either by binary
or multiple fission. Binary fission may be absent in some of the
larger, more specialized forms, as in many Foraminifera and Radio-
laria, but in most cases it is the ordinary ** vegetative ”” method of
reproduction during the active trophic life of the organism. In
plasmodial forms it takes the form of plasmotomy (p. 100). Mul-
tiple fission or gemmation (sporulation) is in some cases the sole
method of reproduction ; in other case it is combined with binary
fission, and occurs only at certain crises in the life-cycle, in relation
to seasonal changes, or as a preliminary to syngamy. In this type
of reproduction the organism, breaking up rapidly into a large—
often an immense—number of minute individuals, is necessarily
put hors de combat as soon as the reproduction begins ; hence it is
not uncommon for the sporulation to take place within a cyst,
when a shell or protective envelope is not present, as in Amaba
proteus (Scheel). The minute germs produced by sporulation may
be set free at once as swarm-spores; or they may form a pro-
tective envelope or sporocyst, and be liberated as resistant spores
which are disseminated paszively, and germinate when conditions
are favourable, as in parasitic forms and in the semi-terrestrial
Myecetozoa.

The swarm-spores, whether produced directly by sporulation of
an adult or indirectly by germination of a spore, may be either
flagellul®e or amcebule. In many forms two types of sporulation
oceur—schizogony producing agametes, and sporogony producing
gametes. The agametes may be structurally or morphologically
distinguishable from the gametes. Thus in Foraminifera the
agametes are amcebulie, the gametes are flagellulee. In Radiolaria
both alike are flagellulae, but the agametes produced in schizogony
—the * isospores "—are distinguishable from the gametes produced
in sporogony—"* anisospores.”

In this class syngamy takes place rarely between adult indi-
viduals ; but examples of this are seen in Actinophrys, where it takes
the form of karyogamy within a cyst (Fig. 71), and in dreella (p. 148)
and Difflugia, where it takes the form of chromidiogamy between
free individuals, followed in Difflugia by encystment. In the great
majority of Sarcodina the syngamy is microgamous, and takes place
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between swarm-spores, either ameebul® or flagellulee. The microg-
amy is isogamous or slightly anisogamous ; macrogamy, as in other
cases, is perfectly isogamous. Microgamy occurs, as has been seen
(p- 148), in Arcella in addition to chromidiogamy ; and, according
to a recent note of Zuelzer (86, p. 191, footnote), syngamy between
free swarm-spores occurs in Difflugia also.

As regards the life-cycle of the Sarcodina, there remains still so
much to be discovered that to generalize is both difficult and
dangerous. Even in the commonest forms, such as Amaba proteus,
the complete life-cycle has not been yet worked out. In some

I1G. 85.—Changes in the form of an amweba under the influence of differences
in the surrounding medium. A—C, In its natural medium (water): 4,
contracted ; B, beginning to throw out pseudopodia ; C, limaz-form. D—F,
Forms assumed after addition of pﬂ-tﬂﬂ%hsﬂlﬂtiﬂﬂ: D, contracted, beginning
to throw out psendopodia ; £, F, radiosa-forms. After Verworn.

cases the life-cycle appears to be of comparatively simple type, and
the species is monomorphic or nearly so, as in Aelinospherium ;
in other cases there is a well-marked alternation of generations,
with dimorphism in the adult condition, as in Trichospherium
(p. 182), the Foraminifera, etc.

Classification.—The Sarcodina are subdivided into a number of
orders, the distinctions between which are based principally on the
characters of the pseudopodia and of the skeleton, when present ;
in more highly differentiated forms, such as Radiolaria, the internal
structure of the body is also taken into account. In the primitive
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forms of simple structure, however, in which no skeleton is present,
the subdivisions are defined entirely by the characters of the proto-
plasmic body and the pseudopodia, which furnish distinctions of
very doubtful validity. Not only may the characters of the
pseudopodia vary in different phases of the life cycle, as already
stated in the case of Amaba profeus, but even in the same phase
under the influence of different media. Thus, no two forms of
amaba could appear more distinct at first sight than the limax
and radiosa forms, originally regarded as distinet species. In the
limax-form the whole body flows forward as a single pseudopodium,
gliding along like a slug; in the radiosa-form the spherical body
becomes star-like, sending out sharp-pointed pseudopodia on all
sides, Nevertheless, Verworn showed that the one form could be
changed into the other by differences in the medium (Fig. 85).
Doflein (238) obtained similar form-changes in Ameba vespertilio,
and showed that the body-form and character of the pseudopodia
were quite inadequate features for distinguishing the species of
amoeba, depending as they do upon the conditions of the environ-
ment and the nature of the medium. Compare also Gruber (246)
on form-varieties of Amaba profeus.

In view of the protean nature of these organisms, it is not sur-
prising that much diversity of opinion prevails as to the arrangement
of the groups and the exact position of some of their members. 1t is
usual to put a number of primitive organisms together in a group
termed Proteomyxa, the members of which probably have more
affinities with various members of other groups than with one
another. On the other hand, the more highly organized Sarcodina
are classified without difficulty into well-characterized orders ;
such are the Foraminifera, Mycetozoa, Radiolaria, and Heliozoa,
though even in these groups there are forms near the border-line and
of doubt ul position.

The classification adopted here is mainly that of Biitschli (2),
with the addition of some forms not included in his great work, as
follows :

A. Suscrass Ruizoropa.— Typically creeping forms with

branched, root-like pseudopodia.
I. Order Amebea.—Amaoboid forms of simple structure ;
skeleton lacking or in the form of a simple shell.
1. Suborder Reticulosa (Proteomyxa).—With filose
or reticulose pseudopodia, without shell.
2. Suborder Lobosa.—With lobose pseudopodia.
(@) Section Nuda, without shell or skeleton.
(b) Section Testacea, with shells.
11. Order Foraminifera.—With reticulose pseudopodia and
shells.
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II1. Order Xenophyophora.—With skeleton of foreign bodies
and a peculiar internal structure.

IV. Order Myecetozoa.—Semi-terrestrial forms with repro-
duction by resistant spores and formation of plas-
modia.

B. Suecrass Acrinoropa (Calkins).—Typically floating forms
with radiating, unbranched pseudopodia.

V. Order Heliozoa.—Principally fresh-water, without a
* central capsule.”

VI. Order Radiolaria.—Exclusively marine, with a central
capsule.

I. AMEBEA.

1. Reticulosa.—In this suborder are comprised a number of
forms of doubtful affinities, sometimes ranked as a distinet order,
Proteomyxa. The only positive character which they have in
common is the possession of filose or reticulose pseundopodia, with
which is combined the absence of a shell and skeleton. Hence it
is not surprising that the position of many forms referred to this
suborder is extremely dubious, and some of them are referred to
distinct orders by many authorities.

In general two types of organisms are referred to this suborder:

(@) Large marine plasmodial forms; an example is Ponfomyxa
flava, described by Topsent from the Mediterranean and British
Channel. Ponfomyra is a multinucleate plasmodium of yellow
colour. It sends out branching root-like pseudopodia, which may
spread out and form a network extending over two or three inches
in length. Nothing is known of its development or life-cycle.

(b) Small forms with a s'ngle nucleus, marine or fresh-water
which reproduce by process of multiple fission forming swarm-
spores. These forms have been subdivided into two families,
according to the type of swarm-spore found—Zoosporide, pro-
ducing flagellulee ; and Azoosporide, producing amcebule. An
example of the Zoosporide is furnished by the genus Pseudospora.
which preys upon algae, diatoms, Volvocinea, ete. The adult phase
is ameeboid, flagellate, or even Heliozoon-like. It feeds on the cell-
substance and chlorophyll of the prey, and multiplies by binary
fission. It can also break up by multiple fission into flagellate
swarm-spores, with or without previous encystment. Robertson
has observed syngamy between flagellulee thus formed, which are
therefore gametes; in other cases the flagellule are perhaps
agametes. As already pointed out above, the position of this form
amongst the Sarcodina is doubtful ; by many authorities it is
classified in the Mastigophora.

An example of the dzoosporide is furnished by Vampyrella, a
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small amceboid form which, like Pseudospora, preys upon alga
(Fig. 86), devouring the contents of the cell, and multiplying in the
free state by binary fission. It also encysts and breaks up within
the cyst by multiple fission to form a number of amebule, which
ereep out and grow up into the adult form.

A large number of other genera are referred to the Reticulosa,
for the most part so little investigated as regards their develop-
ment and life-history that it is impossible to deal with them com-
prehensively in a brief space. For an account of them see Delage
and Hérouard (6, p. 66), Hickson (248), and Rhumbler (288).

2. Lobosa.—This suborder comprises a great number of organisms,
which it is conven’ent to subdivide into—(a) Nuda (Gymnamcebz),

Fic. 86.—Vampyrella lateritia: various forms. A, Free Heliozoon-like phase ;
B, creeping amaehoid phase ; €, ameboid form attached to a Conferva-fila-
ment ; [, a similar form ; it has broken the algal filament at a joint, and has

emptied one cell of its contents. A and B after Hoogenraad ; ' and D after
Cash and Hopkinson.

with no shell; and (b) Testacea (Thecameebz, Thalamophora), with
a shell or house.

General Characters.—Familiar examples of the Lobosa Nuda are
furnished by the species of the genus Ameba and allied forms. A
very large number of free-living ameeb® have been described and
named, but it is very doubtful how far they are true species ; some
of them, with pronounced and constant characteristics, such as
Amaeba proteus (Fig. 2) and A. verrucosa (Fig. 23), are probably
*good ” species ; others, such as A. limax and A. radiosa, are
probably forms that may occur as phases in the development of
other species of amaba or of other organisms, such as Mycetozoa.
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At the present time the life-history has been worked out satisfac-
torily in but few free-living amcebe, but in such protean organisms
it is quite unsafe to attempt to characterize or define a species
without a knowledge of the whole life-cycle. As regards the
familiar Ameba proteus, for example, practically all that is known of
its life-cyele is that it encysts and multiplies within the cyst to
form a great number of small ameebulae, very different in appear-
ance from the parent-organism ; the ameebul creep out of the cyst,
and probably grow up into the adult form (Scheel). Calkins
adduces arguments in favour of the occurrence of a sexual cyele,
which remains at present, however, purely conjectural.

The majority of free-living amohb® are aquatic in habitat. A
certain number, however, are semi-terrestrial, inhabiting damp
earth, moss, ete. Such is Amawba terricola (vide Grosse-Allermann).
The * earth-amoebee,” like other terricolous Protozoa, probably
play a great part in keeping down the numbers of the bacteria and
other organisms in the soil, and thereby lessening its fertility from
an agricultural standpoint (compare Russell and Hutchinson, 24 ;
Goodey, 16).

A great many species of amceba are found living within the
bolies of animals of all kinds, for the most part in the digestive
tract. The entozoic amoebe are commonly placed in a distinct
genus, Entameeba, distinguished from the free-living forms by little,
however, except their habitat and the general (but not invariable)
absence of a contractile vacuole. A common example is Entamaba
blattee, from the intestine of the common cockroach ; others are
E. ranarum of the frog (Dobell, 236, 237) ; E. muris of the mouse
(Wenyon) ; the species parasitic in the human intestine, presently
to be mentioned ; E. bucealis (Prowazek), from the human mouth ;
and many others. Chatton has described a species, Amaba mu-
cicola, ectoparasitic on the gills of Labride, and extremely patho-
genie to its host.

Life-History.—So far as it is possible to generalize from the scanty
data awvailable at present, the development of many free-living
species of ameebae appears to be of a type very similar to that of
Areella, described in a previous chapter (p. 179). In the free state
the organisms reproduce themselves in two ways : first, ** vegeta-
tively,” by simple binary fission, preceded by a division of the
nucleus, which varies n different cases from a promitosis (p. 109)
of the simplest type to very perfect mitosis ; secondly, by forma-
tion of chromidia and subsequently of secondary nuclei, round
which the cytoplasm becomes concentrated to form a number of
internal buds, destined to be set free as ammbul=®, agametes, which
grow up into the adult form. In addition to these two methods of
reproduction in the free state, the animal may become encysted,
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and produce within the cyst a number of gametes in the same manner
as the agametes already described, but with the following differ-
ences of detail : the principal nucleus degenerates as soon as the
chromidia are formed ; the number of secondary nuclei produced is
much larger, and the gametes are much smaller than the agametes ;
and the cytoplasm of the parent is entirely used up in their forma-
tion. The gametes are nultimately set free from the cyst as amce-
bul@, and pair ; the zygote grows into the adult form of the amceba,
Such a eycle has recently been described by Popoff (264) for a
species named by him Amaba minuta ; the gametes in this species
are isogametes, without any sexual differentiation as in Areella.
This type of life-cycle is probably very common in many amoeba,

Fia. 87.—Amaoba albida : autogamy in the encysted condition ; drawn in outline,
with nuclear details only. 4, Encysted amoeba ; B, the nuclens of the
ameeba divides unequally into a larger vegetative and a smaller generative
nucleus ; the vegetative nucleus, as seen in the subsequent figures, travels
to the surface of the eyst, degenerates, and disappears ; the generative nucleus

ives rise to the gamete-nuclei ; ', incomplete division of the generative nucleus ;
, one half of the generative nucleus is budding off two reduction-nuclei
(on the right); FE, four reduection-nuclei have been budded off, two from
each pole of the incompletely divided generative nucleus ; F, the reduced
nerative nucleus completes its division; the four reduction-nuclei are
egenerating ; @, the two pronuclei far apart ; H, the two pronuclei coming
together ; I, the pronuclei fusing. After Nigler (95).

with specific differences of detail in different cases, of which the
most important are, that in some cases, probably, the nucleus
divides to form the gamete-nuclei, instead of becoming resolved
into chromidia, and that autogamy within the cyst may occur,
instead of free gametes being formed, as A. albida (Fig. 87).
According to Nigler (95), autogamy of this type is characteristic
of all ameebae of the limaz-group ; in such cases only two gamete-
nuclei are formed in the cyst, which after going through reducing
divisions fuse to form a synkaryon. The zygote then leaves the
cyst and begins a fresh vegetative cycle.

A different type of life-cycle is exemplified by that which Schepo-
tiefl has described in the case of a marine amcoeba identified by him
as A. flava. 1In this case also the ordinary vegetative form is a
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uninucleate amceeba, which reproduces itself by binary fission of the
ordinary type ; but large multinucleate forms occur which become
encysted. Within the cyst the nuclei break up into chromidia,
from which a great number of secondary nuclei are formed. The
protoplasm becomes concentrated round the secondary nuclei to
form a number of small cells, which acquire flagella and are set free
from the cyst as flagellule, believed to be gametes and to copulate ;
the zygote is at first encysted, but becomes free from the cyst, and
develops into the uninucleate amceba. The life-cycle of A. proteus
is possibly of this type, since in this species also multinucleate
amaba are commonly observed (see especially Stole ; compare also
Paramwba (Fig, 49).

Fia. 88.—Ameba diploidea. A, The ammba in the vegetative condition, with
its two nueclei ; B—F, the sexual processes within the eyst, drawn in outline
on a reduced scale ; B, two amebze, each with its two nuelei, encysted together,
the nuelei beginning to give off ehromidia ; €, the two nuclei of each amaba
fused, numerous vegetative chromidia in the eytoplasm ; D, the bodies of
the amaeba fused, each synkaryon beginning its reduction-process ; E, the
synkarya giving off reduction-nuelei which arve degenerating ; ¥, the reduetion-
process complete ; the eyst contains a single amoeba with two nuclei (syn-
karya), ready to emerge and begin its vegetative free life. After Nigler (93).

Metealf (257) deseribes * gemmules ' budded from small free amabae of
the protens-type, each gemmule becoming detached and developing into a
flagellated gamete of a cercomonad type. The flagellule were observed
frequently to lose their flagella and become amcboid. Copulation of two
flagellulee took place to form an amaboid zygote. Metealf’s observations
upon the syngamy in this case recall strongly the observations of Jahn (294)
on the sexual processes of Mycetozoa (p. 242). Tt is possible that the syngamy
observed by him did not form a part of the life-cyele of the amweba, but of
some other organism.

The sexual process described by Nigler (95) in Amaba diploidea is of a
remarkable kind (Fig. 88). In the ordinary vegetative condition the amawba
possesses normally two nuelei, which divide simultaneously each time the
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animal reproduces itself by fission. The sexual process begins by two such
amabe coming together and surrounding themselves with a eyst in common.
Within the cyst their nuclei first give off vegetative chromidia, which are
absorbed, after which the two nuclei in each separate amoeeba fuse together
to form a single nucleus, a synkaryon. The protoplasmie bodies of the two
amcbze now fuse completely into one, after which each synkaryon goes
through two reducing divisions, producing each two reduction-nuclei, of
which the first may divide again, so that there may be in the cyst six reduction-
nuclei altogether, which are gradually absorbed. The two persistent synkarya,
after undergoing this process of reduction, approach each other, but remain
separate, and the amwba is hatched out of the cyst to begin its vegetative
life with two nueclei representing gamete-nuelei that have undergone reduction
—that is to say, pronuclei—which remain separate and multiply by fission
throughout the vegetative life, and do not undergo syngamic fusion until the
end of it.

In Ameaba binucleata, described by Schaudinn, the vegetative phase also
contains two similar nuelei which multiply simultaneously by division each
time the animal divides ; but in this case the complete life-cyele is not known.

Cwing to the practical importance of the entozoic ameeba, and
the attention that has been directed to them in consequence, their
life-cycles have been more studied and are better known than those
of the free-living species. According to Mercier, Entameeha blatte
multiplies by binary fission in the gut of its host, and later becomes
encysted, passing out of the body of its host in this condition.
Within the protective cyst it breaks up by multiple fission, follow-
ing repeated division of the nucleus, into a number of amebulz,
which are set free from the cyst when it is devoured accidentally
by a new host. The amcebule are gametes which copulate after
being set free, and the zygote grows into the ordinary vegetative
form of the ammba. E. blatte thus furnishes a very characteristic
and primitive type of the life-cycle of an entozoic amoeba, and one
which differs only in points of specific difference from that of
Ameeba minuta, described above.

The question of the human entozoic amcebe is at present in a
somewhat confused state. The oceurrence of ameeba in the hinder
region of the human digestive tract, especially the colon, has long
been known, and the name Ameaba coli was given by Lisch to such
organisms (synonym, Enfamaeba hominis, Casagrandi and Barba-
gallo). It is, however, certain that more than one species of amaba
occurs in the human bowel, and Lisch’s name must therefore be
restricted to one of these.

An epoch in the study of human entozoic ameha was marked by the
researches of Schaudinn (131), who distinguished two species. The first, to
which he restricted the name Enfameba coli, oceurs commonly in Europe
and elsewhere as a harmless inhabitant of the intestine—that is to say, like
E. blatiee and many others, it is not, under normal circumstances at least, a
parasite in any sense of the word, but a simple scavenger, feeding on bacterial

and Luthcr organisms, detritus, ete., in the colon and rectum. The second
species, to which Schaudinn gave the name E. histolytica, * is, on the contrary,

* Liithe has proposed to place E. histolylica in a separate genus, Poneramaha
n. g. (Sehr. Physik. Ges. Kinigsberg, vol. xlix., p. 421).
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& parasite of a dangerous kind, which occurs in tropical and subtropical
regions, and is the pathogenic agent of amcebic dysentery and liver-abscess ;
it attacks and devours the tissues of the host, destroying the wall of the
intestine, whence it penetrates into the blood-vessels and is carried to the
liver, where it establishes itself and gives rise to liver-abscesses. These two
species of amcebae are distingnishable by structural characters. E. eoli has
a relatively fluid body, with ectoplasm feebly developed and with a fairly
large spherical nucleus (or nuclei) lodged in the endoplasm. E. histolytica,

Fic. 89.—Entamaba coli. A and B, Living amebse showing changes of form and
vacuolation in the endoplasm ; ¢, D, ¥, ameb® showing different conditions
of the nucleus (#.); F, a specimen with two nuclei preparing for fission ;
7, a specimen with eight nuelei preparing for multiple fission ; H, an encysted
ameba containing eight nuelei; I, a cyst from which young ameba
(al) are escaping; J, K, young amcebm free. After Casagrandi and
Barbagallo.

on the contrary, has a relatively viscid body with greatly-developed ecto-
plasm, as is seen clearly in the formation of pseudopodia, which may consist
entirely of ectoplasm ; it is smaller than K. coli, and its nueleus has a com-
pressed form, stains feebly, and is lodged in, or immediately below, the
superficial ectoplasmic layer. The life-eycles of these two species are also
very different, as deseribed by Schaudinn.

E. coli, in the amweboid multiplicative phase, reproduces itself by hinary
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fission of the ordinary type, and also by a process of multiple fission is
which the nucleus divides until there are eight nuclei in the body ; the
characteristic 8-nucleate plasmodium then divides up into eight small
ameebe, each of which grows into an ordinary adult form. Hence it in
characteristic of K. coli to oceur in various sizes, from very small to full-grown
amaehe,

The propagative phase of F. coli is initiated by the formation of a gelatinous
envelope round a full-sized amceba possessing a single nuclens. The nucleus
then divides into two, and the process of maturation and autogamy takes place
that has been described on p. 139, supra (Fig. 73). When it is complete, a
tough resistant cyst is formed within the soft gelatinous envelope, and each
of the two synkarya divides twice to produce four nuclei. Thus is formed
the 8-nucleate resistant cyst which is characteristie, perhaps diagnostic,
of this species. Within the cyst no further changes take place until it is
swallowed by a new host ; then it
is believed that the contents of the
cyst divide up into eight uninucleate
amaeebule, which arve set free in the
colon and are the starting-point of
a new infection. Schaudinn was
able to infect himself by swallowing
the 8-nucleate eysts of the ammba.

Prowazek (4.P.K., xxii., p. 345)
has described a variety of E. coli
under the name E. williamsi.

E. histolytica reproduces itself in
the amceboid phase by binary fission
and by a process of gemmation in
which the nuecleus multiplies by
divizsion, and then small amehbul:e,
each with a single nucleus, are
budded off from the surface of the
body., In the process of gemma-
tion, however, the number of nuelei
in the body is irregular, and not
definitely eight, as in E. coli. In
its propagative phase E. histolytica
does not form a cyst round the

whole body, but its nucleus becomes : .
srlad Egﬂt o chromidia, which F1a. 00.— Entamaba histolytica. A, Young

. specimen; B, an older specimen crammed
E?IE_::: l;gdﬁatcﬁietstﬂezfl&:?ﬂiu?}?:z with ingested blood-corpuscles; €', D, E,

three figures of a living amamba which
formed as outgrowths of the body, sontaing & rnuelend and thres blonds

each l;uji containing a clump of corpuseles, to show the changes of form
chromidia. Round each bud a and the ectoplasmic pseudopodia : n.,

sporoeyst is formed of so tough and nucleus ; b.c., blood-corpuscles. After
impervious a character that no Jiirgens.

further eytological study of the

bud is possible. The resistant spores formed in this way separate from the
body, of which the greater part remains as residual protoplasm and dies off.
The minute spores are the means of infecting a new host, as shown by
Schaudinn in experiments on cats, which are particularly susceptible to the
attacks of this amamba.

Schaudinn’s investigations, of which a brief summary has been given in
the foregoing paragraphs, first introduced clear ideas into the problem of the
human enfozoic amebe. Many of the works of subsequent investigators
have tended, however, rather to confuse and perplex the question, for various
reasons. In the first place, in cultures made from human feces, free-living,
non-parasitic species of amoebae make their appearance, which have passed
through the digestive tract in an encysted condition, and emerge from their

15
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cysts in the cultures ;* such amobe, for the most part of the limaz-type,
have been confused with the true entozoic ameeba, and have given rise to
erroneous ideas. Secondly, it is certain now that the two species of ameebe
recognized by Schaudinn [E]DS not exhaust the list of human entozoic amoebee,
Thirdly, it is possible that Schaudinn did not see the entire life-cycle of the
forms studied by him, or that in some cases he confused stages of different
apecies in the same Iifﬂ-c}'clﬂ (compare Hartmann, 247).

1t is still doubtful how many species of entozoic amobz oceur in man.
Hartmann recognizes two dysenteric amabze, in addition to the harmless
E. eoli : E. histolytica, Schaudinn, and E. fefragena, Viereck (synonym, F.
africana, Hartmann). E, fefragena has been deseribed from wvarious parts
of the tropics; it differs from E. histolytica in its characters, and more nearly
resembles E. ecoli, but is distinguished by the formation of resistant cysts
containing four nuclei. In addition to these species, many others have
been deseribed by various investigators—for example, K. minufa, Elmassian,
which, according to Hartmann, is merely a variety of E. coli. A summary
of the wvarious amcehbae described from the human intestine is given by
Doflein (7) and Fantham (241). In Cochin China, Noc obtained from liver-
abscesses and dysenteric stools a small ameeba (not named) which in the
multiplicative phase reproduces in two ways : by binary fission of the ordinary
type ; and by budding off small ameebulax cﬂntﬂining secondary nuclei formed
from chromidia. In the propagative phase Noc’s ameeba encysts and breaks
up into amcbule. Greig and Wells, in Bombay, obtained results very
similar to those of Noe. In cultures from liver-abscesses from Bomba 5
Liston found two distinet forms of amebe—a larger form containing a aingz{a
nuclens and numerous chromidia, and a smaller form containing a nucleus
only. The larger amoba multiplies either by binary fission, with karyo-
kinesis of the nucleus and partition of the chromidia ; or by the formation of
endogenous buds containing chromidia from which a secondary nucleus is
formed, the bud being finally set free as a small amceeba with a nucleus and a
number of chromidia. The small amceeba multiples only by binary fission,
preceded by amitotic division of the nueleus. Both large and small amaebae
form resting cysts, in which, however, they remain unchanged, and from
which they emerge when circumstances are favourable. It is evident that
much of the life-eyecle of these liver-abscess amoebae remains to be worked out.

From the foregoing it is clear that, with regard to the human pathogenic
ameb:e, many important problems remain to be investigated, especially as
regards their specific distinetions, distribution, and life-history. Much
recent work has been carried on by eulture-methods, with valuable results,
which, however, should be interpreted with caution, since it remains to be
ascertained whether the forms and phases assumed by these organisms in
cultures are identical in character with those which they exhibit under natural
conditions ; and until this point has been cleared up it is not safe to deseribe
the characters of a species of an amcweba, any more than of a trypanosome,
from cultural forms alone.

With regard to the life-cyele of the pathogenic amoeebae, it is most important to
discover what are the phases of development or conditions of life under which
they occur outside the human body ; whether they exist only in an encysted,
resting condition, or in an active state also; and, in the latter case, whether as
free-living organisms or within some other host. On general grounds it is un-
likely that an organism adapted to an entozoic life should be capable also of
living free in Nature, and it is more probable that the pathogenic amebeae out-
side the human hmlv occur only in the condition of resting eysts or spores, which
produce infection thrnugh being accidentally swallowed with food or water
(compare Walker, 276°5). In that case unfiltered water, uncooked vegetables

* Whether this also applies to cultures made from the pus of liver-abscesses,
as asserted by Whitmore (279) and Hartmann (247), may well be doubted ; it is
not casy to understand how an eneysted ameba could be transported passively
from the intestine into a liver-abscess.
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and herbs, or fruit that grows near the ground, are likely sources of infection by
becoming contaminated with the resting stage of the amebee scattered on the
ground or in manure. In this connection the further question arises whether
the human entozoic ammbae are specific parasites of man or not, and conse-
quently whether their infective stages would be derived only from human
freces, or from the excreta of other animals also. From general considerations
of parasitism in Protozoa, it seems probable that the harmless E. coli is a
specific parasite of man, but that the pathogenie
forms are parasites of other animals also, and
perhaps only occasionally find their way into the
human body ; in which case garden-manure might
be a fruitful source of contamination, through
the medium of vegetables habitually eaten
uncooked, such as lettuce, celery. ete. None of
these questions can be answered decisively at
present, however, and there is a wide field of in-
vestigation open.

Greig and Wells found that in Bombay amcwbic
infection shows a marked seasonal variation,
closely associated with variations in humidity,
but not corresponding with those of temperature,
and reaching its maximum in August.

In addition to the various species of Ameha
and of allied genera and subgenera, a number of
other genera are included in the section under
consideration, for an account of which the reader
must be referred to the larger treatises; but two
deserve special mention—namely, the genera
Pelomyza and Paramaeba,

The species of Pelomyxa (Fig. 91) are fresh-
water amceebe of large size and * sapropelic ™
habit of life (p. 14). The body, which may be
several millimetres in diameter, is a plasmodium
in the adult condition, containing some hundreds
of nuclei ; it is generally very opaque, owing to
the animal having the habit of loading its
eytoplasm with sand and débris of all kinds, in
addition to food in the form chiefly of diatoms.
The pseudopodia are of the lobose type, blunt and
rounded, but the animal may also form slender Fia. 91.—Pelomyza palus-
reticulose pseudopodia under certain conditions tris: a speeimen in which
(Veley). The eytoplasm is very vacuolated, and the body is transparent
contains & number of peculiar refringent bodies  owing to the absence of

(** Glanzkorper ') of spherical form, with an
envelope in which bacterial organisms (Cladothriz
pelomyxe, Veley) oceur constantly. The bacteria
multiply by fission in a linear series in the form
of jointed rods, which may branch; as a rule
they have five or six joints, or less, buf at
least two. The refringent bodies are of albu-
minous nature (Veley). According to Gold-
schmidt (57), the refringent bodies arise from the

food-particles and foreign
bodies, showing the
vacuolated cytoplasm
and the numerous nuclei
and refringent bodies (the
refringent bodies are for
the most part larger than
the nuelei) in the living
condition. After Greeff,
magnified 60.

nuclei when they give off chromidia; in this

process the chromatin is given off into the eytoplasm, and the plastin-basis
of the karyosome is left as a spherical mass which becomes the refringent
body. At first the plastin-sphere is surrounded by the remains of the nuclear
membrane, which disappears, and the refringent body grows in size. Re-
fringent bodies, with their bacteria, are seen frequently to be ejected by the
animal during life. Bott (103), on the other hand, states that the refringent
bodies are reserve food-stull, their contents of the nature of glycogen, and
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that they arise in the cytoplasm independently of the nuclei; but their
rejection by the animal is more in favour of the view that they are waste-
products of the metabolism (Veley). It is not clear what is the réle of the
bacteria, whether they are parasites or symbionts.

Pelomyxra reproduces itself by simple fission or by formation of gametes.
The sexual process, according to Boit, begins with extrusion of chromatin
from the nuclei into the eytoplasm to form chromidia, which may take place
so actively that sometimes the nuelei break up altogether. A similar extrusion
of chromidia may take place as a purely regulative process under certain
conditions, such as starvation ; but the vegetative chromidia formed in this
way, and absorbed ultimately in the eytoplasm, must be distinguished from
generative chromidia produced
as a preliminary to gamete-
formation. From the genera-
tive chromidia secondary nuclei
of wvesicular structure arise,
which, after elimination of
chromatin followed by reduc-
tion (see p. 150, supra),
become the gamete-nuclei. The
gametes arise as spherical in-
ternal buds, each with a single
nucleus, to the number of 100
or more, and are extruded
when fully formed, causing
the parent-individual to break
up completely. Each free
gamete is Heliozoon-like, with
slender, radiating pseudopodia ;
they copulate in pairs, and the
zygote grows into a young
Pelomyza, cither directly or
after a resting period in an
encysted condition.

The genus Paramaba (Fig.
49) was founded by Schaudinn
(81) for the species P. eilhardi
discovered by him in a marine
aquarium in Berlin* 1In the
; adult stage the animal occurs
% as an amaeba, from 10 to 90 u
F1a. 92.—Portion of a scetion through the body  in diameter, of rather flattened

of Pelomyra. N., Nueleus ; r.b., refringent form and with lobose pseudo-

bodies ; b., bacteria on the refringent bodies; podia. It contains a single

s., sand and débris inthe protoplasm. After nucleus, and near it a peculiar

Gould. body, the * Nebenkern™ of

Schaudinn (see p. 95). In
this phase the amoba multiplies by binary fission accompanied by
division both of nucleus and Nebenkern. It also becomes encysted and
goes through a process of multiple fission, which shows three stages; in the
first the Nebenkern multiplies by repeated division, the nucleus remaining
unchanged ; in the second the nucleus divides repeatedly to form as many
small nuclei as there are Nebenkerne present, and each nucleus attaches itself
to a Nebenkern ; in the third the protoplasmie body undergoes radial super-
ficial cleavage into a number of cells, each containing a nucleus and a Neben-
kern. Each of the cells thus formed becomes a swarm-spore with two flagella.

#* The amceba from the human intestine described by Craig under the name
Parameba hominis certainly does not belong to this genus. See Doflein (7),
pp- 602, 603,
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The swarm-spores are liberated from the cyst and live freely, feeding and
multiplying by binary fission, in which the nucleus divides by mitosis and the
Nebenkern acts like a centrosome.  After a time, however, the swarm-spores
lose their flagella, and become amcebule which develop into the adult phase.
Syngamy was not observed, but probably takes place between the flagellule,
Two new parasitic species of Paramaba have been described recently by
Janieki (71-5) ; sec p. 95.

To the order Ammbaea should be referred, probably, the parasite of the
Malpighian tubules of the rat-flea (Ceratophyllus fasciatus), described by
Minchin under the name Malpighiella refringens, and the parasite of Ptychodera
minuta, deseribed by Sun under the name Protoentospora plychoderee.

The section Loboza Testacea or Thecamabae contains a number
of free-living forms familiar to every microscopist, such as the
genera Difflugia (Fig. 16), Centropyxis, Arcella (Fig. 32), ete. The
majority of these forms inhabit fresh water, but Trichospherium
(Fig. 81) is marine. Their common distinctive feature, in addition
to the possession of lobose pseudopodia, is the formation of a shell
or house into which they can be withdrawn entirely. The shell may
be secreted by the animal, and then is chitinous (Arcella) or gelat-
inous (Trichospherium), or may be made up of various foreign
bodies cemented together (Difflugia). Typically the house has the
form of a chamber with a single large opening, through which the
pseudopodia are extruded at one pole.

When the animal multiplies by fission, the protoplasm streams
out through the aperture, and forms a daughter-shell external to
the old one, after which division of the nucleus takes place and the
two sister-individuals separate. In Trichospherium, however, the
house has the form of a gelatinous investment to the body, with
several apertures through which pseudopodia protrude, and when
the animal divides the investing envelop: divides with it.

The protoplasmic body contains typically one nucleus—some-
times more than one—surrounded by a ring of chromidia. In
Arcella  vulgaris there are constantly two primary nuclei; in
Difflugia wrceolata, from ten to thirty. Trichospherium possesses
many nuclei, but no chromidia.

The life-cycle, so far as is known, is of various types ; those of
Arecella and Trichospherium are described above (p. 177, Fig. 80,
and p. 181, Fig. 81). The latter, with an alternation of generations
combined with dimorphism in the adult condition, approaches that
of the Foraminifera in character.

In the testaceous ameebe the method of division varies in accordance
with the nature of the shell. In those in which the shell is soft and yielding,
as, for example, Coclliopodium and Cryptodifflugia, the division is longitudinal
—i.e., in a plane which includes the axis passing through the mouth and
apex of the shell (Doflein, 239) ; in Cryptodifffugia rapid division of this kind
may lead to colony-formation. In forms with a rigid shell, on the other hand,

such as Difftugia, Areella, Centropyxis, ete., the shell sets a limit to the growth
of the animal, which, when it has filled the shell, ceases to grow for a while
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and stores up reserve-material. Prior to division a sudden and rapid growth
takes place at the expense of the reserve-material and by absorption of water ;
as a result the protoplasm grows out of the shell-mouth, a daughter-shell is
formed, and the animal divides transversely (Fig. 50). d

In Difftugia urceolata, Zuelzer (85) has described a process of chromidiogamy.
Two animals come together with the mouths of the shells in contact, and the
entire contents of one shell flow over into the other, the empty shell being
cast off. The chromidia of the two animals fuse into a single mass; the
nuelei, however, remain separate. Copulation of this kind is a preliminary
to encystment, which takes place in Nature at the end of Oectober or the
beginning of November. Prior to encystment the pseudopodia are retracted,
all foreign bodies, food-remains, exereta, ete., are cast out, and the proto-
plasmie body rounds itself off in the shell, and diminishes to about a quarter
of its former volume, becoming denser and more refractile. The cyst-
membrane is then secreted at the surface of the body. The old nuclei are
gradually absorbed, and new nuclei are formed from the chromidial mass.
The reconstitution of the nuclear apparatus takes place from January to
April ; in the spring the eyst is dissolved, and the rejuvenated Difflugia begins
to feed and to enter upon a summer course of vegetative growth and repro-
duction. In a recent note (86, p. 191, footnote) Zuelzer states that conjuga-
tion between free gametes also occurs in this species.

In Centropyzis aculeata, according to Schaudinn (131), the ordinary vegeta-
tive reproduction is by fission, the new shell that is formed being larger than
the old one, until the maximum size is reached. Sexual processes are
initiated by degeneration of the primary nueleus, which is single in this
species. Then the protoplasm with the chromidia creeps out of the shell,
and divides into a number of amwbule, each containing e¢hromidia which
condense into a single nucleus. Some amcebul@ form a shell at once ; others
before doing so divide into four smaller ameebule, and then form a shell.
The larger are macrogametes, the smaller the microgametes ; they copulate
and abandon their shells. The zygote forms a new shell, chromidia appear,
and a fresh vegetative cycle is started.

In a species of the genus Cryplodifflugia (*° Allogromia’) a remarkable
type of life-cycle has been deseribed by Prandtl (265) ; see also Doflein (7).
p. 310, Fig. 283. In this form also the organism, at the time of gamete-
formation, quits its shell and penetrates into some other Protozoan organism,
such as Amaba proteus, in the body of which it becomes parasitic and goes
through the process of gamete-formation. The nucleus breaks up into
chromidia, from which secondary nuclei are formed, producing a multinucleate
plasmodium which multiplies by plasmotomy until the host is full of them.
Ultimately the plasmodia break up into uninucleate cells, the gametes, which
are set free and copulate. The zygote becomes a flagellated Bodo-like
organism, with two flagella, one directed forward, the other backward as a
trailing flagellum (p. 270, infra); it feeds and multiplies in this form for
several generations in the free state, but ultimately it loses its flagella, becomes
amaeboid, forms a shell, and develops into an adult Cryplodifflugia. Note-
worthy in this development are the alternation of generations between the
flagellated and the amewboid phase, as in Pseudospora (p. 218), and the para-
sitism in the gamete-forming phases; if, however, the Cryplodifflugia does
not succeed in finding a suitable host, the gamete-formation may take place
in the free state. ;

From the life-cycles and sexual processes of Areella, Difflugia, Centropyais,
etc., it is seen that the primary nuclei of all these forms are vegetative in nature,
while the chromidia give rise to the gamete-nuclei, and consist of, or at least
contain, the generative chromatin. The marine Trichospherium, however,
stands apart from the fresh-water genera in regard to its structure, sexual
processes, and life-cycle, in all of which it shows more similarity to the
Foraminifera.
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1I. FORAMINIFERA.

Genera! Characters—Shell-Structure.—The characteristic features
of this group are the possession of reticulose pseudopodia and of a
shell or test. The Foraminifera are typically creeping forms,
moving slowly, and using their net-like pseudopodia chiefly for food-
capture. Certain genera, however, such as Globigerina, have taken
secondarily to a pelagic existence, and float on the surface of the
ocean, spreading their nets in all directions around them. On
the other hand, some forms have adopted a sedentary life, attaching
themselves firmly to some object. An example is seen in the genus
Haliphysema (Fig. 17), once believed to be a sponge, and in the
remarkable genus Polytrema and allied forms, recently monographed
by Hickson (282)—organisms which in many cases have a striking
and deceptive resemblance to corals.

The test may be secreted by the animal itself, and then is usually
either chitinous or calcareous, rarely siliceous or gelatinous (Myxo-
theca) ; or it may be made up of foreign bodies cemented together,
as in Haliphysema (Fig. 17), and is termed generally *“ arenaceous,”
but the materials used may be of various kinds, and the organism
sometimes exhibits a remarkable power of selection (see p. 34, supra).

The typical form of the shell, as in the Amceh:ea Testacea, is a
chamber with a w'de aperture—sometimes more than one—
through which the pseudopodia are extruded, as in Gromia (Fig. 21).
In addition to the prineipal aperture, the wall of the shell may be
perforated by numerous fine pores, through which also the protoplasm
can stream out to the exterior. Hence the shells of Foraminifera
are distinguished primarily as perforate and imperforate, the former
with, the latter without, fine pores in addition to the principal
opening.

Whether perforate or imperforate, the shell remains a single
chamber in the simple forms, as in the Ammhbawea Testacea. In some
cases, when the animal reproduces itself by binary fission, the proto-
plasm streams out through the principal aperture to give rise to
the body of the daughter-individual, which forms a shell for itself,
and, when the division is complete, separates completely from the
mother, which retains the old shell. Division of this type is seen
in Euglypha (Fig. 59). But in many species, when the animal out-
grows its original single-chambered shell, the protoplasm flows out
and forms another chamber, which, however, is not separated off
as a distinet individual, but remains continuous with the old shell,
so that the animal, instead of reproducing itself by fission, remains
a single individual with a two-chambered shell. By further growth
third, fourth, ...nth chambers are formed successively, each newly-
formed chamber being, as a rule, slightly larger than that formed
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just before. Hence a distinetion must be drawn between mono-
thalamous or single-chambered shells and polythalamous shells,
made up of many chambers formed successively. In the la‘ter
type the new chambers may be joined in various ways to the old,

O.Planorbulina

F1a. 93.—Shells of varions genera of Foraminifera. 1In 3, 4, and 5, a shows the
surface-view, and b a section ; 8Sa is a diagram of a coiled shell without supple-
mental skeleton ; 8b, of a similar form with supplemental skeleton (s.sk.);
10, of & form with overlapping whorls ; in 1la half the shell is shown in hori-
zontal section ; b is a vertical section. In all the figures @ marks the aperture
of the shell; 1 to 15, the successive chambers, 1 being always the oldest or
initial chamber. From Parker and Haswell.

producing usually either a linear or a spiral series, and the utmost
variety of shape and pattern results in different species (Fig. 93).
Some polythalamous species exhibit a peculiar dimorphism (Fig. 94)
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in some individuals, hence termed microspheric, the initial chamber of
the shell is smaller than in others, which are known as megalospheric.
This point will be discussed further under the reproduction.

It may be noted that if, in this order, a species were to form no
shell, whether from having secondarily lost the habit or as a primi-
tive form which had never acquired it, then such a species would be
classed in the order Ammbaa Reticulosa. It is very probable that
many of the large marine “ Proteomyxa > are allied to the true

Fra. 94.— Biloculing depressa: transverse sections of (a) the megalospherie form,
magnified 50 diameters, and (&) the microspherie form, magnified 90 diameters.
After Schlumberger, from Lister.

Foraminifera, as forms either primitively or secondarily without a
test ; and Rhumbler unites the Foraminifera proper with the naked
forms in the section Reticulosa.

The body-protoplasm exhibits no marked distinction of ecto-
plasm and endoplasm. Contractile vacuoles are present in some
of the fresh-water genera, but are not found in marine forms.
The protoplasm contains metaplastic bodies of various kinds, and
may become loaded with facal matter in the form of masses of
brown granules, termed by Schaudinn the * stercome ”” (compare also
Awerinzew, 281). Periodically a process of defecation takes place,
whereby the protoplasm is cleared of these accumulations, often as
a prelude to the formation of a new chamber (Winter, 28). The
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nuclear apparatus varies in different forms, even in the same species,
as will be seen in the description of the reproductive processes.

The marine Foraminifera, so far as they have been investigated,
show a well-marked alternation of generations in their life-history,

Fia. 95.— Polystomella crispa : deealeified specimens to show the structure of the
two forms. A, The megalospheric type ; B, the microspheric type: b, the
central chambers of the latter more highly magnified ; r., retral proeesses ;
st, communications between the chambers.  From Lister.

combined with dimorphism in the adult condition. An example is
Polystomella, which has been investigated by Lister (285) and
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Schaudinn (131) ; their results have been confirmed in the case of
Peneroplis by Winter, who gives a useful combined diagram of the
life - history (28, p. 16, text-fig. A). The microspheric form
(Fig. 95, B.) has many nuclei, which multiply by fission as the
animal grows, and which also give off chromidia into the body-
protoplasm. When reproduction begins, the nuclei become resolved
entirely into chromidia, and the protoplasm streams out of the
shell, which is abandoned altogether. Secondary nuclei are formed
from the chromidia, and the protoplasmic mass divides up into a
swarm of about 200 amcebule (Fig. 96). Each ameebula contains
a nucleus and chromidia, and secretes a single-chambered shell,
which is the initial chamber of a megalospheric individual. The
amaebul® separate, and each one feeds, grows, forms new chambers
successively, and becomes a megalospheric adult. Thus the micro-
spheric form is seen to be an agamont or schizont, which gives rise
by a process of schizogony or multiple fission to agametes (amce-
bule). The megalospheric form, when full grown, has a single
large nucleus and numerous chromidia (Fig. 95, 4). The nucleus
is that of the amcebula which was the initial stage in the develop-
ment of this form ; as it grows the nucleus passes from chamber to
- chamber, and at the same time gives off chromidia into the cyto-
plasm. Finally the primary nucleus is resolved entirely into
chromidia, from which a great number of secondary nuclei are
formed. Round each such nucleus the protoplasm becomes con-
centrated to form a small cell, which may be termed a gameto-
eyte. By two divisions of the nucleus and cell - body of the
gametocyte four gametes are formed, each of which acquires two
flagella, and is set free as a biflagellate swarm-spore. In Peneroplis,
however, the gametes have a single flagellum, and in Allogromia
ovordea the gametes are amcebule (Swarczewsky). Gametes pro-
duced by different individuals copulate, losing their flagella in the
process, and the zygote secretes a minute single-chambered shell,
and thus becomes the starting-point of the growth of a micro-
spheric individual.

From the foregoing it is seen that the megalospheric form is the gamont,
which by multiple fission produces the gametocytes, and ultimately the
gametes. Thus, if m. represents the microspheric form and M. the megalo-

spheric, am. the amwbul®e (agametes), and fl. the flagellule (gametes), the
life-eycle may be represented thus :

m.—am.—M.—(fl. + fl.)—m.—am. . .

In some cases, however, the life-eycle does not present a regular alternation
of sexual and non-sexual generations, but a number of non-sexual generations
may take place before a sexual generation intervenes; that is to say, the
megalospheric forms may produce agametes and other megalospherie forms
again for several generations, before gametes are produced and the sexual
processes oceur.  Then the life-cycle may be represented thus :

m.—am.—M.—am.—M.—am. . .. M.—(fl.+fl.)—m.—am.—M. . ..
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Hence the dimorphism of the adults is due to their parentage, and is not
necessarily related to the manner in which they reproduce. A microspheric
form is produced sexually, and is always an agamont ; a megalospheric form
is produced non-sexually, and may be either a gamont or an agamont,

Very little is known of the life-cycle of the non-marine genera. The only
form of which the eycle is known with any approach to completeness is
Chlamydophrys stercorea, the only entozoic member of the order, which is
found in the fweces of various vertebrates ; a second species, C. schaudinni, is
distinguished by Schiissler (4.P.K., xxii., p. 366). The adult form has a
chitinous single-chambered shell, and its protoplasm contains a single nucleus
and a ring of chromidia. It reproduces itself vegetatively by binary fission,
and also by multiple fission producing gametes. In the gamete-formation,
according to Schaudinn (131), the nucleus is ejected from the shell together
with all foreign bodies, food-particles, ete.  In the shell is left a small quantity
of protoplasm containing the chromidia, from which about eight secondary
nuclei are formed, and then the protoplasm concentrates round each nucleus
and divides up into as many cells, the gametes, each of which becomes a
biflagellate swarm-spore, and is set free. The gametes copulate and the zygote
encysts. In order to develop further, the cyst must be swallowed by a
suitable host and pass through its digestive tract. If this happens, the cyst
germinates in the hind-gut, setting free an amabula which forms a shell and
becomes a young Chlamydophrys, ﬁving as a harmless inhabitant of the hind-
gut, and feeding on various organisms or waste products occurring there ; but
according to Schaudinn it may, under circumstances not yet defined or
explained, pass from the digestive tract into the peritoneal cavity, and
multiply there as an ammboid form without a shell, thus giving rise to the
organism described by Leyden and Schaudinn, from ascites-fluid, under the
name Leydenia gemmipara.

The Foraminifera as a group comprise a vast number of genera
and species, both recent and fossil, for an account of which the
reader must be referred to the larger works. They are classified
by Lister (286) into ten orders (suborders ?), containing in all thirty-
two families ; Rhumbler (288) recognizes ten families in all. The
vast majority are marine, but some of the simpler forms, such as
Euglypha, are found in fresh water, and can scarcely be separated
from the Lobosa except by the characters of their pseudopodia, a
feature upon which great weight cannot be laid as an indication
of affinity. Until the life-histories of these simpler forms have been
studied, their true systematic position must be considered as some-
what uncertain. But the affinities of such genera as Buglypha
and Chlamydophrys would seem to be with the Lobosa Testacea
rather than with the Foraminifera.

III. XENOPHYOPHORA.

This group was founded by F. E. Schulze (290) for a number of
curious organisms of deep-sea habitat, the zoological position of
which was a matter of dispute. By Haeckel they were believed
to be sponges allied to Keratosa, such as Spongelliidee, horny sponges
which load the spongin-fibres of the skeleton with foreign bodies of
various kinds. Schulze established definitely their relationship to
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the Rhizopoda by showing that the soft body was a plasmodium
containing numerous nuclei and chromidia, and forming a
pseudopodial network, but with no cell-differentiation or tissue-
formation.

The body consists principally of a network of hollow tubes in
which the plasmodium is contained. The wall of the tubes con-
sists of a hyaline organic substance resembling spongin. In the
interspaces between the tubes great numbers of foreign bodies
(" xenophya,” Haeckel) are deposited, such as sand-grains, sponge-
spicules, Radiolarian skeletons, and so forth. In one family
(Stannomide) the xenophya are held together by a system of threads,
“ linellee,” in the form of smooth, refringent filaments, approxi-
mately cylindrical, which pass from one foreign body to another, and
are attached to them by trumpet-like expansions of their ends.
The substance of the linellz is doubly refractile_ and allied to spongin
in its chemical nature. Schulze compares them to the capillitium
of the Mycetozoa (see p. 241, infra).

The protoplasmic body within the tubes contains, in addition
to nuelei and chromidia, enclosures of various kinds. Many tubes,
distinguished by the darker colour of their walls, contain quantities
of brown masses, apparently of faecal nature, and comparable to
the stercome of the Foraminifera (p. 233). In other tubes, lighter
in colour, there are found small, oval, strongly-refractile granules,
or ““ granella,” which consist chiefly of barium sulphate. Schulze
terms the system of stercome-containing tubes the ** stercomarium,”
and those that contain granellze the ** granellarium.”” The tubes
of each system are distinguishable by their mode of branching, as
well as by their colour and contents. In the tubes of the granel-
larium the protoplasmic bodies are often found to contain isolated
cells or groups of cells, each with a single nucleus, which are prob-
ably stages in the formation of swarm-spores. Hence the sterco-
marium probably represents the purely vegetative part of the body,
in which the waste products of metabolism are deposited, while the
granellarium is a differentiated region of the plasmodium in which
the reproductive elements are produced.

Nothing is known of the actual life-cycle of these organisms, but
from the appearances already described, seen in preserved speci-
mens, Schulze conjectures that they reproduce by formation of
swarm-spores, much as is known to take place in the Foram-
inifera. :

The affinities of the Xenophyophora are seen to be with the
Foraminifera. In their habit of forming a skeleton of foreign
bodies they resemble the arenaceous Foraminifera, in which, how-
ever, the foreign bodies build up the house which directly encloses
the soft body, while in the Xenophyophora the soft body is en-
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closed actually within the system of tubes. Nothing similar to the
Inellz is known in any Foraminifera.

For the classification of the Xenophyophora and their genera see
Schulze (290).

IV. MYCETOZOA.

The Mycetozoa are a group of semi-terrestrial Rhizopods occur-
ring in various situations, especially on dead wood or decaying
vegetable matter of warious kinds. Their most characteristic
features are the formation of plasmodia, which represent the adult,
vegetative phase of the life-history, and their method of repro-
duction, consisting in the formation of resistant spores very similar
to those of fungi. The Mycetozoa were originally classified amongst
the Fungi as a group under the name Myxomycetes, but the in-
vestigations of de Bary first made clear their Rhizopod affinities.

The life-history of a typical member of this group exhibits a
succession of phases, the description of which may conveniently
begin with the spore. Each spore is
a spherical cell with a single nucleus,
enclosed in a tough protectiveenvelope
which enables it to resist desiccation.
It may be dormant for a considerable
period, and germinates when placed
in water. The envelope bursts, and
the contained cell creeps out as !
an amebula with a single nucleus 5 o0 m L atokiliig of & svaxo
(Fig. 97), the so-called *“ myxamoeba.””  of Fuligo septica. @, Spore; b,
After a time the amobula develops ¢ contents emerging and under-

going ameboid movements prior
a flagellum, and becomes a flagellula  §; the assumption of the flagel-
or zoospore (* myxoflagellate™), which ~ lula-stage ; 4, flagellula. c.v.,
feeds and multiplies by fission. The Conractilevacuolo. After Lister,

gnified 1,100,

flagellula (Fig, 98) retains its ammboid
form, and sometimes also the amoeboid method of locomotion, the
flagellum appearing to act as a tactile organ. It captures bacteria
and other organisms by means of its pseudopodia, nourishing itself
in a holozoie, perhaps also in a saprophytic, manner. It also
may become temporarily encysted.

The flagellate phase is succeeded by a second amwmeboid stage,
the flagellum being lost. The amaebule of this stage tend to con-
gregate together in certain spots, and the groups thus formed fuse
together (their nuelei, however, remaining separate) to form the
plasmodium, the dominant vegetative stage, which feeds and grows,
its nuclei multiplying as it does so, until from the small mass of
protoplasm formed originally by the amcebule, with relatively few
nuclei, it becomes a sheet or network of protoplasm, which may
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be several inches across and contain many thousands of nuelei.
The plasmodium moves about in various directions, showing

Fic. 98. — Flagellula of

Stemonitis fusca, show-
ing suecessive stages in
the capture of a bacillus.
In & it is captured by
one of the pseudopodia
at the hinder end ; in ¢
it is enclosed in a diges-
tive vacuole. Another
bacillug is contained in
an anterior vacuole.
From Lister, magnified

800.

exquisite streaming movements of the proto-
plasmic body (Fig. 99). The nature of the
food varies in different species ; the majority
feed on dead vegetable matter, but some
attack and devour living fungi. The mode
of nutrition is generally holozoic, but in
some cases perhaps saprophytic. Contractile
vacuoles are present in large numbers in
the protoplasm, in addition to the innumer-
able nuclei, which are all similar and not
differentiated in any way. The plasmodia
are often brightly coloured.

From their mode of life, the plasmodia
are naturally liable to desiccation, and when
this occurs the plasmodium passes into the
sclerotial condition, in which the proto-
plasm breaks up into numerous cysts, each
containing ften to twenty nuclei. When
moistened, the J{:ysts germinate, the con-
tained masses of protoplasm fuse together,

and so reconstitute the active plasmodium again.
The plasmodium represents the trophic, vegetative phase, which
is succeeded by the reproductive phase, apparently in response to

external conditions, such
as drought, but more es-
pecially scarcity of food.
The reproduction begins
by the plasmodium be-
coming concentrated at
one or more spots, where
the protoplasm aggre-
gates and grows up
into a lobe or eminence,
the beginning of the
sporangium (Fig. 100),
the capsule in which the
spores are found. The
sporangium is modelled,
as it were, on the soft
protoplasmic body, and
takes the form of a

Fia. 99.—Part of a plasmodium of Badhamia
ulricularis expanded over a slide. From
Lister, magnified 8 diameters.

rounded capsule, attached to the substratum by a disc-like

attachment known as the hypothallus.

Between the sporangium
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propet and the hypothallus the body may be drawn out into

a stalk, .

The first events in the reproductive process are the formation of

the protective and supporting elements
of the sporangium. Over the surface
of the lobe a membrane or envelope is
secreted, the  peridium,” and in the
interior of the protoplasmic mass a
network, or rather feltwork, of filaments,
the *° capillitium,” is produced, of
similar nature to the peridium, and in
continuity with it; peridium and
capillitium contain cellulose or allied
substances and the former may contain
carbonate of lime in some species.
During the formation of the pro-
tective peridium and the supporting
capillitium the protoplasmic mass
remains in the plasmodial condition,
but when the accessory structures are
completely formed the actual spore-
formation begins. According to recent
investigations, spore-formation is initi-
ated by the degeneration of a certain
number of the nueclei ; the nuclei that

Fre. V00— Badlicmia wiricularis.

a, Group of sporangia, magni-
fied 12 ; b, a cluster of spores ;
¢, a single spore ; d, part of the
capillitium containing lime-
granules: b and d magnified
170. From Lister.

persist then divide by karyokinesis simultaneously throughout the
whole plasmodium. The protoplasm then becomes divided up,

Fiu. 101.—T'rickia varia : part of
a section through a sporan-
%ium after the spores are
ormed ; threads of the capil-
litinm are seen in longitudinal
and transverse section. From
Lister, magnified 650 dia-
mobers.

dirm:ﬂy or indirectly, into as many
masses as there are nuclei. The cells
thus produced, lying in the interstices
of the capillitium, become surrounded
each with a tough membrane, and are
the spores (Fig. 101). They are
liberated by bursting of the peridium,
and the hygroscopic properties of the
capillitium are the cause of movements
in it which assist in scattering the
spores. With the formation of the
spores the life-cycle has been brought
round to the starting-point that was
selected. The spores are scattered in
all directions by the wind, and
germinate in favourable localities.

The account given above may be taken as describing the typical series of
events in the life-history, which is liable to considerable variations in particular

16
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types. In the subdivision termed the Sorophora or Acrasie there is no
flagellula-stage in the life-history, and the amebul@ which are produced
from the spores aggregate together, but form only a pseudo-plasmodium,
in which the constituent amebul@ remain distinet, without fusion of their
protoplasmic bodies, each ameebula multiplying independently. The details
of the reproductive process also vary greatly. In the division known as
the Exosporem, represented by the genus Ceratiomyxa, no sporangium is
formed, but the plasmodium grows up into antler-like processes, sporophores,
over the surface of which the plasmodium divides up into a mosaic of cells,
cach containing a single nucleus of the plasmodium. KEach cell becomes
a spore, which is produced on the free surface of the sporophore, and drops
off when ripe. In the Sorophora the amembae associated in the pseudo-
plasmodium are not all destined to become reproductive individuals ; some of
them join together to secrete a stalk, and develop no further ; others form
clusters (** sori ') of naked spores on the stalk.

The cytological details of the life-history of the Mycetozoa have been the
subject of a series of studies by Jahn, who, however, in his latest investigations,
has come to conclusions different from those at which he arrived in his earlier
works., According to the earlier accounts given by Jahn and Kriinzlin, the
spore-formation was preceded by a fusion of nuclel in pairs throughout the
sporangium, a process which was regarded as the true sexual karyogamy,
and was followed by reducing divisions., According to Jahn’s latest investiga-
tions (294), however, the nuclear fusions observed in the sporangium take
place only between degenerating nuclei, and are to be interpreted as purely
vegetative phenomena which have nothing to do with the true sexual process,
which is stated to be as follows: The nueclear division which immediately
precedes spore-formation is a reducing division, whereby the number of
chromosomes is reduced from sixteen to eight. Consequently the nuclei of
the spores, and also the swarm-spores pmt%ucuad from them, both flagellula
and amcebule, have half the full number of chromosomes. In Physarum
didermoides the ameoebula multiply by fission, with mitoses showing eight
chromosomes. After a certain number of such divisions, the amebula
copulate in pairs as gametes. The zygotes thus formed are the foundation
of the plasmodia ; when one zygote meets another it fuses with it, the nuclei
remaining separate, and by repeated fusions of this kind the plasmodia are
formed. When, on the other hand, a young plasmodium or a zygote meets
an amdaebula (gamete), it devours and digests it. The nuclei of the plasmodia
multiply by mitoses which show sixteen chromosomes.

In Ceratiomyxa the reduction-division preceding spore-formation is followed
by degeneration of one of the two daughter-nuclei; the other becomes the
nucleus of the spore. Within the spore the nucleus divides twice, forming
four nuclei, and as soon as the spore germinates the contents divide into four
amcobulse, which adhere in the form of a tetrahedron. Each amabula has
eight chromosomes in its nueleus, and divides into two amcbule, also with
eight chromosomes, Each of the amcecebul@e develops a flagellum and swims
off. Possibly in this genus the syngamy takes place between flagellulze.

From the investigations of Jahn, it is clear that the swarm-spores of
Mycetozoa, like those of other Sarcodina, are the gametes ; their nuclei have
undergone a process of reduction, and represent pronuclei, which after a
certain number of divisions give rise by syngamy to synkarya, from which
the nuclei of the vegetative phase, the plasmodium, takes origin.

The Mycetozoa are classified by Lister (297) as follows :

SUBORDER L. : EvrLAsMoDIDA (Myxogastres, Myxomycetes sens. strict.).—
Mycetozoa with a flagellula-stage and a true plasmodium formed by plasto-
gamic fusion of amceebule. This suborder comprises forms with the full life-
cycle deseribed above.

Section 1. Endosporee.—Spore-formation within a sporangium. Examples:
Badhamia, Fuligo (Athalium), ete.

Nection 2. Ectosporew.—Spores formed on the exposed surface of sporo-
phores.  Example : Cerativmyza,
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SuveorDER II.: Sorornora (Acrasiee, DPseudoplasmodida). — With no
flagellate stage in the life-history ; the amembule do not fuse completely to
form a true plasmodium ; the spores are formed in clusters (*“ sori ). Here
belong various genera, for the most part found in dung, such as Dictyostelium
and Copromyxa. Acrasis oceurs in beer-yeast.

In addition to the typical Mycetozoa belonging to these two suborders,
there are a number of forms on the border-line, referred by some authorities
to the Mycetozoa, by others to other orders, such as the Proteomyxa. It
is only possible to refer very briefly to these genera here.

In the first place, there are a number of parasitic forms, placed together
by Doflein in the suborder Phyfomyxine, Schroter. In this suborder no
sporangium is formed, the process of spore-formation being simplified,
probably, in correlation with the parasitic mode of life. The typical members
of this group are parasites of plants, but some recently-described parasites
of insects have been assigned to Phyfomyxzine. The best known example of
the group is the common Plasmodiophora brassice, which attacks the roots
of cabbages and other Cruciferse, producing a disease known as * Fingers
and Toes ™ (** Kohlhernie ), characterized by knotty swellings on the roots.
Other genera parasitic on plants are Teframyxa and Sorosphera.

In Plasmodiophora the spores germinate to produce flagellule, which are
liberated in water or damp earth, and which in some way penetrate into the
cells of the plant, and there appear as the myxameebe after loss of the flagel-
lum. The youngest myxamaebae seen have two nuelei 'J,‘h-:s]‘,' grow in the
cell-contents with multiplication of their nuclei, and fuse with one another
to form plasmodial masses which fill the cell after absorption of its contents.

In adiseased plant a number of cells are attacked by the parasite, and it is
not certain whelﬁler the myxameebs: can pass from one cell to another, and so
spread the infection, or whether all the infected cells are derived from the
multiplication of the first cell infected. The second view, maintained by
Nawaschin, is supported by Prowazek, and also by Blomfield and Schwartz,
with regard to the allied genus Sorosphera.

When the host-cell is exhausted, the reproductive phase begins, according
to Prowazek (127), by the nuclei of the plasmodium throwing out numerous
chromidia, and becoming in consequence very indistinet. In Sorosphera at
this stage (Blomfield and Schwartz) the nueclei disappear altogether, being
entirely resolved into chromidia from which secondary nuclei are formed.
Spore-formation, preceded by sexual processes, takes place in the manner
described above (p. 149, Fig. 76). In Sorosphera, Blomfield and Schwartz
found that, after reconstitution of the generative nuclei, the plasmodium
divides up into uninucleate cells, each of which divides twice by karyokinesis ;
after these divisions the cells become arranged as a hollow sphere, the * soro-
sphere,” and each cell becomes a spore.  No cell-fusions or syngamic processes
were observed.

As stated above, certain parasites of insects are referred to this order
by Léger. Such are the genera Sporemyza, Léger (295), Mycelosporidium,
Léger and Hesse, and Peltomyces, Léger (C.R.A.S., cxlix., p. 239). Zoomyzra
legeri, Elmassian (637), parasite of the tench, is perhaps also to be referred
to the Mycetozoa. The position of these forms must, however, be considered
somewhat doubtful at present. Chatton has thrown out the suggestion
that the affinities of Peltomyces are rather with the Cnidosporidia (p. 409),
through the genus Paramyza recently found by him (761).

Lastly, mention must be made of the remarkable genera Chlamydomyxa,
Archer, and Labyrinthula, Cienkowski, the affinities of which are still obscure,
By Lankester (11) they were ranked as an independent order of the Sarcodina
under the name Labyrinthulidea ; by Delage and Hérouard (6) and others
they are placed as a suborder, Filoplasmodida, of the Mycetozoa.

Chlamydomyxa is a fresh-water genus occurring either free or encysted.
Its most remarkable feature is the possession of chromatophores which enable
it to live in a holophytic manner, and consequently to assimilate and grow
when encysted. On the other hand, when free it forms a network of long,
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filamentous pseudopodia, by means of which it is able to digest food in the
ordinary holozoic manner. The body is a plasmodium mntmmmg, in a.ddltmn
to numerous nuclei, chromatophores, and peculiar “ oat-shaped bodies,™
“spindles,” or * physodes,” stated to consist of phloroglucin.  The eyst-
cnvelope consists of cellulose, and has a stratified structure. In addition to
reproduction by fission (plasmotomy), Chlamydomyza appears to form flagel-
late swarm-spores, possibly gametes,

Labyrinthula occurs in marine and fresh water. In the active state it has
the form of a network of filaments, 1 millimetre or so in extent, over which
travel a great number of * units,” each a nucleate cell or amaebula, sometimes
brightly coloured. When dried, cach unit encysts and hatches out again
separately. The units multiply by fission. They were formally compared
erroneously with the * spindles ” of Chlamydomyza. Lister {293} regards
Labyrinthule as a colomal organism of which the units remain in connection
by their pseudopodia. He considers these two genera as related in one
direction to certain members of the Foraminifera (Gromiidee), in other drections
to the Heliozoa and the Proteomyxa.

V. HeL10ZOA.

The Heliozoa are characterized, as a group, by their spherical
form and stiff, radiating pseudopodia, whence their popular name
of “ sun-animaleules.” As in the case of the Radiolaria, these
peculiarities of form are generally correlated with a floating habit
of life, though in a few cases the animal is sedentary and attached
to a firm support. In contrast with the Radiolaria, a * central
capsule” (p. 250) is absent from the body-structure. A skeleton
may be present or absent. The majority of species inhabit fresh
water, but a few are marine.

General Characters.—As in other orders of Sarcodina, a concise
statement of the characteristic features of the group is rendered
difficult by the occurrence of border-line forms, of which the exact
position is doubtful. It is best, therefore, to consider first typical
forms of which the position is incontrovertible, and then those
which link the Heliozoa to other groups of Protozoa.

The body-protoplasm exhibits commonly a vacuolated, frothy
sbructure, with distinet cortical and medullary regions. The cor-
tical zone, distinguished by wvacuoles of larger size, disposed in a
radiating manner, is regarded as ectoplasm ; the medullary region,
with smaller vacuoles irregular in arrangement, as endoplasm ;
but it is open to doubt if these two regions correspond truly to the
ectoplasm and endoplasm of an amweba. The cortex contains the
contractile vacuoles, and gives off the pseudopodia, which are
typically stiff, straight, and filamentous, ending in a sharp point
and supported by an axial organic rod (p. 48) ; but in some genera
the supporting axis is wanting. In the medulla are lodged the
nuclear apparatus, the food-vacuoles, and frequently also symbiotic
organisms, which are probably in most cases vegetative, non-
flagellate phases of holophytic flagellates (Chlamydomonads).

As regards the nuclear apparatus, there are two types of arrange-
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ment (compare p. 90). In the first or Actinophrys-type (Fig. 46)
the nuecleus is central, and the psendopodia are centred on it.
Actinospherium (Fig. 3) can be derived from this type by multi-
plication of the nucleus, originally single, until there may be some
hundreds present in large specimens. The marine form Campto-
nema nulans, Schaudinn, is perhaps also to be referred to this type
of structure ; it has as many pseudopodia as there are nuclei present,
each pseudopodium arising directly from a nucleus (p. 91, Fig. 47).

In the second or Acanthocystis-type (Figs. 18, 64) the centre of
the spherical body is occupied by a * central grain” (p. 91), on
which the axial rays of the pseudopodia are centred. The nucleus,
on the other hand, occupies an excentrie position in the body. In
this type there is a tendency to a sessile habit of life, the animal
being attached by the surface of the body, which may grow out
into a stalk, as in Clathrulina (Fig. 19). In the inferesting marine
genus Wagnerella (Fig. 48), the surface of attachment has hecome
drawn out in such a way that the body is divided into three parts—
basal plate, stalk, and head. The nucleus is situated in the basal
plate. The head contains the central grain, from which the pseudo-
podia radiate. Thus, in this genus the excentric position of the
nucleus is carried to an extreme ; it may be regarded as having
grown out from the body in a lobe or prolongation which forms the
basal plate and stalk, while the original body remains as the head
with the ecentral grain and pseudopodia.

The skeleton, when present, may take various forms. It may
be a simple gelatinous investment, or may contain mineral (sili-
ceous) substance either in the form of loose, radiating spicules, as
in Acanthocystis, or of a continuous lattice-like investment, as in
Clathrulina. In Wagnerella the basal plate and stalk are protected
by a tough yellowish organic membrane, replaced in the head by
a colourless gelatinous layer, and both head and stalk are further
protected by siliceous spicules, which are formed in the protoplasm
and transported by protoplasmic currents (Zuelzer, 86).

Life - History. — Reproduction in the free vegetative phase is
effected by binary fission or gemmation. Imperfect binary fission may
lead to colony-formation, as in Rhaphidiophrys. The sexual phases
are only known accurately in a few cases. In Aetinophrys, Schaudinn
described copulation within a cyst (p. 132, Fig. 71), with subse-
quent division of the zygote and liberation of two individuals from
the cyst. In Actinospherium (Hertwig), encystment of a large
multinucleate individual is followed by degeneration of about
95 per cent. of the nuclei ; the remainder appear to fuse in pairs,
and the body then divides into as many cells as there are nuclei.
Round each cell a separate ** primary ” eyst is secreted within the
gelatinous ““ mother-cyst * originally formed round the whole mass,
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Each primary cyst then divides into two secondary cysts, which
after nuclear reduction become the gametes and copulate. The
zyvgote develops into a young Aclinospherium with several nuclei,
which emerges from the cyst and begins a vegetative life, but appears
to divide frequently at the start into uninucleate, Actinophrys-like
forms.

In other genera, on the other hand, and especially in those of the
Acanthocystis - type (Acanthocystis, Clathrulina, and Wagnerella),
flagellate swarm - spores are formed, which probably represent
gametes, as in many other Sarcodina.

The life-history of Wagnerelle has recently been studied in detail by
Zuelzer (86) ; her investigations reveal a diversity in ite modes of reproduction
almost as great as that seen in Areella, and indicate that there is much yet
to be discovered with regard to the life-cycles of other forms.

Wagnerella exhibits, according to Zuelzer, dimorphism correlated with
alternation of generations. In June and July stout forms are observed,
which are believed to arise from the conjugation of gametes; they reproduce
by binary fission, and by a process of schizogony giving rise to amebule
(agametes). The more usual form, on the other hand, is smaller and more
slender, and multiplies by binary fission, gemmation, and formation of
flagellate swarm-spores. Hence this peculiar form reproduces in a variety
of ways. In the process of binary fission the nucleus migrates from the
base up the stalk into the head, and places itself beside the central grain,
which divides, its two halves passing to opposite sides of the nucleus ; then
the nucleus follows suit and divides also. Divisions of the central grains,
and subsequently of the corresponding nuelei, may be repeated until cight to
ten nuclei and as many central graing are present. Kach nuclear division
is followed by division of the head, at first incomplete, so that a eondition
results resembling the colonial form Rhaphidiophrys, a number of daughter-
individuals united together, and each sending out psendopodia (Fig. 102, D).
After a time the colony breaks up, the daughter-individuals separate, and
cach one fixes itself and grows into the adult Wagnerella-form.

Bud-formation in Wagnerella (Fig. 102, A—C) is initiated by division
of the karyosome within the nucleus, which retains its position in the base.
The process is repeated until the nuclens contains a number of karyosomes,
each with a centriole. The nucleus then buds off one or more small daughter-
nuclei, each containing a single karyosome., Sometimes the nucleus breaks
up entirely into as many daughter-nuclei as there are karyosomes, in which
case the parent-individual dies off, in & manner similar to Avreella (p. 180),
after liberation of the buds. Each daughter-nucleus migrates up the stalk
into the head, where it becomes surrounded by a layer of protoplasm to form
the bud, which is set free at first as an amaeeboid body., Before or after being
set free, the bud may multiply by binary fission with mitosis, in which the
centriole in the karyosome acts as a centrosome. Finally each amcoeboid
body develops into a Wagnerella, and in the process the centriole passes out
of the nuclens and becomes the central grain, while the nucleus becomes
displaced from the centre. In the process of gemmation the central grain
of the parent-individual takes no share whatever.

In the formation of the swarm-spores, minute secondary nuclei arise from
chromidia near the principal nucleus in the base. Each sccondary nucleus
forms a centriole and divides by mitosis ; the division is repeated until the
whole body, stalk and head as well as base, is filled with small nuelei, while
the primary nucleus degenerates. The body then divides up into as many
cells as there are secondary nuclei, each cell becoming a biflagellate swarm-
spore which is set free, while the parent-individual degenerates. The destiny
of the swarm-spores is uncertain, but they are believed to be gametes.
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In the ** schizogony ™ of the stout forms the nucleus breaks up into a number
of daughter-nuclei, as in gemmation ; each daughter-nucleus grows, its karyo-
some multiplies by fission, and it breaks up in ifs turn into granddaughter-
nuclei. Continued multiplication of the nuelei in this manner proceeds
until the body is filled with vesicular nuelei ; it then breaks up into as many

amaozbulae, which are set free, leaving a residual body with the central grain,
which degenerates,

Fig. 102.—Wagnerella borealis, showing budding and fission. A4, Specimen with
a single bud (b): ¢.g., central grain; B, specimen with four buds (b); €, en-
larged view of the head of a specimen containing two buds (b) in process of
extrusion ; D, specimen in which the head has multiplied by fission to produce
a Rhaphidiophrys-like colony ; six individuals are seen, five of them each
with nucleus and central grain, the sixth in proeess of fission, with two nuclei
and two central grains. After Zuelzer (86).

The Heliozoa are classified into four suborders :
SUBORDER I. : ApurorHORACA.—Body naked in the active state
envelopes, sometimes with siliceous spicules, only formed during
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encystment. Examples : Actinophrys (Fig. 46), Actinospherium
(Fig. 3), Camptonema (Fig. 47), ete.

SuporpER 11, : CHLAMY DOPEHORA.— Body protected by a soft gela-
tinous envelope, but without solid skeletal elements. Example :
Astrodisculus.

SusorpER III.: CHALAROTHORACA.—Body invested by a soft
envelope containing isolated spicules, usually siliceous, sometimes
chitinous. Examples : dcanthocystis (Figs. 18, 64, 68), Wagnerella
(Figs. 48, 102), Helerophrys (Fig. 103).

SuvBorDER IV. : DEsmoTHORACA.—Body invested by a continuous,
lattice-like skeleton. Example : Clathrulina (Fig. 19).

Fia. 103.— Heferophrys fockei, Archer. e, c., Contractile vacuoles ; 2., radial chiti-
nous spines surrounding the envelope. A nucleus is present in the body, but
iz not shown ; the bodies in the protoplasm represent zooxanthellz. From
Weldon and Hickson, after Hertwig and Lesser.

A certain number of genera must be mentioned which are of doubtful
position, referred by some authorities to the Heliozoa, by others to other
orders. Some of these genera perhaps do not represent independent, * adult ™
forms, but may be only developmental phases of other genera. Nuclearia,
classed by some in the Aphrothoraca, by others in the Proteomyxa, has an
amaboid body and pseudopodia without axes. As deseribed above (p. 177
and Fig. 80), a Nuclearia-stage occurs in the development of Areella.

Especially remarkable are certain genera which indicate a close relation-
ship between Heliozoa and Flagellata. An account of several such forms is
given by Pénard (302), in addition to which the following may be noted:
Ciliophrys, Cienkowski, has two phases; in the one it appears as a typical
Heliozoon with stiff mdmtmg pseudopodia ; in the other it is a typical
flagellate. In the process of transformation the Heliozoon-form retracts its
pseudopodia, its body becomes amaboid, and a flagellum grows out; finally
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the animal becomes a pear-shaped flagellate swimming by means of its
flagellum (Schewiakoff, 863 ; Caullery, 300). Ciliophrys thus recalls Pseudo-
spora in its two phases (p. 218), and there can be little doubt that the two
forms are closely allied.

Dimorpha nutans, Gruber (Fig. 104), has radiating pseudopodia strengthened
by axial rods, and in addition a pair of flagella arising close together at one pole
of the body. Both flagella and pseudopodia arise from a centrosome situated
near the flagellated pole; the single nucleus is also excentric and placed
close beside the centrosome. The animal uses one of its flagella for attach-
ment, while the other remains free (Schouteden).

These facts appear to indicate an origin for the Heliozoa from Flagellates
such as those of the genus Muwlticilia (p. 270, Fig. 113), in which the body
bears radiating flagella planted evenly over the surface ; transformation of
the flagella into stiff pseudopodia would produce the Heliozoon -type of
organism. On such a view two peculiarities of the Heliozoan pseudopodia
receive explanation : the power of nutation and bending which they fre-
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Fia. 104.—Dimorpha nutans. After Schouteden.

quently possess ; and their insertion on a ** central grain,” which would then
represent the blepharoplast, pure and simple, of a flagellate., On this view
the psendopodia of the Heliozoa would appear to be structures quite different
in nature from the similarly-named organs of Lobosa.

On the other hand the Heliozoa also show affinities towards forms classed
among the Reticulosa or * Proteomyxa,” as already noted in the case of
Ciliophrys and Pseudospora. Przesmycki has described a species, Endophrys
rolatorium, parasitic in Rotifers, which he considers as a connecting-link
between Nuclearia and Vampyrelln. The exact systematie position of such
genera must be considered at present an open question.

VI. RADIOLARIA.

General Characters.—The Radiolaria are characterized, speaking
generally, by the same type of form and symmetry that is so
marked a feature of the Heliozoa, though in many cases the internal
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structure of the body, and especially the skeleton, may depart more
or less widely from the radiate symmefry which is to be regarded,
probably, as primitive for the group. Hence three principal types
of symmetry can be distinguished in these organisms : (1) Homazon
(Figs. 13, 105, 107), in which all axes passing through the centre
are morphologically equivalent, the symmetry of the sphere;
(2) monaxon (Fig. 109), in which the body has a principal or vertical
axis round which it is radially symmetrical, the type of symmetry of
the cone ; (3) bilaterally symmetrical (Fig. 106), in which the body

Fre. 105.—Acanthometra elastica, Haeckel, sp., Radiating spines of the skeleton
(twenty in number, but only twelve are seen in the figure) ; ps., psendopodia ;
c., calymma ; c.c., central capsule ; N., N., nuclei ; z, yellow cells ; my., myo-
phrisks. After Biitschli, Leuckart and Nitsche’s ** Zoologische Wandtafeln.”

can be divided along a principal plane into equivalent right and
left halves. With further modification the body may become
asymmetrical. Sedentary forms are not known in this group, the
species of which are exclusively marine, and oceur on the open
surfaces of seas and oceans, reaching in many instances a re'atively
large size and a very high degree of structural differentiation.

In the internal structure, the most salient feature is the division
of the body by means of a membranous structure, termed the
central capsule (Fig. 13, CK), into a central medullary region and a
peripheral cortical zone—hence distinguished as the intracapsular
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and extracapsular regions of the body. The intracapsular medulla
contains the nucleus or nuclei, and is the seat of reproductive
processes. The extracapsular cortex is the seat of assimilation,
excretion, food-capture, and of such locomotor processes as these
organisms are able to perform, consisting chiefly of rising or sinking
in the water by means of changes in a hydrostatic apparatus
presently to be described.

The Radiolaria are an exceedingly abundant group represented by a great
number of species both at the present time and in past ages; over vast
tracts of the ocean-floor their skeletons are the principal, almost the sole
constituents of the ooze; and the same must have been true in past times,
since in many geological deposits the rocks are composed of the same materials,
Every microscopist is familiar with their skeletons, which on account of
their beauty and variety of form are favourite objects for microscopic study
and demonstration. Corresponding with the variety of forms and species,
the internal structure shows a range of variation and differentiation which
it is impossible to deal with adequately in a short space ; it must suffice,
therefore, to describe here the main structural pet:uﬂaritics of this group
in a general manner, and to indicate briefly the prineipal variations of structure
which are of importance for the classification of the group. For further
information the reader must be referred to the larger treatises and special
monographs,

Structure.—The central capsule, absent in rare cases, may be a
thin, delicate structure, visible only after treatment with reagents,
or may be fairly thick. In homaxon forms it is generally spherical,
but may assume various shapes correlated with the general body-
form, and even may be lobed or branched. It is perforated by
openings which place the intracapsular protoplasm in communica-
tion with the extracapsular ; the openings may take the form of
fine pores scattered evenly over the whole surface (Peripylaria) ; of
similar pores aggregated into localized patches, pore-areas or pore-
plates (Acantharia) ; of a single pore-plate at one pole of an asym-
metrical capsule (Monopylaria, Fig. 106) ; or of one principal and
two lateral apertures (Tripylaria).

The intracapsular protoplasm contains the nuclear apparatus,
either one nucleus of very large size or a number of smaller nuclei
(Fig. 105). In addition, various bodies of metaplastic nature,
serving as reserve-material for the reproductive processes, are
found in this region, in the form of fat-globules, oil-drops, concre-
tions, crystals, ete.

The extracapsular region consists of three zones, from within
outwards : (1) an assimilative layer or matrix immediately sur-
rounding the capsule; (2) a vacuolated layer, known as the ** cal-
ymma,” hydrostatic in function ; (3) a protoplasmic layer from
which the pseudopodia arise.

1. The assimilative layer contains pigment, representing ex-
cretory substances and ingested food-material in the shape of small
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organisms captured by the pseudopodia and passed into the body,
to be digested in this region. In the Tripylaria an aggregation of
food-material and excretory substances produces a characteristic
greenish or brownish mass concentrated round the main aperture
of the central capsule, and known as the pheodivm, whence this
suborder is sometimes known as the Phaeodaria.

2. The calymma is composed for the most part of a great number
of vacuoles containing fluid, the function of which is hydrostatic :
the contents of the vacuoles are stated to be water saturated with
carbon dioxide, causing the animal to float at the surface, and
enabling it to regulate its position
in relation to conditions of environ-
ment. In rough weather the vacuoles
burst or are expelled from the body,
and the animal sinks into deeper and
quieter layers of water; there fresh
vacuoles are formed, enabling it to
return again to the surface if the
conditions are favourable. Contractile
racuoles of the ordinary type are not
present.

In addition to the wacuoles, the
calymma containg numerous ** yellow
cells,” generally regarded as sym-
biotic organisms of vegetable nature,
and named * zooxanthellse” or
* zoochlorellee,” according to their

Fia. 106. — Lithocircus productus,
Hertwig, showing a bilaterally

symmetrical skeleton consisting
of a simple siliceous ring pro-
longed into spicular processes.

colour., Absent in the Tripylaria,
these yellow cells are found, as a

sk., Skeleton ; c.c., central cap-
sule ; pf., pore-area, surmounted
by a conical structure (c.), the
so-called ** pseudopodial cone ™ ;
N., nucleus; o., oil-globule.
After Biitschli, Leuckart and
Nitsche's ** Zoologische Wand-
tafeln.”

rule, in the calymma, but in
Acantharia they occur in the intra-
capsular protoplasm (Fig. 105, ).
The nature of the yellow cells of
Acantharia has been much disputed,
and many observers have regarded
them as an integral part of the organism itself ; this view has
recently been revived by Moroff and Stiasny, who bring forward
evidence to prove that the yellow cells of Acantharia are a
developmental phase of the organism. Still more recently this
view has been extended by Stiasny to the colony-forming
Spharozoa in the first place, and then to Radiolaria generally.
The difficulty in the way of such an interpretation which arises
from the co-existence, in Thalassicolla and other genera, of yellow
cells in the calymma, with an undivided nucleus in the host-
organism, is met by supposing that in such cases developmental
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stages of other Radiolarians have penetrated into the calymma,
and live there symbiotically—a supposition which is certainly in
- need of further proof bafore it can be accepted.

3. The most external layer of the body is a protoplasmic envelope
from which the pseudopodia radiate. In Radiolaria, speaking
generally, the pseudopodia are straight, slender, and filamentous,
composed of motile protoplasm entirely (* myxopodia *’); but in
Acantharia some of the pseudopodia are, like those of Heliozoa,
axopodia supported by stiff axial rods of organic substance, which
originate deep within the central capsule and pass through the
calymma along the axis of the pseudopodium, but without reaching
as far as its distal extremity. In some Acantharia (Acanthometrida)
are found also peculiar modifications of the bases of certain of the
pseudopodia in the form of groups of rod-like bodies, ** myonemes
or “ myophrisks "’ (Fig. 105, my.), clustered round each of the
spicules of the skeleton. As their name implies, the myonemes are
contractile elements which, by their contraction or expansion, alter
the hydrostatic balance of the organism, and enable it to rise or
sink in the water. According to Moroff and Stiasny, the myonemes
are formed in the interior of the central capsule, and are derived
from nuclei.

In a certain number of Radiolaria a skeleton is absent altogether.
The Acantharia have a skeleton composed of a substance which
was formerly supposed to be of organic nature, and was termed
acanthin by Haeckel, but which consists of strontium sulphate
according to Biitschli (310). In other Radiolaria the skeleton,
when present, is siliceous. In Acantharia the skeleton invades the
intracapsular region, and consists typically of a system of twenty
spines or spicules radiating from the centre of the body (Fig. 105).
It is a simple and enticing view to regard such a skeleton as origin-
ating phylogenetically from a modification of the axis of pseudo-
podia. Union of outgrowths from radially-directed spicules gives
rise to a lattice-work forming a spherical perforated shell, and as
the animal grows in size several such concentric spheres may be
formed, one within the other, supported by radial bars which
represent the original radiating spicules (Fig. 107). In Radiolaria
other than Acantharia the skeleton is usually entirely extracapsular,
and exhibits a variety of form and structure which cannot be dis-
cussed further here. In some of the Tripylara foreign bodies are
utilized for building up the skeleton, either to form the basis
of spines secreted by the animal or to construct a coat of armour
on the exterior of the body (Borgert).

Life-History. — Reproduction of the Radiolaria is effected in
some instances by binary fission—mnamely, in those forms in which
a skeleton is lacking or consists of loose spicules. The nucleus
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divides by a mitosis remarkable for the vast number of chromo-
somes, of which there may be over a thousand, and the apparent
absence of a centrosome. The more usual method of reproduction,
however, is formation of flagellated swarm-spores by a process of
rapid multiple fission within the central capsule. Two kinds of
swarm-spores are produced, which are known respectively as
* isospores 7’ and ** anisospores.” The isospores (Fig. 108, 4), which
are probably agametes, are all similar in size and appearance, and
frequently contain a erystal in their protoplasm, and are hence
sometimes termed °° crystal-spores.” The anisospores (Fig. 108,

Fic. 107.—Actinomma asteracanthion : semi-diagrammatic to show the mode of
growth of the skeleton. 8.1, 8.2, 83, Three coneentric lattice-work shells,
connected by sp., radial bars which are prolonged beyond the outermost shell
as spikes ; N., nucleus ; c.c., central capsule ; ps., psendopodia.  After Biitschli,
Leuckart and Nitsche'’s * Zoologische Wandtafeln.”

B, €), probably gametes, are of two kinds, smaller microspores and
larger macrospores ; they differ in structure from the isospores, and
lack the characteristic crystal. The swarm-spores vary in strue-
ture in different species, but usually have two flagella. Isospores
and anisospores are formed in different individuals, but it is still a
moot point whether an alternation of generations occurs. Micro-
spores and macrospores may be formed in the same individual in
some species ; in others they are produced by different individuals.
Previous to formation of the swarm-spores the extracapsular region
of the body disintegrates, and the central capsule with its contents
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ginks to a considerable depth. The swarm-spores are liberated by
the breaking-up of the central capsule. The subsequent develop-
ment of the swarm-spores when set free has not been made out.

While the main features of the reproductive process are as stated above,
the eytological details of the formation of the swarm-spores is still a matter
of dispute. The subject is dealt with in the recent memoirs of Moroff on the
one part, and Hartmann and Hammer, Harimann (G60), and Huth, on the
other. The formation of the anisospores is generally regarded as a breaking-
up of the primary nucleus into chromidia, from a part of which the secondary
nuclei arise, which become those of the swarm-spores (compare Foraminifera).
But ﬂ.cmlﬂmg to Hartmann and his adherents, the huge primary nuclei seen
in many Radiolaria are polyenergid nuelei or pul}:ka.r}’u (p. 121) containing
a vast number of nuclear energids or monokarya, consisting each of chromatin,
in the form of a twisted thread or so-called ** chromosome,” and a centriole.
In the gamete-formation a great number of such monokarya are set free
from the primary nucleus to become the gamete-nuclei ; hence the so-called
* generative chromidia* set free from the nucleus are interpreted as secondary
nuclei or monokarya already formed within the primary nucleus. A similar
interpretation is given to the mitosis seen in the process of binary fission ;
the huge mitotic figure, composed of more than a thousand chromosomes,
is interpreted as bvm;, in reality made up of as many mltutm figures as there
are chromosomes, since each so-called * chromosome  is regarded as a single

F1c. 108.—Swarm-spores of Collozoum inerme. A, Crystal-bearing swarm-spores,
agametes ; B, C, swarm-spores without erystals, gametes; B, microspores
(microgametes) ; U, macrospores (macrogametes). After Hertwig.

nuelear energid or monokaryon with its own centriole, the whole number of
energids dividing independently but synchronously fo form the supposed
mitotic figure.

According to Moroff and Stiasny, in Acanthometra pellucida a process of
multiplication is proceeding continually within the central capsule, until it
is entirely filled up with cells, from which the swarm-spores arize. In this
multiplication, termed by the authors ** schizogony,” trophic nuclei (** macro-
nuclei ) and generative nuelei (* micronuclei ) are formed. The trophie
nuclei are the ** yellow cells,” which ultimately degenerate, Hence the Acan-
tharia are considered not to be single individuals, but eolonies of animals which
have the extracapsular protoplasm, psendopodia and skeleton in common.

Finally, attention must be drawn to the peculiar organisms found in certain
Radiolaria, and regarded by some authorities as parasitic Flagellata (Silico-
flagellata, Borgert), by others as dl'..-'t'blﬂplﬂbﬂiwl-l stages, of the Radiolaria
themselves. See Delage and Hérouard (6, p. 371).

The Radiolaria are classified as follows :

SUBORDER L. : PERIPYLARIA SEU SPUMELLARIA.—Central capsule spherical,
parforated by evenly-distributed pores. Extracapsular region well developed.
Skeleton wanting or consisting of scattered spicules or of lattice-work shells,
developed in the extracapsular region, siliceous.

Legion 1: Collodaria.—Skeleton wanting or simple in structure ; monozoie
forms. Five families. Examples : Thalassicolla (Fig. 13), Thalassophysa.

Legion 2: Spherellaria.—Skeleton complex, usually with lattice-work
shell ; monozoie, generally small.  Four families.
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Legion 3: Spherozoa sew Polycyttaria.—Colonial forms consisting of
numerous individuals embedded in a common jelly ; their central capsules
are distinet, but their extracapsular regions anastomose. The colonies reach
a length of several centimetres. Two families. Example : Collozoum.

SuBorDER IL.: Acawraaria.—Skeleton composed of strontium sulphate,
typically in the form of spicules radiating from the centre of the body, within
the central eapsule ; in addition lattice-work shells may be developed. Central
capsule with pores evenly developed, or grouped in areas.

A number of families are recognized, grouped in different ways by different
authoritics. Example : Acanthometra (Fig. 105).

Fie. 109.—EBucyrtidivin cranioides, Haeckel : entire animal as seen in the living
condition. The central capsule is hidden by the beehive-shaped siliceous
shell within which it is lodged. From Gamble, magnified 150.

SuporDER 1L : MONOPYLARIA SEU NASSELLARIA.—Central capsule monaxon
in form, with the pores aggregated at one pole into a pore-plate, and the
walls of the pores thickened to form a conical structure directed inwards
into the central capsule. Several families. Examples : Lithocircus (Fig. 106),
Eucyrtidium (Fig. 109). |

SuporpER IV.: TRIPYLARIA SEU PHEODARIA.—CUentral capsule with a
principal aperture {a&t—rn]ll}'lc} and two accessory apertures (parapyle). A
mass of pigment (phmodium, p. 252) surrounds the principal aperture.
Divided by Hicker into six legions and numerous families. Example:
Aulacantha.

Bibliography.—Yor references see p. 483.



CHAPTER XII

SYSTEMATIC REVIEW OF THE PROTOZOA : THE
MASTIGOPHORA

TrE distinctive feature of the class Mastigophora is the possession
of one or more flagella as organs of locomotion and food-capture,
not merely during early stages of development, but in the active
phases of the adult organism also. In other classes, as has been
pointed out in a previous chapter, flagella may be present in the
young stages, but are absent in the adult phases. In the Masti-
gophora a flagellum is a permanent feature of the organization,
though even in this elass it may be temporarily lost, either in
active phases, when the animal may become amoeba-like, or in
resting phases, especially in parasitic forms of intracellular habitat.

The Mastigophora are divided into three subclasses, of which
the first, the Flagellata, contains the more typical forms, and con-
stitutes the nucleus, so to speak, of the class ; while the two remain-
ing subclasses, the Dinoflagellata and Cystoflagellata, may be
regarded as specialized offshoots of the primitive flagellate stem.
It is convenient, therefore, to deal with the Flagellata in a general
manner first, and then to describe the special features of the other
two subclasses.

SUBCLASS L. : FLAGELLATA (EUFLAGELLATA).

General Characters.—The members of this group are for the most
part of minute size, and seldom attain to considerable dimensions ;
forms of relatively large size, such as the species of Euglena and
allied genera, are small as compared with the larger species of the
Sarcodina and other classes. As a rule the Flagellata are free-
swimming organisms ; a cerfain number, however, are sedentary in
habit, attaching themselves to a firm basis, and using their flagella
for food-capture alone. There is a great tendency to colony-
formation in this group. In the process of multiplication by fission
of the ordinary type, separation between the daughter-individuals
may be incomplete, so that they remain connected together, either
by means of a common envelope, house, or gelatinous matrix, or
by organic, protoplasmic union, or in both ways. Repeated fission
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of this kind leads to the formation of a colony, which may attain
to dimensions relatively large, though composed of individuals
of minute size. The colony may be free-swimming or fixed, and
in the latter case is frequently arborescent in form. In many cases
the colonies of Flagellata show a differentiation of the constituent
individuals into vegetative and generative individuals—the former
not capable of reproduction, but purely trophic in function ; the
latter destined to be set free, and to produce new colonies, with or
without going through a process of syngamy.

Bionomics.—In their modes of life the Flagellata exhibit all the
four types described in Chapter I1I. {p. 13), different forms being
holozoie, holophytic, saprophytic, or parasitic ; and one and the
same form may live in different ways during different periods of its
life-history, according to ecircumstances.

The parasitic flagellates have attracted a great deal of attention of recent
years, on account of their importance in causing disease in man and animals.
Eectozoic parasites may oceur in aquatic forms, as for example Costia, para-
sitic on the skin of fishes. The entozoic forms are parasitic for the most
part in the digestive tract, or in the blood and lymph of their hosts, Parasitic
flagellates are found in the intestines of practically all elasses of the Metazoa,
and especially in arthropods and vertebrates ; those parasitic in blood and
lymph are found especially in vertebrates, and constitute an important
group commonly termed as a whole the Hemoflagellates, to which a special
chapter will be devoted. From forms which were probably parasitic originally
in the blood have arisen secondarily forms parasitic in cells which in their
mtracellular phase lose their flagellum entirely (Leishmania).

Many of the intestinal flagellates, especially in vertebrates, are probably
not true parasites at all, but for the most part scavengers. In any case their
pathogenic réle appears to be very limited ; but in some cases a pathological
condition of the host may be combined in a suspicious manner with great
numbers of the parasites (compare Bohne and Prowazek, Noe). It is worthy
of note that in some cases an intestinal parasite may pass from the intestine
into the blood or lymph under pathological conditions of the host. This
condition seems to have been noticed first by Danilewsky, who described
cases of frogs and tortoises which had been kept long in captivity and were
in bad condition, thin, and with cedematous swellings in the muscles and
transudation of lymph into the peritoneal eavity; in such animals there
were found in the blood and lymph, especially in the cedemata and trans-
udations, abundant flagellates of the genus Hexamitus ( =Oclomitus, Fig. 116),
of a species which in normal, healthy animals is found only in the intestine.
A number of similar cases have been recorded by Plimmer (383, and Presi-
dential Address to the Royal Microscopical Society, 1912), who found both
Octomitus and T'richomonas in the blood of wvarious batrachia and reptiles.
The conditions under which these intestinal parasites pass into the blood
appears to be strictly comparable to those under which the Leydenia-form
of Chlamydophrys passes into the ascitic fluid (p. 237). Whether in such
eases the migration of the parasite is the cause of the diseased state of the
host, or whether, as seems more likely, the abnormal condition of the host
gives the parasite an opportunity of spreading into fresh pastures, must
remain for the present an open question: but, according to Plimmer, the
presence of intestinal flagellates in the blood-circulation is associated with
definite and recognizable lesions of the intestinal wall. In any case, the
fact that intestinal flagellates can pass into the blood is a point which is
probably of phylogenetic as well as of practical importance (p. 322).
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Structure—The body-form is of three principal types: (1) An
envelope or tough cortex may be entirely absent, and the body is
then amopboid, as in the Rhizomastigina (Figs. 38, 40) ; (2) a thin
cuticle may be present, insufficiently rigid to inhibit changes of
body-form due to contractility of the living substance (Fig. 15) ;
(3) a thicker cuticle necessitates a constant body-form, which is
either rigid and unalterable or sinuous and permitting movements
of flexion and torsion. In the second type are comprised forms
termed commonly * metabolic,” on account of the changes of form
they exhibit ; contractions of the superficial layer of the body pass,
as it were, in waves from the anterior to the posterior end of the
body, in a manner similar to the peristaltic contractions of the
intestine, producing rhythmic form-changes in the body.

In species in which the euticle is thin or absent, a constant body-
form may nevertheless be maintained by internal form-giving
organs, such as the axostyle of T'richomonas (Fig. 5), Lophomonas
(Fig. 45), ete. True internal skeletons, however, do not occur. An
external shell or house may be present, enclosing the whole body.

The protoplasmic body shows, in the amoeboid forms such as
the Rhizomastigina (p. 268), distinct ectoplasm and endoplasm.
But as a general rule the thin ectoplasm is converted into a firm
cuticle, or periplast, enclosing the body and containing contractile
elements—myonemes. Hence the ectoplasm appears at first sight
to be absent, and the protoplasmic body to consist of endoplasm
alone. In larger forms the myonemes can be made visible by
suitable treatment (Fig. 28), but as a general rule in such minute
organisms the existence of myonemes or other contractile mechan-
isms can only be inferred from the movements of contractility or
flexibility which the body exhibits.

The flagella may perform various functions in different cases ;
they may serve as organs of locomotion and of food-capture, as
organs of temporary attachment, and as tactile organs. As stated
above (p. 52), they may be distinguished by their relation to the
progression of the organism, as fractelle, anterior, and pulsella,
posterior in movement. The flagella vary in number and in arrange-
ment in different species, and for the different types of the flagellar
apparatus a number of technical terms are in use : monomastigote,
with a single flagellum (Fig. 38) ; isomastigote, with two or four
flagella of equal length (Fig. 43); paramastigote, with one long
principal flagellum and a short accessory flagellum (Fig. 15);
heteromastigote, with one or more anterior flagella directed forwards,
and a * trailing flagellum * directed backwards (Figs. 5, 25);
polymastigote, with a tuft of flagella (Fig. 45); and holomastigote,
with numerous flagella scattered evenly over the body (Fig. 113).
Of these various types of arrangement, the heteromastigote con-
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dition, with a backwardly-directed trailing flagellum (*“ Schlepp-
geissel ’), deserves special attention, since by attachment of the
trailing flagellum to the body an undulating membrane (p. 56)
may arise; and that it has actually so arisen in some cases is
indicated by the existence of pairs of similar forms, in which a

Fia. 110.—Codonosiga botrytis. A, Young specimens
attached singly to the stalk of a Vorticella ; B, colony
of six individuals on a common stalk:; C, stalked
individual which has recently divided into two, pro-
ducing a dichotomous division of the stalk. ec.v,

Contractile vacuole. After Stein. o5°
W

trailing flagellum, free from the body, in the one form is represented
by the marginal flagellum of an undulating membrane in the
other —as, for example, Trichomastiz and Trichomonas (Fig. 5),
Prowazekia (Fig. 141), and Trypanoplasma (Fig. 36).

In one group of flagellates—hence known as the Choanoflagellata
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or Craspedomonads (Fig. 110)—a peculiar structure occurs, known
as the * collar,” a delicate protoplasmic tube or funnel which
arises along a circular base-line of which the insertion of the flagellum
is the centre, and so forms a cup, sleeve, or collar-like structure
surrounding the flagellum for about a third or a half of its length.
It is stated, both for Choanoflagellates and for the very similar
collar-cells of sponges, that the collar is a membrane folded in a
spiral manner, its insertion running along the body and round the
base of the flagellum ; but the spiral structure is not easy to make
out. The Choanoflagellates are sedentary forms which, if set free
temporarily from their attachment, swim with the flagellum
directed backwards, doubtless the mechanical result of the presence
of the collar. The function of the collar is probably connected
with the capture and absorption of food-particles wafted towards
the body by the flagellum. The collar is retractile, but is not capable
of active movements such as are seen in an undulating membrane.

The organs of nutrition must be considered in connection with
the four modes of life already mentioned.

(2) In holozoic forms the organism captures and ingests other
organisms of various kinds. In some forms the ingestion of food-
particles may take place at any point on the body-surface ; examples
of this are the amaboid forms, such as Mastigamaba, which capture
their food by means of their pseudopodia, like an amaeba ; the holo-
mastigote genus Multicilia (Fig. 113); the parasitic Lophomonas
(Iig. 45), and possibly others. But in most cases food-particles
are ingested at the base of the flagellum, the spot towards which
they are propelled by the activity of the flagellum itself. There
may, however, be no special aperture for food-ingestion, particles
which impinge upon the soft protoplasmic body being simply
absorbed directly with formation of a food-vacuole. With a more
advanced type of organization, a special aperture or eytostome for
the ingestion of food-particles is found at the base of the flagellum.
The eytostome may be a simple aperture leading through the cuticle
directly, or by means of a funnel-shaped depression, into the proto-
plasmic body, or it may, in more highly organized forms, lead into
a special tube, termed an ‘* cesophagus > or ** eytopharynx,” which
receives the evacuations of the contractile vacuoles, and serves for
excretion as well as ingestion (Fig. 84). In any case the cesophagus
ends blindly in the fluid endoplasm. There is no special anal aper-
ture for expulsion of faecal material, which is expelled at any point
of the body-surface in primitive forms, or through the wsophagus
and cytostome in those more highly organized.

(b) In holophytic forms the organs of nutrition are those of the
plant-cell (p. 188)—mamely, chromatophores, or corpuscles contain-
ing chlorophyll or allied pigments ; pyrenoids, small glistening bodies
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embedded in the chromatophores, the centres of the formation of
amyloid substances; and grains of amyloid nature formed by the
constructive metabolism of the organism. It is also common to
find in the holophytic flagellates a peculiar red spot, or stigma,
placed near the anterior end of the body, and probably sensitive
to light (p. 205).

In general, two types of holophytic flagellates can be recognized :
first, forms in which, in addition to the organs already mentioned,
those pertaining to the holozoic mode of nutrition are also present ;
secondly, those possessing only the holophytic apparatus. The
first type may be regarded as more primitive forms in which the
holophytic habit of life has not become so engrained as to exclude
any other mode of nutrition ; but a change is still possible, and the
organism can combine or vary the holophytic with the holozoic
or saprophytic method. In the second type the organism has be-
come plant-like, to the complete exclusion of other methods of
nutrition ; the body is generally enclosed completely in a firm cellu-
lose envelope, allowing diffusion of liguids and gases, but without
apertures through which foreign bodies can pass into the interior.
Such forms, if they lose their flagellum in the adult state, are classed
as unicellular Algw, and the young flagellated individuals are termed
*“ zoospores.” The transition from holophytic flagellates to plants
is a gradual one, and the border-line is simply fixed by the characters
of the ** adult,” and is therefore as arbitrary as that between Sar-
codina and Mastigophora discussed in a previous chapter.

(¢) In saprophytic and parasitic forms no special organs of nutri-
tion are present, since the food is absorbed in a fluid condition from
the surrounding medium.

Contractile vacuoles are commonly present in those flagellates
which inhabit fresh water. In the more primitive forms the
vacuoles empty themselves direct to the exterior. In more highly
organized types the vacuoles open into the cesophagus. In
FHuglena the two contractile vacuoles open into a reservoir-vacuole,
which, according to Wager (213), is in open communication with
the cesophagus (Fig. 84).

The nuclear apparatus consists, as a rule, of a single nucleus of
vesicular type, with a distinet karyosome. Chromidia are generally
absent, but are found in a few cases (Rhizomastigina).

The relations of the nuclear apparatus and the flagella have been dis cussed
above, and are briefly as follows :

1. There is a single nucleus with a single centriole, which functions at the
same time as centrosome and blepharoplast. Then ecither (a) the centriole
is within, or connected intimately with, the nueleus, in which case the fla-
gellum appears to arise directly from the nucleus, as in Mastigina (Fig. 38) ; or
() the centriole, and the flagellum it gives off, are quite independent of the
nucleus, as in Mastigella (Fig. 40).
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2. There is a single nuecleus with its centrosome, and in addition one or
more blepharoplasts in relation to the flagellar apparatus. Then (a) at
division the old blepharoplasts and flagella are lost, and new blepharoplasts
arise during or after nuclear division from the centrosomes ; or (#) the blepharo-
plasts and flagella persist, and the former divide independently to form
daughter-blepharoplasts from which new flagella arise (Fig. 43).

3. In a certain number of Flagellata, grouped provisionally as Haemo-
flagellates or Binucleata (see next chapter), two nuclei, each probably possess-
ing its own centrosome, are present: a principal or trophic nucleus and an
accessory or kinetic nucleus.

In Type 2 the blepharoplast attains to a greater or less degree of indepen-
dence of the centrosome, and divides independently of it for many generations
of ordinary vegetative reproduction by fission. But there are probably in
all cases periods in the life-cycle when the entire nuclear apparatus is reduced
to a single nucleus and centriole, from which the condition in the adult,
whatever it may be, arises. For the so-called fourth type of Hartmann and
Chagas (62), see below (p. 273).

Reproduction and Life-Cyecle.—The commonest method of repro-
duction is simple or binary fission in the free state. The products
of the fission are of equal size, and the division of the body is in-
var.ably longitudinal (Senn, 358)—that is to say, along an axis
continuing the direction of the principal flagellum or flagella. In
addition to this, the typical method of reproduction, other types of
division occur. Multiple fission in the free active condition is
known in some parasitic forms, such as T'rypanosoma lewist and
Lophomonas blattarum (Janicki, 70). On the other hand, fission
may sometimes take place in a resting, non-flagellated condition, or
within a cyst; in the first case it is frequently, in the second
perhaps always, of a multiple type.

The occurrence of syngamy in the life-cycle is a point which
has been disputed, probably owing to the fact that in forms of
simple structure it takes place only at long intervals in the life-
eycle, or under special conditions. Moreover, the longitudinal
division prevalent in this group makes it practically very difficult
to decide, except by continuous observation, whether two conjoined
flagellates are individuals about to fuse in syngamy or to separate
after fission. In the colonial Phytomonadina, where highly-differ-
entiated gametes are found, the occurrence of syngamy has long
been known, but the existence of sexual processes in other flagel-
lates has been doubted by high authorities. In recent years, how-
ever, it has been observed in a number of forms, and there can be
no doubt of the existence of sexual processes in flagellates generally.
A summary of recent observations, with full references, is given by
Dobell (335, pp. 109-111). The available data are as yet insufficient
to make it possible to give a connected account of syngamic pro-
cesses in Flagellata generally, and only a few typical cases can be
dealt with here.

A simple type of syngamy has been described in Copromonas
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subtilis (Fig. 111) by Dobell (335). 1In this species the two gametes
appear perfectly similar to each other, and are not, in fact, distin-
guishable in any way from ordinary individuals of the species. Two
such individuals come together and unite by their anterior or flagellar
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Fra. 111.—Life-cycle of Copromonas sublilis. A,
Ordinary adult form; B, C, D, * vegetative '
reproduction by binary fission ; E—J, stages of
redluction and syngamy : F, &, If, reduction ;
I, J, fusion of the two pronuclei ; the zygote
(f) may develop into an ordinary free-swimming
individual, or (/) may retract its flagellum and
become encysted ; K, eyst ; L, liberation of an
adult form from the cyst. After Dobell (335).

extremities. In one
gamete the flagellum is
lost, and the couple swims
about by means of the re-
maining one ; this is the
only difference between
the two gametes which
could be interpreted as
one of sex, While fusion
of the bodies is still
incomplete, the nucleus
of each gamete divides
by a simple type of
promitosis (p. 109). One
of each pair of sister-
nuclei thus produced is
a  reduction - nucleus,
which degenerates ; the
other persists. The per-
sistent nucleus of each
gamete then divides a
second time, but into
two very unequal halves;
the smaller nucleus in
each case degenerates as
a reduction-nucleus,
while the larger persists
as the pronucleus. The
bodies of the gametes are
now completely fused,
and the fusion of the
pronuclei follows. The
zygote may become en-
cysted at once, or may
continue to live a free
life. In the first case
the fusion of the pro-

nuclei takes place within the cyst, from which it is ultimately set
free as an ordinary individual which feeds and multiplies vegeta-
tively. In the second case the zygote becomes an ordinary free
individual at once, the interlude of encystment being omitted.
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The syngamy of Copromonas is thus seen to be a case of perfect
isogamy, and is probably to be regarded as representing a very
primitive type, whence the more complex sexual processes of other
Flagellata have been evolved—(1) by greater specialization and
differentiation of the gametes in their relation to other phases of
the life-cycle (gamete-formation) and to one another (sexual differ-
entiation) ; (2) by correlation of the sexual phases with definite
crises, to which they become restricted, in the general life-cycle.

In the Rhizomastigina sexual processes occur of a type resembling those
found in the Sarcodina to such an extent as to indicate that the affinities of
this group is rather closer to some of the primitive Rhizopods than to typical
Flagellata. The life-cycle (Fig. 112) has been worked out in full detail in
Mastigelle vitrea by Goldschmidt (41). Vegetative reproduction in the free
state 1s by binary fission of the ordinary type, and occurs when food is abun-
dant ; a falling-off in the supply of nutriment leads to gamete-formation and
syngamy. In the earliest stages of the sexual generation a differentiation
of the individuals into macrogametocytes and microgametocytes is to be
observed, though externally they are similar to ordinary individuals and
continue their vegetative life during the early stages of gamete-formation.
In the macrogametocyte, first a quantity of nucleolar substance, and then of
chromatin, is set free from the nueleus ; these two substances unite to form
a chromidial mass from which a number of secondary nuelei are formed.
The secondary nuclei become scattered through the eytoplasm, and each
becomes surrounded by a protoplasmic body. The small cell thus formed
is a macrogamete, which goes through reducing divisions. The still active
macrogametoeyte, which has its eytoplasm erammed with the small gametes,
now becomes encysted. Within the eyst the gametes acquire flagella and
become motile. At this stage the original nucleus of the gametocyte breaks
up and disappears rather suddenly.  Finally the eyst-wall 1s ruptured and the
flagellated gametes escape.

The formation of the microgametes takes place in a manner essentially
similar to that already described for the macrogametes, but with a few
differences in detail. The microgametocytes become encysted at the very
beginning of the process; then formation of chromidia begins, and as soon
as 1t is completed the primary nucleus degenerates ; the microgametes have
no flagella, and are shot out of the cyst when it bursts.

The free macrogametes measure on the average about 36 u diameter,
and have a flagellum 15 to 18 p in length ; the microgametes are 2°8 p In
diameter, and have no flagellum. A macrogamete secks out a microgamete
and fuses with it, cytoplasm and nucleus. The zygrote retains the flagellum
of the macrogamete, and becomes a small, monad-like individual which
multiplies by fission as such. After several generations the monads cease
to multiply, and each grows up into an adult Mastigelle. A development
similar in the main is deseribed by Goldschmidt for Mastigina, but some of
the phases escaped his observation.

Comparing the sexual cycle of Mastigella (Fig. 112) with that of
Copromonas (Fig. 111), the chief difference is seen to be that in
the former an ordinary individual does not become a gamete directly
but a gametocyte, which by a process of multiple fission gives rise
to a generation of minute swarm-spores, the gametes. In the two
sexes a slight differentiation of the gametes is seen. Further, in the
life-cycle of Mastigella considered as a whole, there are two forms
of individuals, each capable of multiplying vegetatively for many
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generations—namely, the monad form, product of syngamy, and
the adult, mastigamoeba-form, which ultimately produces the
monad-like gametes. Hence the life-cycle in such a type is an
alternation of generations (metagenesis), which, as in so many other

ag;ra.mmtiﬂ. 1, 2, and 3, Different
forms assumed by the adult * vegetative ” type of individual ; 3a, 3b, repro-
duction by binary fission; 4—10, gamete - formation ; a (in each case),
microgamete-formation, b, macrogamete-formation ; in the former the gamont
becomes encysted, and the principal nucleus degenerates early in the process;
in the latter the gamont remains motile and the principal nuelens persists
to the last: 4—06, extrusion of chromidia from the nueleus and formation
of secondary nuclei; 7, 8, formation of the gametes round the secondary
nuclei ; 9, extrusion of the gametes ; 10a, the small, non-flagellated micro-
gametes ; 10b, the larger, flagellated macrogametes ; 11, copulation of the
gametes ; 12, 124, 125, multiplication by binary fission of the monad-like
zygote ; 13, 14, growth of the monad-form, after a period of multiplication,
into the adult mastigamaeba-form. After Goldschmidt (41).

cases in the animal kingdom, appears to have come about by mul-
tiplicative processes taking place in a larval type, phylogenetically
older—namely, the monad form, the only form of individual that
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oceurs in the life-cycle of Copromonas. In Mastigina, on the other
hand, the monad form developed from the zygote apparently does
not multiply by fission, but develops directly into the adult form—
perhaps a more primitive state of affairs.

A very instructive series is furnished by the colony-forming
Phytomonads of the family Volvocide. At one end of the series
are primitive types, such as Stephanospheera, where the colony is
composed of eight monad individuals, all alike, which may be
agamonts in one colony or gamonts in another. Each agamont
multiplies by fission to form eight small cells, which remain con-
nected together and grow into full-sized monads, thus giving rise
directly to new colonies. In the gamont-colonies each gamont
(gametocyte) gives rise by multiple fission to a large number of
minute biflagellate swarm-spores, the gametes, which are set free and
copulate. The syngamy is perfectly isogamous. The zygote grows in
size, and finally multiplies to form the eight monads of a new colony.

At the other end of the series are the species of the genus Volvoz,
in which the colony is composed of a great number of individuals,
which may be of three kinds, not necessarily all present in the same
colony : (1) The ordinary *‘somatic” monads, locomotor and
trophiec in function, which do not reproduce themselves in any way ;
(2) agamonts, so-called ° parthenogonidia,” which multiply by
fission to form daughter-colonies; (3) gamonts or gametocytes,
which are sexually differentiated as ** microgonidia ™ and ** macro-
gonidia.” The microgonidia produce by multiple fission a swarm of
small biflagellate microgametes, comparable to the gametes of
Stephanosphera. In the macrogonidia, on the other hand, multi-
plicative processes are in abeyance,and each becomes a single, ovam-
like macrogamete, which is fertilized by the relatively minute
microgamete. Thus, the syngamy in Volvox is anisogamous to
the highest degree ; and, as in other cases among Protozoa, this
condition appears to have arisen from a primitive isogamy in which,
in both sexes, the gametocytes sporulated to produce a swarm of
minute gametes, by the process of sporulation becoming altogether
suppressed in one sex—namely, the female—while retained in its
primitive form in the other. The colonies of Velvox, with their
differentiation of individuals, exhibit a condition transitional to
that of the Metazoa. The trophic, non-reproductive individuals,
taken as a whole, may be compared to the Metazoan soma, the repro-
ductive individuals to the germen. In Pleodorina californica dis-
tinet male, female, or parthenogenetic colonies oceur (Chatton), as
is the case in some species of Volvor.

Ufrtw;fmtmn —The Flagellata are classified in different ways by different

authors, and in the present state of our knowledge of the group no system
can be mgardbd as In any way final. As in other groups of Protozoa, there
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are a certain number of well-defined orders and families characterized by
the possession in common of certain features of organization which leave
no doubt as to their taxonomic homogeneity. On the other hand, there are
a large number of primitive forms whose characteristics are mainly of a
negative order, and of which the affinities are in consequence vague and
uncertain, the systematic position debatable. There is, moreover, frequently
an element of uncertainty, in the case of many forms, as to whether they
represent truly specific adult forms, or merely developmental stages of some
other species of the Flagellata or Sarcodina. Finally there are a certain
number of species and genera concerning which it is still debated whether
they should be assigned to the Mastigophora or some other class of Protozoa.

Hartmann and Chagas (62) have proposed to utilize the relations of the
flagellar to the nuclear apparatus for systematic classification of the Flagellata,
as suggested also by Prowazek (354). DBut, apart from the fact that these
relations have as yet been investigated in very few flagellates, and that in
such minute objeets the details are very difficult to make out and liable to
be a subject of dispute, it may be doubted whether these points of structure
are sufficiently constant to be of classificatory value in this subeclass, since
they appear to vary considerably in allied forms. Thus in Copromonas
subtilis, according to Dobell (335), the blepharoplast persists through division-
phases, and divides independently of the nueleus ; but in . major, according
to Berliner, the old blepharoplast and flagellum are lost at each division,
and a new blepharoplast, from which the new flagellum grows out, is formed
by division of the nuclear centriole in each daughter-individual. Again, the
third type of flagellar insertion (p. 263) is found in the Trypanosomide, allied
to the Cercomonadide, and in the trypanoplasms, which belong to the family
Bodonide, as shown in the next chapter. Classification by these characters
is, therefore, at least premature, if not fallacious. Compare also Senn (358).

The classification adopted here is in the main that of Doflein (7), with
certain modifieations. For convenience a number of forms are put together
in the Panfastomina, without, however, claiming that this order is anything
more than a cataloguer’s makeshift for disposing of a numbher of forms of
dubious position and uncertain affinities.

OrpeEr I : Panrastomina.—Holozoie, with no definite mouth-opening ;
food-particles ingested at any point on the surface of the body.

Suborder 1 : Rhizomastigine.—Body amaeboid ; food captured and ingested
by means of pseudopodia.

Several genera, only known as yet from fresh water, are referred to this
very interesting group; such are Mastigameba, F. E. Schulze, Mastigina,
Frenzel (Fig. 38), and Mastigella, Frenzel (Fig. 40), distinguished from one
another by the nature of their ammboid movement and the characters of their
pseudopodia. In appearance the species resemble amebse which possess a
long and well-developed flagellum, or in Dimastigameba two, in Trimastig-
amebs (Whitmore, 280) three flagella. Locomotion and food-capture are
carried on for the most part as in an ameba, and the flagellum appears to
function chiefly as a tactile organ in the adult mastigameeba-phase ; in the
young monad-phase, on the other hand, the flagellum is the sole organ of
locomotion and food-capture, as in an ordinary flagellate. The relation of
the flagellum to the nucleus is of Type 1 described above (p. 263), a single
centriole which funetions both as eentrosome and blepharoplast ; in Mastigina
and Mastigemeeba the flagellum arises from the nucleus (Type la) ; in Masti-
gella the origin of the flagellum is distinet from the nucleus (Type 18). The
life-cyele of Mastigella is deseribed above (p. 265). In many points, especially
in the formation of secondary gamete-nuclei from chromidia, the develop-
ment resembles more that of the Sarcodina than that of the Flagellata, and
by many authorities the affinities of the Rhizomastigina are considered to be
rather with the first of these two classes. The mastigameba certainly link
the true flagellates with the Proteomyxa and Mycetozoa ; and if the flagellum
were lost in the adult phase, they would be classed in the Sarcodina without
hesitation.




Fro. 113.—A, Multicilia lacustris, after Launterborn. fl., Flagella, one of which
i3 curled up into a loop; ps., pseudopodium-like process; N., one of the
nuelei (the others are hidden by the ingested food-masses); C., ingested
Chlamydomonads ; ¢., chlorophyll-bodies, the remains of other Chlamydo.
monads in process of digestion. B, Multicilia palusiris, after Pénard. N., The
single central nucleus.
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Suborder 2: Holomastigina. — With numerous flagella radiating from a
spherical or approximately spherical body.

This suborder contains the single genus Multicilia, Cienkowski, to which
several species, some fresh-water, some marine, have been referred. The
number of flagella varies in different species, and their precise relation
to the nuclear apparatus remains to be made out. M. lacustris, Lauterborn
(Fig. 113, 4), is multinucleate ; M. palustris, Pénard (Fig. 113, B), has a single
nucleus, The body is not covered by a cuticle, and may throw out pseudo-
podia, or even become amaboid (Lauterborn). Nothing is known of the
life-eycle, but in M. lacustris Lauterborn observed reproduction by simple
fission (plasmotomy ?). In the present state of our knowledge adequate data
are lacking for discussion of the affinities of this genus. Doflein (7) regards
it as a form lying at the root of the Infusorian stem, and derives the most
primitive Ciliata from a form similar to Multicilia, in which the numerous
flagella become specialized in structure and movement to give rise to an even
coat of cilia ; Pénard (302), on the other hand, considers Multicilia allied to
the Heliozoa (p. 249). It is clear that the genus is one which would repay
further study.

OrpEr II. : ProroMmonapina.—Flagellates for the most part of small or
minute size ; with a single flagellum ; or with a principal and one or two acces-
sory flagella ; or with two flagella, one directed anteriorly, the other pos-
teriorly as a trailing flagellum. Nutrition holozoie, saprophytie, or parasitic ;
in the first case the food-particles are ingested at the base of the flagellum,
where a definite mouth-opening may be present or absent, but without a
distinet wesophagus in any case. The contractile vacuole is generally single,
if present, and empties itself direct to the exterior.

This order comprises a vast assemblage of genera and species, subdivided
by Doflein into eight families, one of which, the Trypanosomide, including
the important parasitic genus Trymwama, is discussed in detail in the next
chapter. The cuticle is generally thin, and the body is often capable of
amaeboid or metabolic movements ; if u.mcehmd however, the flagellum is
the organ of locomotion, so long as it is present, and not the pseudopodia.
The relations of the flagellum to the nuclear apparatus are, in general, of the
second type (p. 263), according to Hartmann and Chagas (62)—that is to say,
with distinet centrosome and blepharoplast ; but it is extremely probable
that in the simpler forms Type 1 oceurs also (compare Alexeieff, 327), and in
the Trypanosomide the distinetive feature is the possession of Type 3, with
trophonueleus and kinetonueleus, as also in some of the Bodonide (Prowa-
zekia). The life-eyele of the free-living forms is probably in general of a
simple type, similar to that described above in Copromonas (Fig. 111) ; but
observations on the sexual processes are at present very scanty.

For a detailed deseription of the forms included in this order the reader
must be referred to the lﬂ.rgur treatises, especially Biitschli (2) and Senn (320) ;
it must suffice here to mention some of the more typical forms. Cercomonas,
type of the family Cercomonadide (Fig. 114), has a single flagellum ; the hinder
end is frequently drawn out into a long tail-like process, and is capable of
change of form. FHcomonas (Oikomonas) differs in having the body rounded.

Monas, type of the family Monadide, has a principal flagellum and one
or two accessory flagella. Cladomonas and Spongomonas (Figs. 41, 42) form
arborescent colonies ; the constituent monads have two ﬂa.gclln of equal
size, both directed forwards. Alexeieff (327) considers that the Monadide
should be placed in the suborder Chrysomonadina (see below).

Bodo (Fig. 115), type of the family Bodonide, has two flagella, one directed
forwards, the other backwards as a trailing flagellum ; the species of this
genus are free-swimming and do not form colonies ; they occur both free-
living and parasitic, for the most part in the digestive tracts of various animals,
Bodo lacerte, from the cloaca of Lacerta spp., has been studied by Prowazek
(354). who has described a process of autogamy, but doubt has been east upon
his observations by Daobell (3356). No'e also the ozeurrenz: of Bodo-like
forms in the developmont of Crypladifflugiz (p. 230, supra). The flazellate
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recently deseribed by Wenyon (361) from a culture of human faeces, and
referreir by him to the genus Cercomonas, would appear rather to belong to
the genus Bodo. To the family Bodonide must be referred also the genera
Prowazekia and Trypanoplasma, dealt with in greater detail in the next chapter.
Helcomastiz, Senn (358), is to
be referred to the Bodonide or
made the type of a distinct
family ; its two flagella of
unequal length are both
directed backwards in move-
ment.

Finally, mention must be
made of the group of flagel-
lates characterized by the pos-
session of a collar (see p. 261,
supra), and hence commonly
known as ** choanoflagel-
lates ™ or ** craspedomonads.”
They are sedentary forms,
attached by the end of the
body opposite to the flagellum,
and may remain single, but
more usually form colonies
often of considerable extent
(Fig. 110). The flagellum is
uszed mainly for food-capture,
in which the collar also pro- :
bably plays an important Fii 114.—Cercomonas crassicauda, Dujardin,
part’; but an individual may s_‘]:m‘wmg ameeboid changes of form. After
become detached from its ~ Stein.
support, and swim freely, the
flagellum being then directed backwards. The systematic position of the
choanoflagellates has been differently estimated by different authors; by some
they have been ranked as a primary subdivision of the Flagellata, which are
then divided ag a whole into Choanoflagellata and Lissoflagellata, the second
of these divisions being used to include all other Hagellates. Since, however,
the choanoflagellates scarcely differ from ordinary monads
except in the possession of the characteristic collar, a
specialization of the food-capturing function related to
a sedentary life, they are now generally ranked as a
family of the Protomonadina, the Choanoflagellidee.

Orper I11. : PoLymasticina.—Flagella from three o
eight in number, usually all more or less equal in size ;
in other points of structure similar to the last-mentioned
order. Two families, which are sharply marked off from
one another, are referred to this order.,

1. Teframitidee, with three or more flagella, which all
arise at the anterior end close together. The flagella
may all be directed forwards, or one of them may be
turned backwards as a trailing flagellum ; in the latter
F1c. 115.—A, Bode case the trailing flagellum may or may not be united to

saltans, Ehren- the body by an undulating membrane.

berg. B, Bodo The species referred to this family are for the most

gracilis, Stein. part parasitic. Endoparasitic formsof common occur-

After Stein. TR = R Y . g 2%

rence, especially in the digestive tracts of vertebrates,
are Trichomastiz, with three anterior flagella and a free
trailing flagellum, and Prichomonas (Fig. 5), with the same number and arrange-
ment of the flagella, but having the trailing flagellum united to the body by an
undulating membrane. These two forms oceur frequently in the same host,
and are perhaps to be interpreted as two developmental phases of the same
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organism rather than as distinet generic types. Trichomonas hominis is
entozoic in the human intestine, 7. vaginalis in the human vagina ; they
appear to be harmless scavengers rather than parasites. The encystment
of Trichomonas has been the subject of some controversy. According to
Alexeieff (326), the supposed cysts of Trichomonas described by various
authors are in reality independent vegetable organisms, of the nature
of yeasts. In some species of Trichomonas the
anterior flagella are four in number (Alexeieff,
323): for such forms Parisi (4.P.K., xix.,
p. 232) has founded a subgenus Tetratricho-
snonas. The genus Macrostoma, according to
Wenyon (362), differs from richomonas in
having the undulating membrane wedged in
a deep groove; M. mesnili occurs in the
human intestine. According to Alexeieff (324),
Macrostoma is a synonym of Deframitus. Mono-
cercomonas, including a number of common
intestinal pu.mmtof-: has four anterior flagella
of equal length, or two longer, two shorter
(Alexeieff, 325).

Costia necatriz, also referred to this family,
is ectoparasitic on the skin of fishes. According
to Moroff, it has four flagella in two pairs, two
larger and two smaller, all of which serve for
locomotion ; but the larger pair are used also
for fixation, and the smaller pair for wafting
into the mouth the food-particles, which consist
chiefly of dead Lpltlmlmlpf'el]ﬁ torn away from
the epidermis (see also Neresheimer).

2. Octomitidee.*—With six or eight flagella,
arranged in pairs; the body is bilaterally
symmetrical in structure. Entozoic forms, for
the most part of intestinal habitat.

The remarkable bilateral symmetry of the

116.—Octomitus dujar-

Fia.

dini. b1, Anterior blep-
haroplast, from which the
first and second flagella of
that side of the body arise ;
Bl.2, second blepharoplast,
giving off the flagellum of

the third pair; N., left-hand
nucleus ; ax., Teft axostyle ;
bL.3, third blephamplaat, at
the extremity of the axo-
style, giving off one of the
flagella of the fourth pair.
All the structures indicated
are paired, and the letters
indicate the member of each
ir on the left side of the
y. After Dobell (236).

species of this family is not merely an external
characteristic of the body, but affects the
internal structure as wnﬁ, and the entire
nuclear structure is doubled, with right and left
halves. Octomitus (synonym, Hexamitus ; see
Dobell, 236), with four pairs of flagella (Fig. 116),
includes a number of entozoic species—e.g.,
0. intestinalis, from the cloaca of the frog and
other animals. Lamblia infestinalis (synonym,
Megastoma entericum, Fig. 117) is a common
inhabitant of the human intestine. It becomes
encysted, and is probably disseminated in this
form. Within the cyst it divides into two
(Rodenwaldt). L. sanguinis, described by
Gonder (4.P.K., xxi., p. 209) from the blood
of a falcon, is probably an intestinal parasite
gone astray (vide p. 258).

The order Pnl}'mu.st.iFinu differs little from the Protomonadina cmeI; in
the complication of the flagellar apparatus, correlated probably with the
entozoic habit. Hartmann and Chagas propose to merge the Polymastigina

* Doflein terms this family the Polymastigide, but the name is clearly in-
admissible, since the genus Polymastiz belongs to the preceding family, and is
closely allied to Trichomonas, but has six anterior flagella and no trailing
flage lﬁun (compare Alexeieff, 32.1]
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in the Protomonadina, and then to divide the order into two suborders ; the
first, entitled the Monozoa, would include the Protomonadina as constituted
above, with the exception of the Trypanosomide (** Binucleata ), and with
the addition of the Tetramitide. The second suborder, Diplozoa, would in-
clude only the Octomitide. This arrangement certainly seems more natural
than that which is usually adopted, so far as the Tetramitide and Octomitide
are concerned,

Orper 1V.: EvereNompiya.—Larger forms, with mouth-aperture and
@sophagus ; with a complex vacuole-system opening into the wsophagus ;
often with holophytic apparatus, chromatophores, stigma, ete.
~ This order represents, so far as structural complication of the individual
18 concerned, the highest type of organization among Flagellata. The body
may be metabolic, or of definite contours, with thick cuticle. The free-living

Fic. 117.—Lamblia infestinalis. A, Ventral view ; B, side view. N., One of the
two nuclei ; ax., axostyles ; 1.1, .2, .3, {4, the four pairs of flagella ; 5., sucker-
like dt‘iﬁl{:ms:ﬂ:d area on the ventral surface ; x, bodies of unknown funection.
After Wenyon (277).

forms are either holozoic or saprophytie, if colourless, or holophytic if pro-
vided with chromatophores, in which case they may be capable of neurishing
themselves by more than one method. The flagellum may be single, or there
may be a second flagellum, usually smaller than the principal flagellum,
and sometimes directed backwards as a trailing flagellum. The attachment
of the flagellum is of the second type (p. 263), with blepharoplast distinet
from the centrosome. According to Hartmann and Chagas (62), in Peranema
trichophorum the centrosome first divides to furnish a blepharoplast, and
the latter, having become completely independent of the nucleus, divides
into two, & distal blepharoplast or basal granule of the flagellum, connected
by a rhizoplast (centrodesmose) with the proximal blepharoplast or anchoring
granule. The authors consider that this should be regarded as a fourth type
18
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of flagellar insertion, characteristic of this order ; but it is simplest to regard
it merely as a secondary complication of the second type, and one which is
not universal in this order, since in Copromonas sublilis the blepharoplast
remains undivided, so that this species shows a flagellar attachment strictly
of the second type. In Euglena, according to Wager (213), the flagellum
passes through the esophagus and becomes attached to the '-:m]l qf Lthﬂ
reservoir-vacuole by a bifurcate base. On one of the branches is a distinet
thickening in close contact with the stigma (p. 205). The thickening is prob-
ably the blepharoplast, and the two branches represent the rhizoplast.

The sexual processes of the Euglenoidina are but little known, and Copro-
monas is the only genus in which the complete life-cycle has been worked out ;
in this species it is of a simple type (p. 264, Fig. 111).

The order comprises three families. The first, Euglenide, contains forms
provided with chromatophores, holophytic, saprophytic, and parasitic
(Haswell) in habit. Examples: Buglena (Fig. 4), Phacus (Fig. 118). The
second family, Astasiide, contains the genus Astasia (Fig. 15), colourless
and saprophytic or parasitic. The third family, Per-
anemide, contains numerous genera without chro-
matophores, holozoic or saprophytic. Examples:
Peranema, Copromonas (Fig. 111). The subfamilies
Heteronemine and Anisonemine are heteromastigote.
Example : Anisonema (Fig. 25).

OrDER V.: CHROMOMONADINA.—Small forms, with-
out wsophagus or vacuole-system, with delicate cuticle
and one or two flagella ; their characteristic feature is
the possession, usually, of one or two conspicuous
chromatophores, green, yellow, or brownish, in colour.
The nutrition, for the most part holophytic, may
be also holozoic or saprophytic. Divided into two
suborders.

Suborder 1: Chrysomonadina.—With one or two
flagella and one or two yellowish-brown chroma-
tophores ; body often ameeboid or metabolic ; colony-
formation frequent ; nutrition holozoic and holophytie.
Three families. Examples : Chrysamoba, Chromulina,

trigueter. ws., Eso- Dinobryon, ete. According to Scherffel, Chrysamaba

phagus; cv., con- is the ameboid, non-flagellated phase of Chromulina ;
tractile vacuole ; ., compare also Lauterborn (345'5). To this suborder
stigma ; N., nucleus. must be referred also the Coceolithophoride, marine

After Stein. flagellates which secrete the calcareous shells known as

coccoliths (vide Lohmann).

Suborder 2 : Cryplomonadina.—Small forms with one or two flagella, colour-
less, or with chromatophores ranging in colour from yellowish-brown to olive-
green or blue-green. Holophytic or saprophytic, not holozoic. Ixamples :
Chilomonas, colourless ; Cryptomonas, some species of which are symbiotic in
Sarcodina (p. 15). Doflein refers the Silicoflagellata to this order (p. 255).

OrpER VI.: PHYTOMONADINA SEU PHYTOFLAGELLATA.—(Completely and
exclusively holophytie, with cellulose envelope and without mouth-aperture.

This order comprises the most plant-like flagellates, to all intents and
purposes unicellular algse which retain throughout life their flagellar apparatus
and their motility. The individual is generally small, and the body is, except
in one family, of definite form and enveloped in a rigid cellulose envelope
which may stand off from the body, and is perforated by pores through which
the flagella pass out to the exterior. The flagella are usually two in number,
sometimes four, of equal size. The cytoplasm generally contains a large
green chromatophore and a red stigma. The flagellar insertion, according
to Hartmann and Chagas, is of the second type, as in Protomonadina. The
reproduction may take the form of multiple fission within the body-envelope
to form numerous swarm-spores, which when set free may be gametes or
agametes.  Colony-formation is frequent in this order (p. 257).
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Three families are recognized. The first, represented by the genus Pyra-
mimonas, contains primitive forms in which the body is metabolic and the
eellulose envelope is absent. The second family, Chlamydomonadide, com-
prises non-colonial forms such as Chlamydomonas, Hematococcus, ete. Nephro-

Fie. 119.—Gonium pectorale : colony of sixteen individuals, each with two flagella.

A, In surface view ; B, in side view. N., Nuclei ; c.v., contractile vacuoles ;
sl., stigmata. After Stein.

selmis, referred by Senn (358) to this family, has two flagella, on which it
creeps like a Bodo. The third family, Volvocide, comprises colony-forming
species in which the individual is similar in structure to t-lim Chlamydomonads,
and the colony is composed of individuals ranging in number from four, eight,
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sixteen, or thirty-two, up to many thousands. Examples are Gonium
(Fig. 119), Stephanosphara, Volvor, ete.

In addition to the six orders of flagellates enumerated above, there remain
some peculiar parasitic forms, the systematic position of which is extremely
doubtful. Such are the family Lophomonadide, represented by Lophomonas
battarum, a common parasite of the end-?ut of the cockroach and other
Orthoptera, and the Trichonymphidee. including the genus Trichonympha and
allied forms, parasitic in the end-gut of termites of various species.

Lophomonas blattarum, which has recently been studied by Janicki (70),
bears a tuft of flagella arising at the anterior pole of the body from a double
ring, or rather horseshoe, of blepharoplasts, situated at the edge of a funnel-
shaped or cup-like structure, the calyx, which is ]imlungcd into an axostyle
(Fig. 45). The nucleus lies within the calyx, which is surrounded in its turn
by a peculiar thickening or support, termed the ** collar,” consisting of free,
radially-disposed rods erowded together to form an aureole-like figure, approxi-
mately spherical. The nutrition is holozoic, and food-particles are ingested
at any point on the body-surface, as in the Pantastomina. Multiplication
takes place by binary or multiple fission in the free state ; and division of the
nucleus up to eight within a cyst has been observed, but the entire life-cycle
has not been worked out. Associated with L. blattarum, another form,
L. strinta, occurs, but it is doubtful if this is a distinet species, or a phase or
condition of L. blattarum.

The group or family Trichonymplidee comprises a number of peculiar
parasites found in the digestive tract of various species of Termitidee ; such
are the genera Joenia, Lophophora, Calonympha, Devescovina, ete., and finally
the genus T'richonympha, from which the family takes its name. The chief
peculiarity of these forms is the possession of numerous flagella, which may
be digposed in tufts at the anterior end of the body, in a manner similar to
Lophomonas (which by some authorities is included in this family), or may
be distributed over the whole body, like a coat of cilia, as in the genera
Trichonympha, Dinenympha, cte.

According to Hartmann, Trichonympha hertwigi oceurs under two forms,
which he believes to represent male and female gamonts. They multiply
by binary fission, and also by a process of sporulation to produce swarm-
spores which are believed to be gametes. Dinenympha also exhibits sexual
dimorphism, according to Comes (333).

From Janicki’s investigations, there can be no doubt that Lophomonas is a
true flagellate, possibly allied to T'richomonas, possibly, however, to the Pan-
tastomina. The genus Joenia, parasitic in Calotermes flavicollis, was thought
by its discoverer, Grassi, to conmect Lophomonas and Trichonympha ; the
recently-described genus Lophophora (Comes, 332) also has points of resem-
blance to Lophomonas, but is remarkable for the presence of undulating mem-
branes running the length of the body. By some authorities, however, the
Trichonymphide have been placed with the Ciliata, while Hartmann considers
that they should rank as an independent class of the Protozoa.

SuBcLAss 11, : DINOFLAGELLATA SEU PERIDINIALES.

The characteristic feature of this subelass is the possession of
two flagella, which arise close together about the middle of the
body. One flagellum (Fig. 120, e) runs longitudinally backwards
as a trailing flagellum ; the other (Fig. 120, d) runs transversely
round the body. It is further characteristic of this group for the
cuticle to be greatly thickened, forming a tough cuirass, or lorica,
investing the body. The two flagella are usually lodged in grooves
in the cuirass, the longitudinal flagellum in a longitudinal groove
or sulcus, the transverse flagellum in a circular groove, or annulus.
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The transverse flagellum executes undulating movements which
were formerly mistaken for those of a ring of cilia ; hence the name
Cilioflagellata formerly applied to this group.

The cuirass, composed of ¢>llulose or an allied substance, is in its
typical form a perfectly rigid structure, and is
often prol mgad into spikes and processes which
cause the body as a whole to assume strange or
even monstrous forms (Fig. 121). Detailed
studies on the skeleton have been published by
Kofoid in a series of memoirs (374-383). The
nutrition is for the most part holophytic, but
in some species ingestion of solid food has been
observed. A great many parasitic forms have
been made known of recent years (Chatton,
366-369 ; Caullery, 364) ; these are for the most w120, — Glenodi-
part forms which, in the vegetative, parasitic :inl i iicturi.
phase are inert bodies with no sign of locomotor J—'::mylt;i];l é Sos o
organs, often fixed and pedunculate when ecto- b, at.igm;a.; e, El‘fn;-
parasitic ; but in thch _mpmduetlve pha‘sga }]";ézﬁl?nlmg‘f"s*ﬂlé
they betray their affinities by the formation transverse groove ;
of numerous flagellated swarm-spores exhibiting & flagellum of the

: = vertical groove ; ».,
the typical Dinoflagellate structure. G hinale . Team

The pelagic species generally possess chroma- — Lankester.
tophores, and frequently a red stigma, which in
some genera—Pouchetia (Fig. 31), Erythropsis—is modified into an
eye-like organ. The deep-sea forms, on the other hand, are colourless.

In many Dinoflagellates a peculiar system of vacuoles is found (Fig. 122),
consisting of two sacs containing watery fluid, each of which empties itself
to the exterior by its own duct. They differ from
ordinary contractile vacuoles in possessing a dis-
tinet envelope and in not performing rhythmical
contractions, and have hence bheen given the
special name of © pusules ” (Schiitt). One of these
organs, termed the * collecting-pusule,” consists of
a reservoir-vacuole surrounded by a ring of smaller
vacuoles which empty themselves into it; the
other, termed the * sack-pusule,” is a large cavity
which takes up a great part of the interior of the
cuirass. The function of these organs is probably
hydrostatic.

The commonest method of reproduction is
binary fission in the transverse plane of the body,
in which each daughter-individual receives a half
of the cuirass of the parent and regenerates the
half that is wanting. Fission rapidly repeated may
lead to the formation of chainsof individuals. In
other cases multiple fission within the cuirass has been observed, leading to the
formation of swarm-spores which are possibly gametes ; but little is known of
the sexual processes of these organisms.

The Dinoflagellates are an exeeedingly abundant and widespread group,

Firz. 121.—Ceratocorys
frorrida : cuirass.  After
Stein, from Lankester.
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highly differentiated as regards forms and species. The vast majority are
pelagic in habit, and constitute an important element of the plancton-fauna,

both marine and fresh-water.

Fra. 122.—Peridinium diver-
gens : ventral view showing
the vacuole-system. e.p.,
The ecollecting-pusule sur-
rounded by a rosette of still
emaller pusules which open
into it ; &.p., the large sac-
pusule, or reservoir; both
opening into the fundus (f.),
from which both the trans-
verse flagellum (4.), lying in
the annulus (a.), and the
longitudinal flagellum (1.),
arise.  After Schiitt, from
Lankester.

A certain number of species are adapted to
parasitic life. They are divided into two
orders.

OrpErR I.: Avpiwipa (Prorocentracems).—
Primitive forms in which the typical peculi-
arities of Dinoflagellate organization are not
fully developed. The body-envelope consists
of a bivalve shell without furrows, The two
flagella emerge through an aperture between
the two valves, and one flagellum projects
freely into the water, while &tﬁm other twists
round it at the base. Example: Prorocentrum.

Orper II.: DivrrEra.—With the typical
characters of the subclass, as described above.
Families: (1) Gymnodinide, without a well-
developed cuirass—example : Gymunodinium ;
the marine genus Oxyrrhis (Fig. 123) is referred
to this family by Senn (358); it is holozoic
in habit. (2) Peridinidee, with a well-developed
cuirass made up of definite plates—examples:
Glenodinium (Fig, 120), Ceratium, Ceralocorys
(Fig. 121), Peridinium, ecte.; Pyrodinium
(Plate, 385) is remarkable for its intense phos-
phorescence ; at the hinder pole, between the
chromatophores, the cytoplasm containsa body,
the * Nebenkorper * of Plate, surrounded by
numerous oil-drops, which are perhaps the
seat of the luminosity. (3) Dinophyside,
oceanic species with the euirass divided by a
sagittal suture, often of extraordinary form—

example : Dinophysis, cte.

(4) Blastodinidee,

a family created by Chatton (366, 367) for certain parasitic forms; such
are Blastodinium, an internal parasite of various copepods, and Apodinium

mycefoides, an ectoparasite of appendicularians (Frifillaria).

vegetative form, without organs of locomotion,
gives rise by periodic segmentation of mother-
cells to suceessive generations of swarm-spores,
which in their structure resemble Gymnodinium.

Suecrass I11.: CYSTOFLAGELLATA SEU
RHYNCHOFLAGELLATA.

This group comprises a small number of
forms all marine and pelagic in habitat.
Their chief peculiarity is that, like so
many other pelagic organisms of all classes,
the body is inflated, as it were, with
watery gelatinous substance, so that it
attains to a size which far exceeds the
actual bulk of the living substance con-
tained in it. In consequence of the

The parasitie,

Fia. 123.—Oxyrrhis marina,
Duj. P., Peristome ; N.,
nucleuns; f.v., food-
vacuoles ; ex., excretory
mass about to be ejected.
After Blochmann, from
Senn (slightly modified) ;
magnification 1,000,

secondary increase in size, the powers of locomotion are feeble, and
these organisms float more or less helplessly on the surface of the sea.
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The best known form is the common Noctiluca miliaris of our coasts. The
adult Noctiluea is about the size of an ordinary pin’s head (1 to 15 millimetres
in diameter). The spherical body consists chiefly of jelly, with at one pole
a superficial concentration of the protoplasm containing the nuelei and giving
off the locomotor organs. From this central mass of protoplasm strands extend
in an irregular network through the whole body, whmh is hmuteﬂ by a thin
pellicle. The eentral protoplasm bears the so-called * peristome,” a deep groove
containing the mouth- -aperture near one end. The mouth is bordered by pro-
jections known ag the “ tooth ™ and the “lip,” and near it arise two motile
organs—a small flagellum, and a large tentacle-like process which shows a
transversely striated structure and performs twisting and lashing movementas.
The tunta.nla iz sometimes named the * flagellum,” and the true flagellum
the * cilinm ** ; the former probably serves as the organ of locomotion, the latter
for food- mptum The nutrition is holozoie.

Noctiluca reproduces itself by binary fission, and also by multiple fission
producing a brood of small flagellate swarm-spores.  The formation of the latter
has been stated to be preceded hy isogamous conjugation of the adults, but
the matter is open to doubt, and it is possible that the swarm-spores them-
selves represent the gametes. Other genera of Cystoflagellata are Leplodiscus
and Craspedotella (Kofoid, 373), both remarkable for their superficial resem-
blance to meduswe. No tentacle like that of Noctiluca is present in either of these

forms, and locomotion is effected by rhythmic cont ractions of the dise-like
body.

Bibliography.—For references see p. 486.



CHAPTER XIII
THE HEMOFLAGELLATES AND ALLIED FORMS

Teneral Characlers and Principal Types—Under the term “ Hamo-
flagellates  are grouped together a number of forms of which the
characteristic, though by no means invariable, habit is alternating
parasitism in the blood of a vertebrate and in the digestive tract
of a blood-sucking invertebrate host. The group must be regarded,
however, as one founded on practical convenience rather than on
natural affinity—as a method of classification comparable to that
of the gardener rather than of the botanist. The existence of a
parasitic habit common to a number of different forms is in itself
no proof of genetic affinity or community of descent, and it is highly
probable that more than one line of ancestry has contributed,
through divergent adaptation, to the composition of the group
Hemoflagellates. The name itself has, moreover, lost much of its
significance, since closely allied to the forms parasitic in blood, and
inseparable from them in a natural scheme of classification, are
other forms parasitic only in invertebrates, or even free-living.

The chief morphological characteristic of the Hemoflagellates is
the possession of two nuclei, a trophonucleus and a kinetonucleus,
and the relation of the locomotor to the nuclear apparatus is of the
third type distinguished in the preceding chapter (p. 263) ; on this
account they are ranked by Hartmann and Jollos (390) as a distinct
order of the Flagellata termed the Binucleata.

The Hemoflagellates as a group comprise a number of forms
which represent in some cases distinet generic types, in others
merely developmental phases alternating with other forms in the
life-cycles of particular species. The following six generic names
represent the more important of these types :

1. Trypanosoma (Fig. 126, ete.), with a single flagellum which
arises near the kinetonueleus, at the extremity of the body which is
posterior in progression, and runs forward as the marginal flagellam
of an undulating membrane. At the anterior end of the body the
flagellum is usually continued as a free flagellum, but in some cases
it ends with the undulating membrane. A vast number of species
parasitic in the blood of vertebrates and in the digestive tract of

280
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invertebrates alternately are comprised in this genus. Trypano-
some-forms also occur as developmental phases in the life-cycle of
species parasitic solely in the digestive tracts of inseects.

2. Trypanoplasma (Figs. 36, 134), with two flagella arranged in
a heteromastigote manner, and with the posterior trailing flagellum
united to the body by an undulating membrane for the greater part
of its length. A number of species are known, which by their dis-
tribution fall into three sections : (1) Species parasitic in the blood
of fresh-water fishes, with alternating parasitism in the digestive
tract of leeches ; (2) species parasitic in the digestive tract of marine
fishes ; (3) species parasitic in various invertebrates.

3. Crithidia (Fig. 135), with a single flagellum which arises near
the kinetonucleus, at about the middle of the body, in front of or
close beside the trophonucleus, and runs along the pointed anterior
end of the body to form the marginal flagellam of a relatively
short, often rudimentary, undulating membrane, beyond which
it is continued as a free flagellum. As an independent genus this
type comprises species parasitic in the digestive tracts of various
insects ; but the majority of the so-called species of Crithidia arc
merely phases in the developmental cycle of trypanosomes.

4. Leptomonas (Herpetomonas — Figs. 124, 136), with a single
flagellum arising at the anterior end of the body, and with no trace
of an undulating membrane. As an independent generic type
this form occurs as a parasite of invertebrates, chiefly insects;
secondarily also in the latex of plants (Euphorbiacem). It occurs
also as a developmental form of the next genus in the invertebrate
host or in cultures.

5. Leishmania (Fig. 138), with an oval body containing a tropho-
nuclens and kinetonucleus, but with no flagellum. As a generic
type this form is an intracellular parasite of a vertebrate host,
multiplying there by fission and developing into a typical Leplo-
monas-form. On the other hand, as a developmental phase this form
represents simply a non-flagellated, resting stage which may occur
in the life-cycle of either Trypanosoma, Crithidia, or Leptomonas.

6. Prowazekia (Fig. 141), with two flagella arranged in the hetero-
mastigote manner, as in Trypanoplasma, but with the trailing
flagellum quite free from the body, without an undulating mem-
brane. Prowazekia is therefore quite similar in its morphology to
Bodo, with which it was formerly confused, if, indeed, it is really
distinet, and it differs from Bodo only in the possession of a kineto-
nucleus. Several species are described, free-living or intestinal in
habitat.

Considering the above six types as a whole from a morphological
standpoint, it is seen that there are two types of structure amongst
them—the cercomonad or monomastigote type, represented by
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Trypanosoma, Crithidia, and Leplomonas, of which Leishmania may
be regarded as the resting, non-flagellated phase ; and the bodonid
or heteromastigote type with two flagella, seen in Trypanoplasma
and Prowazelkia. We shall return to this point in considering the
affinities of the group as a whole and of its constituent genera.

The six types enumerated above are given with the nomenclature and
definitions most commonly accepted, but it is necessary to state that the
application and significance of the names Crithidia, Leptomonas, and Herpeto-
monas, are much disputed and are far from
being settled. The type of the genus Herpeto-
monas of Saville Kent is a species found in
the digestive tract of house-flies, H. musce-
domestice (Fig. 124).  According to Prowazek
(357), this form possesses normally two
flagella, which are connected together by a
membrane ; according to Patton (551) and
many others, the biflagellate condition is due
to precocious division of the normally single
flagellum as a preparation for division of the
body (compare Strickland, 558 ; Wenyon, 84).
Thosze who follow Prowazek in regarding the
biflagellate condition of Herpetomonas as its
normal adult form employ the older genus
Leptomonas of Saville Kent® for forms with a
single flagellum (Chatton, Roubaud, Prowazek).
The main source of the confusion in the nomen-
clature arises from the uncertainty which still
exists in many cases as to whether a given form
or structural type is to be regarded as an in-
dependent specific or generic type, or as a
developmental phase of another species. This
applies especially to the genus Crithidia,
founded by Léger (543) for a speeies, C.
fasciculata, from the intestine of Anopheles
maculipennis, and defined as a small uniflagel-
late form shaped like a grain of barley (Greek,
kpetly).  Such forms, however, occur as
developmental forms of trypanosomes or of

A leptomonads, and it is extremely probable that
Fio. 124 —Herpetomonas the species on which Léger founded his genus
musca-domestice (Burnett), Was simply a phase of this kind, which Wood-

A, Motile individual with cock (527) has proposed to call the * trypano-

two flagella; B, cyst: n, monad” phase, in the development of a

nuelens ; b, kinetonucleus. trypanosome. On this ground Dunkerly

After Prowazek. (5335), who has recently discussed the whole

question, considers that the name Crithidia
cannot be used as a generic name at all, but must be merged in Leptomonas,
the name that should be used for all the uniflagellate parasites of insect-guts;
while Herpetomonas should either become a synonym of Leplomonas, or should
be used solely for Prowazek’s biflagellate type, if that prove to be a distinet
generic type. On the other hand, Léger and Dubosceq (646, p. 232, footnote)
consider that Crithidia should be retained, and Leplomonas ranked as a

* The genus Leptomonas was founded by Saville Kent, ** Manual of Infusoria,™
vol. i., p. 243, for L. bitschiii, parasite of the nematode worm T'rilobus gracilis ;
the genus Herpetomonas was founded on p. 245 of the same work for H. musce-
domestice and H. lewisi (= Trypanosoma lewizi). Leptomonas is therefore techni-
cally the older genus.
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synonym of it. The question has given rise {o a controversy which has been
carried on by some of the participants in an acrimonious and even unseemly
manner, and which it would be unprofitable to discuss further here, since

the question is one which must be decided ultimately by facts, and not by
personal opinions or tastes.

The various forms comprised in the Haemoflagellates may now
be considered in detail, beginning with the most important type.

I. THE GENUS TRYPANOSOMA.

Oceurrence. — Trypanosomes were first discovered as blood-
parasites of cold-blooded vertebrates—fishes and batrachia ; the
type-species of the genus Trypanosoma is T'. rolatorium (synonyms,
T. sanguinis, Undulina ranarum) of the frog (Rana esculenta).
Trypanosomes are now known, however, to occur commonly as
blood-parasites in all classes of vertebrates. In a wild state many
species of mammals, birds, and other vertebrate animals, are often
found to harbour trypanosomes in their blood, though frequently
in such scanty numbers as to render the detection of the parasites
extremely difficult. It may be almost impossible in some cases to
find trypanosomes in the blood of an animal by direct microscopic
examination, owing to their great scarcity ; but in such cases an
artificial culture made from the blood may reveal the presence of the
parasites, since in a few days the trypanosomes originally present
in small numbers in the blood multiply, under favourable conditions,
to produce a swarm of flagellates. The cultural forms are quite
different, as a rule, from the blood-forms which gave rise to them,
and appear generally as crithidial or trypanomonad types; thus,
cultures furnish evidence of the existence of a trypanosome in a
given host, but give no indication whatever of the type of parasite
actually present in the blood.

In some cases the trypanosomes appear to be present in the
peripheral circulation of the vertebrate host only at certain periods,
and at other times they are only to be found in the internal organs
or tissues of the host, such as the spleen, bone-marrow, liver, lungs,
etc. The trypanosome of Athene noctua—1T'. noctuee, for example—
is to be found during the winter only in the bone-marrow of its host,
and appears in the peripheral circulation during the summer months,
and then most abundantly in the night-time (Minchin and Wood-
cock, 42). Hence, for various reasons, it may often be extremely
difficult to decide whether a given animal is infected with trypano-
somes or not ; and in recent years trypanosomes have been dis-
covered in animals in which their presence was previously quite
unsuspected—for instance, in calves (Crawley, Carini, 423, Stockman ;
see also Bulletin of the Sleeping Sickness Bureau, No. 29, p. 320)
and in sheep (Woodcock, 527, p. 713, footnote).
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S i Fra. 1256.—Trypanosoma mega, from the blood
et ki of African frogs. .1, Marginal flagellum of
'33:5'5 e the undulating membrane ; 1.2, free lagellum ;
el g, m., myoneme-striations (it is doubtful whether

LS :-I- the granular streaks or the clear interspaces

AL correspond exactly to the actual myonemes);
';"i'" _ 7, kinetonucleus: N, space in which
. the trophonucleus lies, but, not being
stained, it is not clearly defined in
the preparation. After Minchin, magni-
fied 2,000; compare Figs. 11 and 12 at
the same magnification.
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Biffects on the Host.—The trypanosomes found infesting wild
animals in Nature are, as a rule, quite specific to a particular host,
and, so far as can be observed, perfectly harmless to it. If the
relations between host and parasite had always been of this type
in all cases, our knowledge of trypanosomes would be in a much
more backward state even than it is. Of recent years a vast
amount of attention has been attracted to these parasites owing to
the diseases of man and animals caused by certain species of trypano-
somes, and hence termed comprehensively °° trypanosomiases.”
The greater number of these pathogenic species belong, from the
structural point of view, to a type which may be called the brucii-
type (Fig. 12); such are 7. brucii, cause of tsetse-fly disease ; 7. gam-
biense, of sleeping sickness ; 7. evanst, of surra ; T'. equiperdum, of
dourine ; and many others. The structural similarity of these
species renders their identification a matter of extreme difficulty.
Of a slightly different type is 7. equinum, of “mal de caderas’ in
South America, with a very minute kinetonucleus ; but the recently-
described 7'. hippicum of ** murrina 7 (Darling, 428) appears to be
a typical member of the brucii-group. 7. theileri, on the other
hand, from cattle, is very distinet in size and appearance from the
members of the brucii-group. Finally, T'. eruzi, the cause of human
trypanosomiasis in Brazil, stands apart from all the others in
peculiarities of reproduction and development, which have led to
its being ranked in a distinet subgenus, Schizolrypanum.

The problem of the pathogenic trypanosomes has been touched
upon in Chapter II. From a survey of trypanosomes in general, it
is clear that the normal type of these parasites is one which is specific
to one or to a limited number of species of hosts, to which it is quite
harmless. The pathogenic species are to be regarded as aberrant
forms not yet adapted to their hosts, as an instance of a disharmony
in Nature. They are species which have probably established
themselves but recently in the hosts to which they are pathogenic.
As contrasted with the natural, non-pathogenic forms, their most
striking peculiarities are that they are not specific to one host, but
can flourish in a great number of different species of hosts, and that
in susceptible animals their power of multiplication has no limit.
T'. brucii, so deadly to many domestic animals, is known to oceur
also as a natural parasite of wild animals, to which it is harmless.

Structure.—The constitution of the trypanosome-body is of a
very uniform type in its general traits, though subject to great
variation in different cases as regards size, form, and minor details
of structure. The body is typically long and sinuous, with the
anterior end tapering gradually to a fine point, while the posterior
extremity is usually broader, and tapers more abruptly, or ends
bluntly ; but in different forms, even of the same species, there may



286 THE PROTOZOA

be great variation, from long, slender to short, stumpy types, and
in some cases the posterior end is also greatly drawn out and attenu-
ated. The principal nucleus or trophonucleus is usually situated
near the middle of the body. The kinetonucleus is almost invariably
behind the trophonucleus,* sometimes close behind it, but more
usually near the posterior extremity, separated from the tropho-
nucleus by about half the length of the body.

The flagellum arises from a centriole (blepharoplast) which is in
connection with the kinetonucleus. In the more primitive type of
arrangement the blepharoplast is lodged within the kinetonucleus
itself, and then the flagellum appears to arise from the kineto-
nucleus directly (Wenyon, 84). In most cases, however, the
blepharoplast is situated close beside, and usually in front of, the
kinetonucleus, connected with it by a delicate rhizoplast. When
the blepharoplast is distinet from the kinetonucleus, it is at present
an open question whether the kinetonucleus contains a centriole
of its own, in addition to the blepharoplast, or whether the blepharo-
plast represents a centriole which belongs to the kinetonucleus, but
has migrated to the exterior of this body.

Passing from the blepharoplast to the surface of the body, the
Hagellum forms the free border of the undulating membrane, which
runs forward from the vicinity of the kinetonucleus to the extreme
anterior end of the body as a fin-like ridge or fold of the periplast,
of variable width (c¢f. Fig. 126). The flagellum may in some cases
end with the undulating membrane at the anterior end of the body,
but more usually it is prolonged forward beyond this point, so that
a free portion of variable length is to be distinguished from the mar-
ginal portion contained in the undulating membrane. The sinuous
body, the undulating membrane, and the flagellum, are alike in a
state of incessant movement during life, and in larger forms con-
tractile myonemes are clearly visible in the periplast of the body
(Fig. 28, p. 58) ; in the more minute individuals the presence of such
elements must be inferred from their movements, but cannot always
be demonstrated optically.

The movements of a trypanosome, speaking generally, are of two types:
travelling movements, when it progresses with the free flagellum forwards,
sometimes very fast, shooting across the field of the microscope in a straight
line (mouvement en fléche), sometimes, on the other hand, pushing its way
s lowly through the blood-corpuscles, with the flagellum directed either forwards
or backwards in movement ; and wriggling movements, when the animal
writhes incessantly in serpentine contortions with little or no displacement

* The only known exceptions are furnished by eertain forms of the recently-
described 1. rhodesiense (vide Stephens and Fantham), and by some of the small
forms seen during the multiplication of T'. fewisi (Fig. 127, L). It is needless to
point out that the statement made above avplies to the typical trypanosome-form
as found in the vertebrate blood, and not tu the developmental forms through which
they pass in the invertebrate host (erithidial and other types).
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from a given spot. Many trypanosomes, especially the large stout forms,
are very sluggish in their movements, and show but little power of progression.
At the opposite extreme, in this respect, is the African parasite of cattle, well
named by Ziemann 7', vivaz, which, according to Bruce and his collaborators
(411, iii.}, ** dashes across the field of the microscope with such rapidity that
it is impossible to follow its movements, cyelone-like leaving a clear path, the
corpuscles in its track having been flung on either side. If it remains at the
same spot for a time, as it sometimes does, it has an appearance of great
energy and power, throwing the surrounding red blood-corpuscles about in
wild confusion.”

In the foregoing paragraphs the terms ** anterior ¥ and *° posterior,” as
applied to the trypanosome-body, have been used strictly with reference to
its mode of progression. It is pointed out below, in the comparison
with other types such as Trypanoplasma and Crithidia, that the extremity

Fig. 126.—A, T'rypancsoma tince of the tench ; note the very broad undulating
membrane in this species; B, C, T'. perce of the perch, slender and stout
forms. After Minchin, x 2,000.

of the body which is anterior, in the strictly morphological sense, in one
species, may conceivably be posterior in another case. Hence some writers
avoid the use of the words ** anterior ™ and ** posterior,” and substitute for
them ** flagellar ™ and ** aflagellar * respectively, to denote the two poles of
the body. There is as yet, however, no concrete evidence for regarding the
Hagellar extremity as morphologically posterior in any known species of
trypanosome.

The undulating membrane is to be regarded as a fold of the periplast or
ectoplasm, into which the granular endoplasm may extend a short way in
some cases ; it arises from the body along a line which is sometimes spoken of
as *‘ dorsal,” an unnecessary refinement of terms. The free edge of the
membrane, with its marginal flagellum, can be shown by direct measurements
to exceed considerably in length that portion of the body to which it is at-
tached ; consequently its free edge is thrown into folds or pleats more or less
marked. In preparations, trypanosomes are seen to lie, speaking generally,
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in one of the three ways ; a certain number show the body extended nearly
in a straight line, with the free edge of the membrane much pleated, but as a
rule the body is curved, and then either with one prineipal bend, like a C, or
with several S-like serpentine bends, In either case the undulating membrane
is seen almost invariably to run on the convex side of each curve. In C-like
forms (Fig. 125, 4) the membrane runs evenly along the outside of the principal
curve, and the myonemes parallel to it. In S-like forms (Fig. 125, B) the
membrane is often seen distinetly to be spirally twisted round the body, the
myonemes also exhibiting the same twist. In life the undulating membrane
performs, as its name implies, movements like those of a sail flapping in the
wind. Wave-like undulations run along it from one end to the other, but not
always in the same direction ; it has been observed that reversals of the move-
ments may take place, the waves first running in one direction for a time,
and then suddenly undergoing a change and running in the opposite direction
(Minchin and Woodeock, 42).

Much confusion exists in the nomenclature of the parts of the trypanosome-
body, more especially with regard to the small body for which Woodcock’s
term °* kinetonucleus '’ (** Geisselkern ') is here used—a confusion due to
differences of cytological interpretation. While it has never been doubted
that the larger body (XV.) is & true nuecleus, various views have been held
with regard to the smaller body (n.), which, summarized briefly, are as
follows : The older writers regarded it merely as an organ of the periplast
from which the flagellum arose. Stassano and Bradford and Plimmer re-
garded n. as a body of nuclear nature, and termed it the * micronucleus,”
comparing it with the similarly-named body of Infusoria. Laveran and
Mesnil (464, 391}, on the other hand, regarded n. as the ** centrosome,” the
name by which it is generally known in France. Schaudinn (132) emphasized
strongly its nuclear nature, and stated that n. was nof a centrosome, but
nevertheless used for it the term *° blepharoplast,” by which it is still generally
known in Germany, although a true blepharoplast is a body of centrosomic
nature. Moore and Breinl (484) reverted to the eentrosomic view, and termed
n. the ** extranuclear centrosome,” believing that it arose by division of the
intranuclear centrosome contained in the principal nueleus (§.). Hartmann
and Prowazel (63), on the basis of their nuclear theory of the centrosome (see
Chapter VL, p. 95), regarded n. as a body l‘!ﬁth of nuclear and centrosomic
nature, using for it the term * blepharoplast  ; so also Rosenbusch.  Finally,
Duﬂun (7), who is not convineed of its truly nuclear nature, continues to

iluy for . the term ** blepharoplast.” With these many conflicting views
wn. regard to the nature of n., the basal granule has been either ignored or
overlooked, or considered as a mere ** end-bead ™ of no particular importance,
or ranked as a centriole, ag it doubtless is. The nomenclature used here is
based on the general theory that a centrosome, or its equivalent, a blepharo-
plast, is an achromatinic body of nuclear origin, but not equivalent to an entire
nueleus, and on the conviction that #. is a true nucleus, and therefore is not
to be regarded either as a centrosome or o blepharoplast. For a fuller dis-
cussion of these points, see Robertson and Minchin (80).

The trophonucleus of a trypanosome is typically a vesicular nucleus con-
taining a karyosome in which is lodged a centriole, The karyosome varies
in size in different species, and is sometimes double or multiple ; in 7. granu-
losum the smallest forms have a single karyosome which buds off others as
the animal increases in size (Minchin, 478). By the method which is most in
vogue, however, for making permanent preparations of trypanosomes—
namely, the various modifications of the Romanowsky-stain—this structure
is seldom to be made out, and the trophonucleus appears generally as an
evenly-stained mass or as a dense clump of stained granules. It contains
a centriole, difficult to make out in the resting condition, owing to its being
embedded in the substance of the nucleus. The kinetonucleus consists
mainly of a mass of plastin impregnated with chromatin, staining very
deeply, rounded, oval, or even rod-like in shape. .lccnrdmﬁ to Rosenbusch,
the chromatinic mass of the kinetonucleus is to be regarded as representing
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a karyosome, and it is surrounded by a space, sometimes purely virtual,
which represents the nuclear vacuole, bordered by a delicate nuclear mem-
brane, on or close to which the basal granule of the flagellum is lodged.

In some species of the brucii-group, an axial filament, ﬂplmmnl,lv a sup-
porting structure of the nature of an axostyle, has been deseribed (cf. Swel-
lengrebel, 514). The system of fibrils, however, with which Prowazek
decorates the trypanosome-body are probably artefacts (cf. Minchin, 479).

Many trypanosomes contain granules in their eytoplasm which stain
s:imilﬁ.r]}" to chromatin, so-called ** chromatoid grains.” Aeccording to Swel-
lengrebel (514), they are of the nature of volutin (p. 68, supra).

The division of a trypanosome is initiated, as a rule, by the division of the
blepharoplast or basal granule of the flagellum, and following close on this
a reduplication of the flagellum takes place, the exact method of which is
disputed. In some cases the old flagellum appears to split; in others the
parent-flagellum  remains unaltered, and a daughter-Hagellum grows out
from the daughter-blepharoplast. It is asserted by some that in all cases
the new flagellum really arises as an independent outgrowth of a blepharoplast,
and that the splitting of the old flagellum is only apparent, and due to the
daughter-flagellum growing out at first in its sheath, from which it separates
later (c¢f. Wenyon, 84). The division of the kinetonucleus follows hard
on that of the blepharoplast, and next, as a rule, the trophonucleus divides.
When the division of flagellum and nuelei is complete the body divides, begin-
ning to do so at the flagellar end ; the two sister-trypanosomes are often
connected for a time by the posterior extremities.

The division of the kinetonuecleus is a simple constriction into two ; that of
the trophonucleus is of a simple type, in which first the centriole and then the
karyosome divides. The two daughter-karyosomes travel apart, and the
nucleus follows suit. The two daughter-nuclel sometimes remain connected
for a time by a long centrodesmose, which is finally severed. Such, at least,
is the mode of division of the two nuelei as it has presented itself to the majority
of investigators, and the nuclear division of trypanosomes is to be regarded
as amitotie, or at least not further advanced towards mitosis than that of
Coccidium described above (p. 106, Fig. 51). According to Rosenbusch,
however, the division of the nuc]m both trophic and kinetie, takes place by
true mitosis. This author is in a.dva.nce of his contemporaries upon this

oint, and his statements require independent confirmation before they can
Ee accepted unreservedly, since in objects of such minuteness, requiring
delicate and elaborate technique, imagination may all too readily outrun
perception.

Life-History.—The transmission of trypanosomes from the blood
of one vertebrate host to another is effected, probably for every
species of these parasites, by the agency of a blood-sucking inverte-
brate of some kind. When the host is a terrestrial vertebrate, the
transmitting agent is generally an insect, such as a mosquito or
some biting fly or bug, or an ectoparasite of the host, such as a
flea, louse, or possibly a tick in some cases ; the trypanosomes of
aquatic vertebrates, on the other hand, are transmitted by leeches
in all cases that have been investigated. In addition to inoculative
transmission (p. 24) of this kind, trypanosomes may pass directly
from one vertebrate host to another during coitus ; this is known to
occur in the case of the parasite of * dourine ™ in horses (7. equi-
perdum), and has been suspected, but not proved, to take place in
other cases also. It is also possible for the vertebrate to become

infected by devouring animals containing living trypanosomes,
19
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whether it be the blood-sucking invertebrate, or possibly the flesh
or organs of another vertebrate infected with trypanosomes.

Two methods of inoculative transmission of trypanosomes have
been distinguished ; in the one, known as the “direct” or “ mechan-
ical”” method, the parasites merely become contained in or adhere to
the proboscis of the blood-sucking intermediary when it sucks blood
from an infected animal ; and when it feeds a second time the try-
panosomes pass directly, and without having undergone any change
or development, into the second host ; in the other, known as the
“indirect ™ or ** eyclical ” method, the trypanosomes, when taken up
by the blood-sucking invertebrate, go through a developmental cycle
in it, at the end of which, but not before, they are ** ripe ” for inocu-
lation into a suitable vertebrate host. Comparing natural with
artificial processes of infection, in the direct method the blood-
sucking invertebrate may be said to play the réle merely of an
injection-syringe, but in the indirect method it acts also as a culture-
medium, in which the parasite passes through various phases and
assumes forms quite different from those occurring in vertebrate
blood. Patton (393) has put forward the view that transmission
is always by the direct method, and that the crithidial and other
forms found in the blood-sucking invertebrate are parasites of the
invertebrate alone, and have no connection with the trypanosomes
found in vertebrates ; but the number of cases in which it has
now been shown clearly that trypanosomes go through a definite
cycle in the invertebrate host disproves Patton’s contention, and
renders it unnecessary to discuss it further. It is rather the
direct method that stands in need of further demonstration ; though
undeniably possible as a laboratory-experiment, it may be doubted
if it ever really occurs in Nature, and in any case it is probably to
be regarded as a purely accidental rather than a normal oceurrence.

It has been frequently asserted or assumed that trypanosomes
can pass from parent to offspring, by so-called * hereditary trans-
mission,”” in the invertebrate host, but convincing proof of this state-
ment is as yet lacking entirely. Attempts to prove hereditary trans-
mission by direct experiment have given, for the most part, negative
results, and the observation so frequently made, that leeches, tsetse-
flies, fleas, mosquitoes, ete., bred from the egg and not exposed
to infection, are entirely free from parasitic flagellates, affords cumu-
lative evidence against the existence of any such method of trans-
misgion (¢f. Kleine and Taute, 459). Brumpt (419), however, asserts
that 7'. inopinafum is transmitted hereditarily from parent to off-
spring of the leech Helobdella algira. According to Porter (554),
“ Orithidia  melophagia of the sheep-ked is also transmitted from
parent to offspring in this insect ; and if, as is extremely probable,
the flagellate in question is the developmental phase of the trypano-
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some of the sheep, it would furnish another instance of hereditary
transmission. Hence this mode of transmission must, apparently,
be reckoned with in some instances, though it is evidently an ex-
tremely rare phenomenon in trypanosomes generally.

Just as a given species of trypanosome is, in Nature, capable of
maintaining itself only in a particular species, or limited group of
species, of vertebrate hosts, so it may be said, as a general rule,
that in transmission by the cyclical method the parasites are
specific in the same way to certain invertebrate hosts, in which
alone they are able to go through their full natural cycle. Amongst
the meny blood-sucking invertebrates which may prey upon the
vertebrate, we may distinguish * right” and ** wrong * hosts ; in
the right host or hosts the parasite establishes itself more or less
easily, and pesses through a full and complete developmental
eyele ; in the wrong host it either dies out immediately or goes
through only a part of its cycle. The distinction between right
and wrong hosts must not, however, be taken in an absolute sense,
but as implying only that, amongst many possible hosts, there is
one at least to which the parasites have become better adapted
than to any other ; but the trypanosomes may sometimes succeed
in maintaining themselves in other than the right host sufficiently
long to pass back again into the vertebrate. Thus, in the case of
the rat-trypanosome (7. lewisi) the right host is a rat-flea (Cerato-
phyllus fasciatus, or possibly other species) ; but it may persist in
the rat-lonse (Hematopinus spinulosus), and even pass from it,
though rarely, back into the rat again.

The following are a few well-established examples, in addition
to that of 7. lewisi already cited, of trypanosomes and their right
hosts. Many pathogenic species of trypanosomes in Africa are
transmitted by tsetse-flies—e.g., 7. gambiense and T. vivax by
Glossina palpalis, T'. brucii by . morsitans,* ete. The recently-
described T'. eruzi of Brazil was discovered in its invertebrate host,
a blood-sucking hemipterous insect, Conorhinus megistus, before it
was found in the blood of human beings. The trypanosomes of
certain fresh-water fishes — namely, goldfish, perch, ete.— pass
through their developmental cycle in the leech Hemiclepsis mar-
ginata (Robertson, 503). 7. raie of skates and rays develops in
the leech Pontobdella muricata (Robertson, 500, 502). The trypano-
some of African crocodiles, T'. grayi, develops in the tsetse-fly
Glossina palpalis (Kleine, 458 ; Kleine and Taute, 459), and stages
in its life-cycle have consequently been confused with those of
T. gambiense in the same fly. The trypanosomes of birds are prob-
ably transmitted for the most part by mosquitoes, but the details of

* According to Taute, (. morsitans can act as a true host for 7. gambiense, and,
conversely, according to Fischer, ¢. palpalis can do the same for T'. brucii.
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their transmission have not yet been worked out in a satisfactory or
conclusive manner.

It must be considered for the present an open question whether true try-
panosomes oceur as parasites of an invertebrate host exclusively ; the answer
to the question will depend on the significance given to the expression  true
trypanosome.” It is now practically certain that many leptomonads have a
trypaniform phase in their development (see p. 314, infra), so-called ** lepto-
trypanosomes.” In Drosophila confusa, a non-biting, muscid fly, Chatton
and Alilaire (compare also Chatton and Léger) found in the Malpighian tubules
a trypaniform type of flagellate which they consider as a * cutrypanosome,”
as a species of Trypanosoma distinet from the Leptomonas oceurring in the
gut of the same fly (Fig. 137). Wenyon (84) also found similar forms in the
Malpighian tubules of house-flies in Bagdad, and considered that they might
belong to the cycle of the Leptomonas (Herpetomonas) in the same host. In
both cases the phase in the Malpighian tubules is a little stumpy trypanosome-
like form, very similar in its characters to T. nanum. The fact that these
“ entrypanosomes '’ are so far known only to oceur in flies which are infected
also by a species of Leplomonas indicates that, like the * leptotrypanosomes,”
they are merely a phase in the cycle of the Leplomonas.

From the foregoing it is seen that the complete life-cycle of a
trypanosome is an alternation of generations corresponding to an
alternation of hosts. One part of the cycle is passed in the blood of
a vertebrate, in which the predominant form is the trypanosome-
type of flagellate ; the second part is passed in the digestive tract
of an invertebrate, and here the predominant form is the crithidial
or trypanomonad type. We may consider the life-history, therefore,
under these two principal phases :

1. As a type of the life-cycle in the vertebrate host, that of the
common rat-trypanosome may be taken. After infection, natural
or artificial, of the rat, the trypanosomes make their appearance
in the blood about the fifth, sixth, or seventh day. What the para-
sites have been doing during this time, the so-called * incubation-
period ” in the rat, cannot as yet be stated definitely ; it may be
that the relatively few trypanosomes inoculated by the flea or
syringe have merely been multiplying steadily, in the manner
presently to be described, until they become sufficiently numerous
in the blood to be detected by microscopic examination ; there may,
on the other hand, be phases of the parasite as yet unknown during
this period, and, according to recent statements (Carini, 422), a
process of schizogony takes place in the lung similar to that dis-
covered by Chagas in Schizotrypanum cruzi (see below).

When the trypanosomes first appear in the blood, their most
striking peculiarity is the extraordinary diversity in type which they
exihibit. Besides ** ordinary ” individuals of the normal dimensions
of the ““ adult » form, there are others smaller or larger, the extremes
of size being relatively huge in one direction, very minute in the
other. These differences of size are due to the fact that the try-
panosomes are multiplying actively, the large forms being those
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Fic. 127.—Various forms of multiplication in T'rypanosoma lewisi from the blood

of the rat. A, Trypanosome of the ordinary type ; B, small form resulting
from division ; €, stage in equal binary fission ; the nueclei have divided and
two flagella are present, but division of the body is beginning, and is indicated
by a lighter streak down the middle of the body ; 1), final stage of binary
fission, which is complete except for a bridge of protoplasm, much drawu
out, connecting the hinder ends of the two sister-trypanosomes ; K, form
with hinder end drawn out (longocaudense type), the result of binary fission
as seen in the last figure ; F, unequal binary fission of a large trypanosome ;
¢, H, continued fission of the same type;in & parent and three daughter-
individuals, in  a parent and seven daughter-individuals, ean be distin-
guished ; the parent-individual in cach case is marked by the possession of
a flagellum of the full normal length, while the daughter-mdividuals, formed
by successive divigions, have flagella varying in length ; 7, a small form,
similar to B, but with the kinetonucleus in front of the trophonucleus ; J,
binary fission of a form similar to f ; K, further division of a similar form
producing a rosette of seven individuals still connected together. From
preparations made by Dr. J. D. Thomson ; magnified 2,000 diameters.
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which are about to reproduce themselves by some form of fission,
while the small forms are those which have resulted from a recent
act of reproduction.

The multiplication of 7. lewisi in the rat’s blood takes various forms
(Fig. 127). In some cases a trypanosome divides by equal binary fission
(C', D), but this is comparatively rare. More usually the fission is markedly
unequal, and of a multiple type. Small daughter-forms are split off from
large parent-individuals, and usually many at a time; the nucleus of the parent-
form divides several times, and subsequently the body divides into as many

rtions as there are nuclei, thus producing rosette-like forms (Fig. 127,
F, ¢, H) in which the original parent can usually be distinguished by its long
flagellum from the small daughter-individuals with their flagella growing
out. The small forms are sometimes set free with a erithidial type of strue-
ture, the kinetonucleus in front of the trophonueleus (Fig. 127, L), and these
immature forms may proceed to reproduce themselves rapidly again by
either binary or multiple fission, in the latter case forming rosettes in which
no large parent-form can be distinguished (Fig. 127, K).

A curious type of trypanosome found during the multiplication-period of
T. lewisi is a form with the posterior end prolonged to a great length, so
that it almost resembles a second flagellum (Fig. 127, F), and has sometimes
been mistaken for such. This form has been described by Lingard as a dis-
tinet species under the name 7'. longocaudense. These forms appear to arise
by binary fission (Fig. 127, D) ; they are of constant occurrence and very
numerous at a certain stage of the multiplication-period.

The multiplication of T'. lewist in the rat’s blood is most active
from the eighth to the tenth day after infection, after which it is
on the decline and gradually ceases. The relative number of forms
of ordinary size increases steadily, while those of unusual dimen-
sions, whether great or small, become continually scarcer, until
about the twelfth or thirteenth day the trypanosomes, now usually
present in vast numbers in the blood, are of uniform size and
appearance, exhibiting, apart from ocecasional abnormalities, indi-
vidual variations only of a comparatively slight character ; and all
multiplication has ceased entirely, never to recommence in the
same host. The trypanosomes swarm in the blood of the rat for
a certain time, which varies in different cases, but is usually one
or two months. The infect’on of the rat is sometimes spoken of as
*“ acute " when the trypanosomes are multiplying, and as ** chronic ™
when multiplication has ceased, not, however, very well-chosen
terms, since the trypanosomes soon begin to diminish in number,
and finally disappear altogether ; sometimes the diminution is very
gradual and slow, sometimes it takes place with great rapidity. In
either case the rat gets rid of its infection entirely sooner or later,
without having suffered, apparently, any marked inconvenience
from it,* and is then immune against a fresh infection with this
species of trypanosome.

* Instances are on record of lethal epizootics of rats ascribed to 7. lewisi ; bub

the proof that this parasite was really the cause of the discase is lacking. Under
normal eircumstances rats show no pereeptible pathological symptoms whatever
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A type of development in the vertebrate host contrasting in many points
with that described in the foregoing paragraphs is seen in 7', cruzi (Fig. 128),
the cause of human trypanosomiasis in Brazil. In this case the ordinary or
adult forms of the trypanosome found in the general circulation do not
multiply there; but the investigations of Chagas and of Hartmann have
made known two types of multiplication which take place in the internal
organs of the body.

The first type of multiplication proceeds in the capillaries of the lung
(Fig. 128, b—e). An adult trypanosome loses its flagellum, and in some cases
its kinetonueleus also ; its body then becomes rounded off into an oval mass ;
the trophonucleus, and also the kinetonucleus, if present, multiply by suc
cessive divisions to form eight nuclei of each kind ; and finally the body
divides within its own periplast into ecight minute daughter-individuals, so-
called “ merozoites.” "The merozoites are stated to exhibit a dimorphism

Fi1c. 128.—Phases of T. (Schizofrypanum) cruzi in vertebrate blood. &, The two
forms of the adult trypanosome, * male " (upper) and ** female * (lower), from
human blood ; b, preparations for schizogony ; ¢, sehizont ; d, division of the
nucleus of the schizont ; e, division of the sehizont into eight merozoites ;
f. merozoite in a blood-corpuscle ; g, intracorpuscular phase in late stage
of growth ; &, similar phase escaping from a eorpusele, the flagellum not yet
formed ; ¢, similar phase, the flagellum in process of formation. Stages

b—e are found in the lung, the others in the peripheral blood. After
Chagas (425).

which Chagas regards as sexual ; those produced by trypanosomes which
retained their kinetonucleus have both trophic and kinetic nuclei and a
rucdiment of a flagellum (male forms) ; those derived from trypanosomes which
lost both flagellum and kinetonucleus have only a trophonucleus (female
forms) ; in the latter case the single nucleus divides into two unequal parts,
of which the smaller becomes the new kinetonucleus, and a flagellum is
formed subsequently. In either case the merozoites penetrate into blood-

from even the most swarming infeetion with 7', lewisi (for the action of the ** ren-
foreés 7 strains see p. 28).  Those who study habitually the lethal species of
trypanosomes often display a natural bias, not in the least justified, to assume
that a similar virulenee is an inseparable attribute of all other species of these
parasites. If that were so, it would be necessary to consider practically every

specimen of pike, bream, perch, or tench, in the Norfolk Broads, for instance, to be
in a diseased condition.
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corpuscles, and so pass into the general circulation. Within the corpuscle
they grow into the adult form, which is finally set free from the corpuscle as
a trypanosome of normal structure. The adult trypanosome (Fig. 128, a),
swimming freely in the blood-plasma, may either be taken up by the inverte-
brate host in which it develops, or may repeat the process of multiplication
by schizogony.

The second type of multiplication was first deseribed by Hartmann from
hypertrophied endothelial cells of the lung ; Chagas (426) has since found it
in the tissues of the body, more especially in the cardiac muscle, central nervous
system, and striped muscle. In this type the parasite is intracellular, and has
the appearance and structure of a Leishmania (cf. Fig. 138), a rounded
body containing a trophonucleus and a kinetonucleus, but no flagellum or
undulating membrane.

On account of its power of multiplication by schizogony, Chagas has made
T. eruzi the type of a special genus, Schizotrypanum ; the type of multiplication
observed in the lung-capillaries is not essentially different, however, from that
of T'. lewisi in the blood, except for its alleged sexual dimorphism ; and, accord-
ing to Carini (424), similar processes of schizogony occur in other trypanosomes
The intracellular multiplication in the tissues, however, recalls strongly that
of the parasite of kala-azar (see p. 316, infra). Schizofrypanum thus forms
an important link between a typical blood-trypanosome, such as T'. lewnsi,
and a tissue-parasite, such as the species of Leishmania, in which the free
trypanosome-phase no longer exists, apparently.

Chagas considers the multiplication of Schizofrypanum cruzi in the tissues as
non-sexual, and serving to increase the number of parasites in the host, but that
which takes place in the lung-capillaries as a proeess of gametogony whereby
the sexually differentiated adult forms are C{)rﬂdumd. His grounds for this
interpretation are, first, that in human blood the adult trypanosomes exhibit
a dimorphism rarely found in guinea-pigs infected artificially, in which also
schizogony in the lung is seldom observed ; secondly, that the invertebrate
host, Conorhinus, is always rendered infective if fed directly on infected
human blood, but very rarely becomes infective if fed on guinea-pigs, even
when these animals show an intense infection. He suggests that the greater
resistance of the human organism to the parasite stimulates the production
of sexual forms which the trypanosome may cease to produce in a less resistant
host.

In the more familiar pathogenic species, such as T. brucii, T. gambicnse,
ete., the development in the vertebrate host takes the form mainly of continued
multiplication by binary fission simply. Reproduetion of this kind may pro-
ceed until the trypanosomes swarm in the blood ; or, on the contrary, the
trypanosomes may be at all times relatively few in number, even when
fatal to their host. 7. brucii, for example, may produce in different hosts
an acute or a chronic form of disease ; in the latter case the infected animal
may live a long time, and the parasite exhibits very limited powers of multi-
plication. The behaviour of the parasite in the natural hosts to which it is
harmless has not been studied.

In many pathogenic species, periods of multiplicative activity, during
which the trypanosomes are abundant, alternate with periods during which
the parasites pass into a resting condition in the internal organs, and become
searce or disappear in the general circulation. In this phase they are alleged
to lose their flagellum, diminish in size, and become small, rounded ** latent
hodies,” which, according to Moore and Breinl (484), have only a single nucleus ;
but according to Fantham they are Leishmania-like, with distinet tropho-
nucleus and kinetonucleus. From resting stages of this kind the active
trypanosomes are developed again.  Laveran (462), however, denies that there
is a non-flagellated stage of development in the vertebrate host, and considers
that the elements described as * latent bodies™ represent involution-stages of
the parasites—that is to say, forms which have become deformed in structure
owing to unfavourable conditions, but not to such an extent as to be incapable
of recovery if the conditions improve.
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In the vast majority of trypanosomes in their natural hosts, such as birds,
fishes, ete., the mode of multiplication and the developmental eycle remains
& mystery, although the sizes of the individual trypanosomes and their numbers
are observed to vary at different times in the same host. Considerable light
has been thrown upon this question by the recent investigations of Machado
upon the multiplication of Trypancsoma rotatorium of frogs, a species re-
markable for the polymorphism it exhibits. The results obtained by Machado
may be summarized briefly as follows: Trypanosomes of any size may divide
by binary fission when free in the blood (supposed * nun-mxua{” reproduction).
On the other hand, trypanosomes of large size may become rounded, flattened,
leaf-like forms, losing their flagellum ; such forms undergo a process of
schizogony in the internal organs, chiefly in the liver or kidneys, sometimes in
the spleen, sometimes even in the circulating blood. The kinetonuecleus
approaches the trophonucleus, and may (1) remain distinet from it, so-called
“male ™ type ; or (2) may pass into the trophonucleus, in which the karyo-
some breaks up to form a small secondary karyosome ; the kinetonuclear
karyosome then fuses with, or becomes closely adherent to, the secondary
trophonuclear karyosome—so-called * female ” type. A multiplication of
the nuclei then takes place : in the * male ” type by independent divisions
of the kinetonucleus and trophonucleus ; in the * female ” type by divisions
of the single mass formed by fusion of the kinetonuclear and trophonuclear
karyosomes, followed by budding off of small nuclei from the originally
single nucleus. Thus the body of the rounded-off trypanosome becomes
filled, within its periplast, with nuclei varying in number from five to seven-
teen ; then round each nucleus (*“ female ) or each pair of dissimilar nuclei
(*“ male ) the protoplasm becomes condensed to form as many merozoites,
which are finally set free by rupture of the periplast. The merozoites of
“male ” type develop a flagellum ; in those of “ female ™ type the single
nucleus divides into two nuclei of unequal size, a larger trophonucleus and a
smaller kinetonucleus, and from the latter a basal granule is budded off
from which the flagellum grows out (Fig. 30, G). In ecither case the mero-
zoites (which may divide further after being liberated from the parent body)
become transformed finally into the smallest forms of trypanosomes, which
then grow up into the larger forms found in the blood. Machado’s observa-
tions of fact, apart from his theoretical interpretations, explain the many
different forms found in the frog’s blood, which have recently been studied
in detail by Lebedew ; compare also Mathis and Léger.

In other cases there may be three well-marked types of form—Ilong and
slender, short and stumpy, and intermediate or indifferent forms, as in
T. gambiense (Fig. 12 ; ¢f. Minchin, 477, Hindle, 450, Bruce, 405) ; or there
may be every gradation in size from small to large forms, as in T\, granulosum
of the eel (Fig. 129) ; or, finally, the trypanosomes may be practically uniform
in size and structure, as in 7. lewisi after the multiplication-period, T'. vivaz,
ete. A satisfactory explanation of the polymorphism has not been found
in all eases; the various forms may be in some instances stages of growth
related to multiplication, as in 7', lewisi during the multiplication-period ; in
other cases the polymorphism—for example, of 7. gambiense—may be sexual
differentiation which is related to the subsequent development in the in-
vertebrate host ; a third possibility is that in some cases the propagative
forms, destined for multiplication in the invertebrate host, are differentiated
from the other forms found in the vertebrate host, as in 7. noctue (Minchin
and Woodcock, 42). Different explanations must probably be sought in
different cases.

2. The eycle in the invertebrate host always takes place entirely
or mainly in the digestive tract, though the extent to which this
region is invaded varies greatly. In the development of T'. lewisi
in the flea the parasites pass down as far as the rectum, and there
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undergo the principal phase of their eyele. In the development of
the trypanosomes of fresh-water fish in the leech Hemiclepsis, the
parasites do not pass farther back than the crop (Robertson, 503).
Finally, in the many species of pathogenic trypanosomes which are
transmitted by tsetse-flies of various species, two types of develop-
mental cycle can be distinguished : in the one, the parasite invades

Fra. 129.—Trypanosoma granwlosum of the common ecl: four different sizes,
probably stages of growth. After Minchin (478), x 2,000,

the whole alimentary canal of the fly ; in the other it undergoes the
greater part of its development in the proboscis and pharynx alone.

The details of the developmental cycle in the invertebrate host
are very inadequately known, and have only been studied in a
very few instances. As a rule the characteristic form of this
part of the life-history is a crithidial or trypanomonad type, repre-
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senting the principal multiplicative phase in the invertebrate host ;
it is a form in which the kinetonucleus is placed in front of, or close
beside, the trophonucleus, and in which, consequently, the undu-
lating membrane is confined to the anterior region of the body,
and may be quite rudimentary. As a rule the body of the trypano-
monad is shorter, stiffer, more pear-shaped, than in the typical try-
panosome-form ; no longer sinuous and flexible, it is held straight
and rigid in progression, which is effected almost entirely by the
flagellum. In many cases, however, the free flagellum is very short,
and used to attach the organism to the lining of the digestive tract.
Besides the trypanomonad form, the developmental eycle may also
include many other types of form, and often exhibits a degree of
polyrzorphism which is most bewildering, and compared to which
the diversity of form seen in the vertebrate host is but slight.

Taking the development of 7'. lewisi in the rat-flea as a typical
example, the parasites when taken up by the flea pass with the
ingested blood into the stomach (mid-gut) of the insect. In this
part they multiply actively in a peculiar manner, not as yet de-
scribed in the case of any other trypanosome in its invertebrate host
(Fig. 130) ; they penetrate into the cells of the epithelium, and in
that situation they grow to a very large size, retaining their flagellum
and undulating membrane, and exhibiting active metabolic changes
in the form of the body, which in early stages of the growth is
doubled on itself in the hinder region, thus becoming pear-shaped
or like a tadpole in form, but later is more block-like or rounded.
During growth the nuclei multiply, and the body when full-grown
approaches a spherical form, and becomes divided up within its
own periplast into a number of daughter-individuals, which writhe
and twist over each other like a bunch of eels within the thin envelope
enclosing them. When this stage is reached, the flagellum, which
hitherto had been performing active movements and causing the
organism to rotate irregularly within the cell, disappears altogether,
and the metabolic movements cease; the body becomes almost
perfectly spherical, and consists of the periplast-envelops within
which a number of daughter-trypanosomes are wriggling very
actively ; the envelope becomes more and more tense, and finally
bursts with explosive suddenness, setting free the flagellates, usually
about eight in number, within the host-cell. The products of this
method of multiplication are full-sized trypanosomes, complete in
their structure, and differing but slightly in their characters from
those found in the blood of the rat. They escape from the host-cell
into the lnmen of the stomach.

To the intracellular multiplicative phase in the stomach a
crithidial phase in the rectum succeeds (Fig. 131). In the fully-
established condition the rectal phase consists of small pear-shaped
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forms with the flagellum wvery short, in some cases projecting
scarcely at all from the body at its pointed end. These forms are
found attached by means of their flagella, often in vast numbers,
to the wall of the rectum, sometimes also in the intestinal or pyloric
region ; they multiply by binary fission, and form a stock, as it were,
of the parasites, which persists for a long time in the flea—probably,
under favourable conditions, for the whole life of the insect. Experi-
ments have shown that a flea once rendered infective to rats can

Fra. 130.—T'rypanosoma lewisi: developmental phases from the stomach of the
rat-flea. O, Ordinary form from the blood of the rat ; A—F, intracellular
stages : A, a trypanosome curled on itself ; B, similar form in which the body
has become rounded ; ¢, multiplication beginning, division of kinetonucleus
and trophonueleus, daughter-flagellum growing out ; D, further stage—three
nuelei of each kind, two short daughter-flagella, and a long parent-flagellum
wrapped round the body ; E, six nuclei of each kind, five daughter-flagella,
]mrcnt-ﬂaﬁcllum wrapped round the body ; F, eight nuelei of each kind, the
daughter-flagella running parallel with the parent-flagellum ; @, the type of
trypanosome resulting from the process of multiplication seen in the fore-
going figures ; this is tﬁc form which passes down the intestine into the rectum.
Magnified 2,000.

N.B.—The drawings in this figure and in Fig. 131 are made from prepara-
tions fixed wet with Schaudinn’s fluid and stained with iron-hamatoxylin ;
in such preparations the t-r%'pu.m:-sumns always appear appreciably smaller
than in films stained with the Romanowsky-stain (see Minchin, 479) ; con-
sequently these figures, though drawn to the same magnification as Figs. 11,
127, ete., are on a slightly smaller scale ; compare the trypanosome drawn in
O with those in Figs. 11, A, and 127, 4.

remain so for at least three months, without being reinfected.
From the rectal stock trypaniform individuals arise by a process of
modification of the crithidial forms, in which the flagellum grows
in length, the anterior portion of the body becomes more drawn out,
the kinetonucleus migrates backwards behind the trophonucleus,
taking with it the origin of the flagellum, and an undulating mem-
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brane running the length of the body is established. The trypani-
form individuals thus formed are of small size and broad, stumpy
form ; they represent the propagative phase which passes from the
flea back into the rat. From the rectum they pass forwards into
the stomach, and from the stomach they appear to be regurgitated
into the rat’s blood when the flea feeds.

Experiments show that the flea becomes infective to the rat in
about six days after it first took up the trypanosomes from an
infected rat. The intracellular phase is at the height of its develop-
ment about twenty-four hours after the flea takes up the trypano-
somes ; the rectal phase begins to be established towards the end of

Fia. 131.—T'rypanosoma lewisi : developmental phases from the rectum of the rat-
flea. A, Early rectal form ; B, crithidial form attached to wall of rectum ;
', D, division of crithidial form ; ¥, clump of erithidial forms detached from
wall of reetum, hanging together by their flagella, one of them beginning to
divide ; F, @&, H, erithidial forms without free flagella ; I, rounded form
without flagellum ; J, K, L, M, series of forms transitional from the erithidial
to the final trypaniform type ; N, the last stage in the flea. Magnified 2,000,

the first or beginning of the second day ; and the stumpy, trypani-
form, propagative phase is developed in the rectum towards the end
of the fifth day.

The account of the development of 7' lewisi in the flea given in the fore-
going paragraphs is based upon investigations, some of them as yet unpub-
lished, carried on in conjunction with Dr. J. D. Thomson by the author
(480-482). Some of the phases of the parasite have also been deseribed by
Swellengrebel and Strickland (517). A number of investigators—namely,
Prowazek (497), Breinl and Hindle, Baldrey (396), Rodenwaldt, and others—
have studied the development of this trypanocsome in the rat-louse (Hemato-
pinus spinulosus). Experiments have shown that this insect is also capable
of transmitting the trypanosome from rat to rat, but only, to judge from the
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published results, in rare instances, in striking contrast with the case with
which the transmission is effected by the rat-flea. The rat-louse may be
regarded, therefore, as a host in which the trypancsome establishes itself
only exceptionally, and by no means as the host to which it is best adapted.
Crithidial and other forms have been seen in the louse, but the intracellular
phase has not been observed, and it is probable that most of the forms de-
acribed from this host are degenerating forms maintaining a feeble and pre-
carious existence under adverse conditions, and destined to die off and dis-
appear sooner or later.

The developmental eycle of Schizotrypanum cruzi in the bug Conorhinus
megistus has been described by Chagas,* and is briefly as follows (Fig. 132):
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Fra. 132, — Phases of Schizofrypanum cruzi in the bug Conorhinus megistus.
i, b, and ¢, Forms transitional from the ordinary trypanosomes to the rounded
forms ; d, elump of rounded forms ; ¢ and f, change of rounded into crithidial
forms ; ¢ and &, crithidial forms; i, trypaniform type from the salivary
glands ; 7, encapsuled form from the intestine. After Chagas (425).

The trypanosomes taken up by the bug into its stomach change in about
six hours ; they lose their flagellum and contract into rounded, Leishmania-
like forms, which multiply actively by fission. After a time multiplication
ceases, and the rounded forms become pear-shaped. develop a flagellum at
the pointed end, and change into typical erithidial forms which pass on into
the intestine, and there multiply by fission. In this way the characteristic
condition of the infected bug is produced, with the intestine containing a
swarm of trypanomonad individuals multiplying actively. The final stage
in the insect is a small trypaniform type which is found in the body-cavity
and salivary glands, whence it doubtless passes into a vertebrate host again.

* A critical summary and review of the memoir of Chagas is given by Minchin
in Nature, vol. Ixxxiv., pp. 142-144 (August 10, 1910), with three text-figures.
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The three principal phases in the development of 7. eruzi in the bug may be
compared, without difficulty, with those of 7. lewisi in the flea, though
differing in minor details ; in both cases an early multiplicative phase in the
stomach is followed by a erithidial phase, also multiplicative and constituting
the principal stock of the parasite, in the hinder part of the digestive tract ;
to this succeeds a propagative trypaniform phase, which in the case of T lewis:
passes forwards to the stomach, but which in the case of T\ eruzi appears to
pass through the wall of the aliment: ary canal into the body-eavity, and so
into the salivary glands. Other developmental forms have been deseribed
by Chagas, but their relation to the eyele of the parasite, if indeed they really
belong to it, is not clear.

The developmental eyele of the trypanosomes of fresh-water fighes in the
leech Hemz'de?m'a marginata {Rnbprtﬁuu, 503) begins also by active multi-
plication in the erop about six to nine hours after the flagellates have been
ingested. The trypanosomes divide by repeated binary fission of unequal
type, budding off small individuals which are erithidial in type and multiply
in their turn. In a few days the crop is populated by a swarm of trypano-
monad forms of various sizes, multiplying actively. Towards the end of the
digestion, the propagative phase begins to appear in the form of long, slender
trypaniform individuals which arize directly from the erithidial forms, and
pass forwards in great mumbers from the crop into the proboscis-sheath,
whence they are inoculated by the leech into a fresh host. A certain number
of the erithidial forms remain behind in the erop, however, where during
hunger-periods they may pass into a resting Leishmania-form ; when the
crop is again filled with fresh blood, these forms begin to multiply again,
repopulating the crop with crithidial forms, from which a fresh batch of
trypaniform propagative individuals arise towards the end of digestion
again.

In the development of 7. raie in the leech Portobdella muricata (Robertson,
500, 502), the ingested trypanosomes multiply in the erop in a similar manner
by unequal binary hqmnn budding off small individuals which, however, are
rounded and leishmanial in type, and which pass down from the erop into the
intestine, where they develop a flagellum, become erithidial in type, and
multiply actively. During hunger-periods they become leishmanial, resting
forms which persist when all other forms have suceumbed and died out, becom-
ing crithidial again when the supply of food is renewed. From the erithidial
forms arise the long, slender trypaniform individuals of the propagative phase,
which pass forward into the proboseis to be inoculated into the fish. The
development of 7. vittate, from the blood of the Ceylon tortoise, Emyda vittata,
in the leech Glossiphonia sp., is of a gimilar type, but takes place almost entirely
in the crop (Robertson, 501).

The development of 7. gambiense in the tsetse-fly, Glossing palpalis, so far
as it has been deseribed by Kleine (457), Kleine and Taute (459), and Bruce
and his collaborators (415), presents some peculiar features not quite intelli-
gible at present. The whole development takes a long time, about eighteen
to twenty-five days or more, a fact which, together with the low percentage
of flies which become infected, accounts for the existence of a dev elopmental
eycle having been missed by so many investigators, until it was first dis-
covered by Kleine. From five to seven days after the infection of the fly the
trypanosomes disappear or become searce in its digestive tract, indicating,
possibly, an intracellular stage yet to be discovered. Later, in a small
percentage of the flies, the trypanosomes reappear in the digestive tract in
enormous numbers. The flagellates at this stage vary greatly in size, form,
and appearance, but crithidial forms are stated to be very rare, a feature
in which the development contrasts with the usual type seen in other trypano-
somes. Finally an invasion of the salivary glands takes place, though in what
way it iz brought about is not clear ; short, stumpy trypaniform individuals
are found in the glands, which represent the ripe, propagative phase destined
to be inoculated into the vertebrate host. These ripe forms first make their
appearance, according to Kleine, in the intestine.
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In many species of trypanosomes transmitted by tsetse-flies, a peculiar
mode of development oceurs, as already stated, in the proboscis, termed
by Roubaud, who discovered it, a culfure d’'atfente. The {rypanosomes
taken up from the vertebrate change very rapidly into trypanomonad
(*“ leptomonad,” Roubaud) forms, with the kinetonucleus far forward, and
attach themselves by the tip of the flagellum to the wall of the probosecis-tube.
In this situation they multiply in the salivary fluid by binary fission, until
great numbers are present.  In some cases this culture in the proboscis appears
to be the sole form of developmental eyele in the fly, as, for example in
T. cazalboui (Roubaud, 506, Bouffard), T. vivax (Bruce, 411, iii.) ; this type
is termed by Roubaud évolution par fixation direcfe. In other species
(7. dimorphon, T. pecandi) the parasite multiplies first in the digestive tract
of the fly, and the i i 1
indirecte of Roubaud ; in this case, however, the possibility does not seem
to be excluded that the forms seen in the digestive tract may have belonged
to the developmental cycle of a distinet trypanosome. Development of this
kind has only been observed in tsetse-flies.

According to Bouffard, T'. cazalboui can be transmitted mechanically by
Stomoxys, but goes through its developmental eycle only in the proboscis of
Glossina palpalis ; Stomoxys may therefore cause epidemics of the disease

“souma '), but endemic areas are always in regions where . palpalis
occurs. The tsetse-fly is not infective until six days after first feeding on an
infected animal, and it then remains infective permanently, or at least for the
greater part of its existence. Hence the proboscis-cycle is a rapid develop-
ment, comparable, as regards the time it requires, to that of T'. lewisi in the
flea rather than to that of other trypanosomes in the digestive tract of the
tsetse.

Finally,* mention must be made of the eysts of T. gray:, described by
Minchin (476), occurring in the hind-gut of Glossina palpalis. The cysts resuit
from the encystment of a erithidial fnrm, and are very similar to the eysts of
Herpetomonas, deseribed by Prowazek (Fig. 124), from the hind-gut ‘of the
house-fly ; their mode of formation indicates that they are destined to pass
out of the rectum to the exterior with the fieces, and Minchin has suggested
that a contaminative method of spreading the infection may oceur in addition
to the usual inoculative method. The possibility must be reckoned with,
however, that the cysts in question may be part of the eyele of a distinet
flagellate parasite, perhaps peculiar to the fly alone, and may not belong at all
to the life-cyele of T'. grayi, which has now been shown to be the developmental
form of the trypanosome of the crocodile (ef. Cystotrypanosoma, Roubaud,
557-5). According to Kleine and Taute, trypanosomes, not encysted, may
be found in the freces of infected tsetses.

Apart from the somewhat aberrant development of the members
of the brucii-group, which require further elucidation, the ecycle
of a trypanosome in the invertebrate host appears to consist typically
of three prineipal phases : (1) An initial multiplicative phase, which
may be trypaniform, as in 7. lewisi, or Leishmania - like, as in
T. eruzi, or may take the form of unequal division of large trypani-
form individuals to produce either small crithidial forms directly,
as in fish-trypanosomes in the leech Hemiclepsis, or rounded
Leishmania-forms which later become crithidial, as in 7. raie
and T'. vittacet ; to this initial phase succeeds (2) a crithidial phase,
which may pass farther down the alimentary canal, and which in any
case multiplies by fission and constitutes the principal stock of the

* The development deseribed by Schaudinn (132) for 7. noctue is dealt with in
a subsequent chapter (p. 390).
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parasite, keeping up the infection of the invertebrate host. In
hunger-periods the flagellates may persist as simple, rounded,
Leishmania-like forms. Sooner or later many, it may be the greater
number, but not all, of the erithidial forms become modified into the
trypaniform individuals, which represent (3) the propagative phase
of the parasite, and pass forwards to be inoculated into the verte-
brate host. Those crithidial forms which do not become trans-
formed into the propagative individuals remain to multiply and
replenish the stock,

A very much debated question in this development is that relating to the
occurrence of sexual phases and syngamy, which, purely on the analogy
of the malarial parasites, are assumed almost universally to oceur in the
invertebrate host. Not in a single instance as yet, however, has the sexual
act been proved satisfactorily to take place in the development of trypano-
somes. The fertilization described by Schaudinn (132) in “ 7. noctue ™ is
the well-known conjugation of Halteridium, which can be observed without
difficulty ; and though Schaudinn described so-called ** male 7 and ** female ™
types of trypanosomes in the mosquito, he expressly stated that they did not
and could not conjugate. The process of syngamy described by Prowazek
(497) for T lewist in the rat-louse, though ** confirmed ¥ by Baldrey (396),
Gonder (445°5), and Rodenwaldt, is almost certainly the agglomeration of
degenerating forms (Swellengrebel, 516 ; compare Reichenow, 78, p. 268).
Less biassed investigators, who have studied the developmental cycle of
trypanosomes with great care, such as Chagas, Robertson, and others, have
been quite unable to observe sexual processes of any kind., The liability to
error in the interpretation of observations is greatly inereased, first by the
fact that trypanosomes divide longitudinally and often unequally, secondly
by the phenomena of agglomeration (p. 128), which occur readily under un-
favourable conditions. Consequently the adhesion together of two trypanc-
somes may be due to quite other causes than sexual affinity. In some cases
the alleged occurrence of syngamy has been based merely on the fact that
non-flagellated forms have been seen, which, on the analogy of the malarial
parasites (p. 362), are termed ** obkinetes ”’ and interpreted as zygotes,

It is certainly remarkable, in view of the paucity of data, that so many
investigators, following Schaudinn’s lead, should persist in ascribing all form-
differentiation in trypanosomes to sex, and should be unable, apparently, to
conceive of any other cause of polymorphism in parasites which have to adapt
themselves, in the course of their life-cycle, to a great diversity of conditions
(compare also Doflein, 430). It must be emphasized that the only true
criterion of sexual polymorphism is sexual behaviour, and until that has been
established it is premature to speak of sexual differentiation.

Some investigators have upheld the unfashionable view that the syngamy of
trypanosomes occurs in the vertebrate host ; 30 Bradford and Plimmer, and
more recently Ottolenghi, who has deseribed in T. brucii, T. equinum,
T. gambiense, and 7. equiperdum, the following process of sexual conjugation :
Two trypanosomes of very different size and appearance attach themselves
to one another by their hinder ends.  One, regarded as the microgamete, is
more slender, and contains one trophonuecleus or a larger nucleus of this kind
and two smaller (reduction-nuclei); the other, the macrogamete, is much
larger, and contains also a larger nucleus near the kinetonucleus and two or
more other nuelei in process of degeneration. The macrogamete also has
usually three, sometimes two or four, flagella and undulating membranes,
After the two gametes have united by their hinder ends, a small nucleus is
budded off from the principal nucleus of the microgamete, passes over into the
body of the macrogamete, and fuses with its principal nucleus. Subsequently
the microgamete appears to degenerate, and the fertilized macrogamete to

20
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divide up into trypanosomes of the ordinary type. Those who consider that
syngamy can only occur in the invertebrate host will doubtless regard the
process deseribed by Ottolenghi as phenomena of agglomeration and de-
generation. In the present state of our knowledge, however, it is best to keep
an open mind on this question, and to await further investigations.

In 7. gambiense, Moore and Breinl (484) have described a process of fusion
between the kinetonucleus and trophonucleus in the formation of the * latent
bodies,” and have interpreted this as a sexual process, a suggestion hardly
to be taken seriously., A similar process alleged to oceur in the multiplication-
forms of 7', lewisi has been interpreted by Schilling as the inevitable autogamy.

All that can be said at present, with regard to sexual processes in trypano-
somes, is that, on the analogy of other Protozoa generally, syngamy may be
expected to oceur in some part of the life-cyele. It remains, however, for
further research to establish definitely the conditions under which syngamy
takes place, and the nature of the process in these organisms ; nor can it be
considered as sound reasoning, in the absence of conerete observations, to at-
tempt to limit the possible occurrence of syngamy, or to infer the exact form
it takes, either by analogies more or less far-fetched with one or another
group of Protozoa, or by the mere existence of form-differentiation, and still
less by the arbitrary interpretation of certain forms as zygotes or oGkinetes.

A very variable feature in the development of trypancsomes is the sus-
ceptibility of the invertebrate host. In the case of 7. lewisi, only about
20 per cent., approximately, of the fleas fed experimentally on infected rats
become infective in their turn, and in the case of tsetse-flies and pathogenic
trypanosomes the percentage is much smaller. There are also grounds for
suspecting that a certain condition or phase of the trypanosome in the blood
of the vertebrate is sometimes necessary for establishing the developmental
cycle in the invertebrate ; compare the observations and conclusions of Chagas
with regard to Schizotrypanuwm cruzi, mentioned above (p. 206).  In Trypanc-
soma noctuw the summer form which appears in the blood is of a type distinet
from the winter forms found in the bone-marrow (Minchin and Woodcock, 42).
On the other hand, in the case of the trypanosomes of fresh-water fishes, Robert-
son (503) found that every leech became infected that was fed on an infected
fish ; so that the simplest method of determining whether a fish was infected
was to feed a newly-hatched Hemiclepsis on it.

A question often discussed is whether trypanosomes in any part of their
development may pass through ** ultramicroscopic ' stages. Schaudinn (132)
expressed the opinion that some staﬁi of trypanosomes investigated by him
were small enough to pass through bacterial filters ; though he did not put
this suggestion to an experimental test, it is often quoted as a proved fact.*®
Moore and Breinl (484) also asserted, without experimental data, that infected
blood remained infective after filtration. On the other hand, attempts by
Bruce and Bateman to obtain experimental verification of these statements
gave negative results (compare also Report X1, p. 122, of the Sleeping Sickness
Commission).

Recently it has been asseried by Fry that 7. brucii can throw off granules
which, when liberated, possess a certain motility of their own in the blood ;
this process is regarded as * essentially of a vital and not a degenerative
nature.”” That a trypanosome or any other living cell might excrete grains
which when set free could exhibit movements due to molecular or other
causes is highly probable ; but that such grains represent a stage in the life-
history of a trypancsome js far from being so ; nor can analogy with spiro-
chmtes be considered as a legitimate argument in favour of any such con-
clusion.

There remains for consideration the development which trypancsomes
undergo in artificial cultures, in which they exhibit a series of forms quite
different from those seen in the blood of the vertebrate, and so far resembling
the cycle in the invertebrate host in that the predominant phase is a crithidial

¥ It is doubtful whether the forms of which Schaudinn made this statement were
really trypanosomes or spirochates.

iy, -
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or trypanomonad type of flagellate. Until the cultural development of a
trypanosome has been compared in detail with its natural development in
the invertebrate host, it is impossible to estimate precisely the bearing of tle
cultural series of stages from the point of view of the physiology and mor-
phology of the parasite. The only investigator who has attempted this is
Chagas (425), who found in cultures of Schizofrypanum cruzi the same three
principal phases—namely, rounded, crithidial, and trypaniform—that occur
in the natural eycle, and in the same order of sequence. At present, therefore,
it would be unprofitable to discuss in detail the series of forms occurring
in artificial eultures, and it must suffice to refer the reader for further infor-
mation to the principal works on the subject, namely, those of Novy and
McNeal (489), Bouet, Franga (438, 443), Rosenbusch, Thomson (525), Wood-
cock (527), Lebedew, and Doflein (431). As already pointed out above, the
cultural method is often of the greatest practical value in determining whether,
in a given case, an animal is infected with trypanosomes or not.

Lebedew has described what he believes to be syngamy in the cultural
phases of . rofatoriwm ; compare also the account of Leishmanie below

(p. 319).

The genus Trypanosoma compriges a vast number of species,
parasitic in the blood of animals throughout the vertebrate series ;
and several attempts have been made to subdivide and classify

Yig. 133.—Endotrypanum schandinni from the blood of Cholepus didactylus.
A—E, Various forms of the intracorpuscular parasite; F, trypanosome
from the blood of the same host. After Mesnil and Brimont, mzl-gnlhcd about

1,500 diameters.

this comprehensive genus into smaller groups. Such attempts
have either taken the course of splitting off particular forms, char-
acterized by some special peculiarity, from the main group, or of
subdividing the group as a whole on some principle of morphology
or development. An example of the first method is the foundation
by Chagas (425) of the genus Schizotrypanwm, as already mentioned,
for T'. eruzi, on the ground that it multiplies by schizogony and
possesses intracorpuscular phases. The genus Endotrypanum was
proposed by Mesnil and Brimont for a peculiar form which was
discovered by them within the red blood-corpuscles of a sloth
(Cholepus didactylus), and which is very probably an intracorpus-
cular phase of a trypanosome found free in the blood-plasma of
the same host. The life-cycle of Endotrypanum is not yet known.
Chagas considers it not improbable that it should be placed in the
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same genus as 7', eruzi, in which case the name Endotrypanum has
the priority over Schizofrypanum. In the present state of know-
ledge, data are lacking for deciding how far it is possible to employ
either multiplication by schizogony or an intracorpuscular habitat
as characters for defining genera of trypanosomes. An intra-
corpuscular habitat is probably commoner in trypanosomes than
has usually been supposed. It has been described quite recently
by Buchanan in 7. brucii.

Attempts to subdivide the genus Trypanosoma as a whole have
been based on the possibility that the trypanosome-type of structure
may have had two distinct phylogenetic origins, one through
Leptomonas and Crithidia from a cercomonad ancestor, the other
through Trypanoplasma from a heteromastigote or Bodonid type.
The trypanosome-form might be imagined to have arisen from
either of these two types. It could be derived from a form like
Trypanoplasma by loss of the free anterior flagellum, in which
case the flagellum of a trypanosome is to be regarded as posterior ;
on the other hand, if, in a form like Leptomonas, the kinetonucleus
and with it the origin of the flagellum, be shifted backwards to the
neighbourhood of the trophonucleus, and if at the same time the
flagellum runs forwards along the body connected to it by an un-
dulating membrane, a Crithidia-like form results, from which, by
still further displacement backwards of the kinetonucleus and
flagellum to near the posterior end of the body, a trypanosome-
form is produced in which the single flagellum is to be regarded as
anterior. 1t is therefore conceivable that the trypanosome-form
may comprise two morphological types, structurally indistinguish-
able, but entirely different in origin, and opposite in morphological
orientation of the body.

From this point of view, Woodcock (395) subdivided trypano-
somes into two genera : Trypanomorpha, with cercomonad ancestry
and flagellum morphologically anterior ; and Trypanosoma, in a
restricted sense, with heteromastigote ancestry and flagellum
morphologically posterior. The genus Trypanomorpha included
only one species, 1. noctuee of Athene noclua ; all other species of
trypanosomes were left in the genus T'rypanosoma sens. strict.
Liihe put forward a classification based on similar conceptions with
different interpretations, and proposed three genera of trypano-
somes : Hemalomonas (Mitrophanow) for the trypanosomes of fresh-
water fishes believed to have a heteromastigote ancestry ; Trypano-
zoon for the trypanosomes of mammals, such as 7'. lewisi, T'. brucii,
ete., regarded as having a cercomonad ancestry and an anterior
flagellum ; and Trypanosoma sens. strict. for the trypanosomes of
frogs and reptiles. 7. noctuee, on the other hand, he regarded, in
agreement with Schaudinn (see p. 390, infra), merely as a develop-
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mental stage of Hemoprofeus. Although, however, it is quite
possible that some trypanosomes may have a heteromastigote
ancestry, all the developmental facts hitherto discovered indicate
a cercomonad ancestry with a single anterior flagellum, and there
is no concrete evidence of a heteromastigote origin for any species
that has been studied up to the present. Trypanoplasms, so far
as they have been studied, preserve their biflagellate, heteromastigote
type of structure throughout their development in all active phases,
and never pass through a trypaniform or crithidial phase. Try-
panosomes, on the other hand, show constantly a crithidial phase
in the invertebrate host, but have not been observed in any case
to be heteromastigote or even biflagellate, except temporarily during
division, in any phase of the life-history. Consequently, attempts
to subdivide trypanosomes on a morphological or phylogenetic
basis must be regarded at present as premature (compare also
Laveran, 461).

II. THE GENUS TRYPANOPLASMA.

The peculiar distribution and occurrence of the species of this
genus has been pointed out above. Originally founded for forms
parasitic in the blood of fishes, it now comprises a somewhat
heterogeneous collection of species, some of which were formerly
referred to other genera of Flagellates. Of recent years, the
number of species known to be parasitic in invertebrate hosts has
inereased, and is inereasing rapidly. Such are 7. (* Trypano-
phis ) grobbeni, found in the gastrovascular system of Siphonophora
(Keysselitz, 453) ; 7', (** Bodo **) helicis, from the receptaculum seminis
of Heliw pomalia and other snails (Friedrich) ; 7. dendroceeli, from
the digestive tract of Dendrocelum lacteum (Fantham and Porter,
P.Z.S., 1910, p. 670) ; 7. vaginalis, from the female genital organs
of leeches (Hesse, C.R.A.8., cli., p. 504) ; and 7. gryllotalpee, from
the end-gut of Gryllotalpa vulgaris (Hamburger). These examples
show that the genus, as at present defined, is of widespread occur-
rence. It may be doubted, however, if the various species described
should all be placed together.

The species of T'rypanoplasma parasitic in blood are only known
as yet from fresh-water fishes ;* they have an alternation of hosts,
being transmitted by leeches. The life-history of the intestinal
trypanoplasms has not been investigated, but in all probability they
have but a single host, which acquires the infection by swallowing
accidentally their cysts or other resting stages passed out from a

* The * T'rypanoplasing ”* stated by Bruee and his colleagues (412, pp. 495, 406)
to oceur in the blood of birds and in the digestive tract of tsetse-flies was in reality
a Leucocytozoon.
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former host. 7. helicis, according to Friedrich, passes from one
snail to another mechanically in the spermatophores during coitus.
The following account refers mainly to the blood-inhabiting species :

The body of a trypanoplasm is relatively broader and shorter,
less sinuous and serpentine, than that of a trypanosome, and is
at the same time softer and more plastic, being limited by an
extremely thin periplast. The contractile, often slightly metabolic,
body vields readily to pressure, and exhibits in consequence
passive form-changes when moving among blood-corpuscles or

Frc. 134.—A, Trypanoplasma abramidis from the blood of the bream ; B and C,
T. keysselitzi from the blood of the tench : B, small ordinary form ; €, large
form. After Minchin, magnified 2,000.

other solid particles. The principal structural feature is the
possession of two flagella, which arise close together at the anterior
extremity from a pair of blepharoplasts or diplosome, or from a
single basal granule (Martin). One flagellum projects freely for-
wards ; the other turns more or less abruptly backwards, and passes
down the side of the body at the edge of an undulating membrane
to the hinder end, beyond which it projects freely backwards to
a variable extent in different species. In T. gryllotalpe the un-
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dulating membrane only extends along two-thirds of the length of
the body, after which the posterior flagellum becomes free. The
kinetonueleus, situated at the extreme anterior end of the body,
is relatively very large, usually exceeding the trophonucleus in
size, and is sometimes constricted into two or three portions, but
is generally a compact mass which stains deeply in preparations.
In 7. helicis, according to Jollos, it is prolonged backwards into
fibrils, usually two in number, which extend some way down the
body, and are probably comparable to an axostyle. The tropho-
nucleus has a vesicular structure with a conspicuous karyosome. Its
position in the body varies, being in some species close behind the
kinetonucleus, in others near the middle of the body. It often
appears to be lodged completely in the undulating membrane, which
in this genus is often very broad and less sharply defined than in a
trypanosome, appearing as the border of a flattened body. The
eytoplasm frequently contains numerons “ chromatoid grains.”

Trypanoplasms in the blood of fishes often exhibit marked
polymorphism, with two extremes of size, small and large (Fig. 134,
B, ). According to Keysselitz (454), the large forms are the
gametes which conjugate in the leech, and are distinguishable as
male and female forms, but the statement requires confirmation.
From the investigations of Robertson (503) on the development,
it appears more probable that the large forms are simply full-grown
individuals, ripe for multiplication by fission. Unfortunately,
next to nothing is known of the reproduction of the parasites in
the vertebrate host, though it has been observed that their numbers
are subject to considerable fluctuations, and that a fish showing
at one time a very scanty infection of the blood may have a
“ relapse,” and appear later well infected. Keysselitz accuses
these parasites of pathogenic properties, but this charge is founded
on observations on fish in captivity, in which weakened powers of
resistance may lead to abnormal activities on the part of the parasite
(compare also Neresheimer).

The development of blood -trypanoplasms in the invertebrate
host, which is in all known cases some species of leech, appears to be
of a comparatively simple type as compared with that of trypano-
somes, and consists of little more than rapid multiplication by
binary fission to produce a swarm of relatively small trypano-
plasms, some of which, more slender and elongate in form, pass
forwards into the probosecis, and are inoculated by the leech into
a fish. Conspicuous in this development, as compared with that
of trypanosomes, is the entire absence of any uniflagellate forms,
crithidial or other. So long as a trypanoplasm is in an active state,
it iz invariably biflagellate. Resting forms without a locomotor
apparatus may occur. In 7. helicis, Friedrich describes winter
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forms with a single nuclens, which is in some cases the tropho-
nuecleus, in others the kinetonucleus.

The accounts given of the process of division are somewhat conflicting.
According to Martin, division of 1. econgeri is initiated by the division of the
single basal granule of the flagella, followed by splitting of each flagellum
longitudinally. Next the trophonucleus divides amitotieally, the karyosome
becoming first drawn out into a band, after which the nucleus as a whole is
constricted into two. Lastly the kinetonucleus becomes elongated, and
divides simply by a transverse constriction into two pieces. Jollos, however,
following Rosenbusch’s statements for trypanosomes, affirms that the division
of both nuelei is mitotic in 7. helicis. Alexeieff, on the other hand, denies
that the kinetonucleus of T'rypanoplasma is a nucleus at all.  This author also
deseribes a series of chromatinic blocks at the base of the undulating membrane
of T. intestinalis, similar to those seen in T'richomonas (compare Fig. 5).

Keysselitz (454) has deseribed syngamy in the development of T. ** borveli ™
in the leech Piseicola, but the description and figures are unconvincing, and the
matter requires reinvestigation. No other investigators have found sexual
processes of any kind in trypanoplasms.

III. Tue GENUs CRITHIDIA.

The distinctive structural feature of Crithidia (Fig. 135, A) is
the relatively short undulating membrane which, with the single
flagellum, arises in the middle of the body from the vicinity of a
kinetonucleus situated beside, or in front of,
the trophonucleus. The form of the body varies
from a relatively long, slender type to the short,
“ barley-grain * form from which the name of
the genus is derived.

As already pointed out, the application of
the name Crithidia as the denomination of a
genus is involved in considerable confusion
and perplexity—partly because the distinctive
morphological characters shade off by imper-
ceptible gradations into those of trypanosomes
on the one hand, and leptomonads on the other,
Fia. 135. — Crithidia Yyt still more because a certain number of the

minuta, Léger, from 3 T :

the gut of Tabanus — species of Crithidia » are unquestionably de-

tergestinus. A, Or-  yelopmental stages either of trypanosomes or

dinary motile indi- .

vidual; B, €, young leptomonads, and others are justly suspected

forms, with flagel- of being so. In the present state of know-

Llilfnil:ﬂ.r;_or ﬂf&'l ledge, it is safest to presume that any

Léger. “Crithidia” from the digestive tract of a

blood-sucking insect is a stage of a trypano-
some from the blood of a vertebrate, until the contrary has been
clearly established. At the same time the possibility must always
be taken into account that a blood-sucking invertebrate may

harbour flagellate parasites peculiar to itself in addition to those
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which it takes up in vertebrate blood, and that in this way stages
of the life-cycle of two or more distinet parasites may be confused
together. Up to the present, however, no blood-sucking insect has
been proved satisfactorily to harbour flagellate parasites not derived
from vertebrate blood.

After deducting doubtful species of Crithidia, there remains a
residue which appears to comprise genuine, independent species,
parasites of the digestive tract of insects. As examples of such
species may be cited C. eampanulata, recorded from the digestive
tract of Chironomus plumosus (Léger, A.P.K., ii. 1903, p. 180),
from that of the larva of Plychopfera (Léger and Duboseq) and
of caddis-worms (Mackinnon, 547); C. gerridis, from Gerris spp.
(Patton, 550 ; Porter, 555) ; and possibly others. The life-cycle
of C. gerridis has been investigated by Patton and Porter. The
parasite appears under two principal phases : an active, flagellate
phase, which grows to a large size, and multiplies by fission,
sometimes very actively, forming rosettes; and a resting, non-
flagellate Leishmania - form. The flagellate forms may be free
in the digestive tract, or may attach themselves to the lining
epithelinm of the gut by their flagella. The non-flagellate forms
are found in the crop, where they grow into the adult phase,
and in the rectum, where they become encysted. The flagellate
phase is found throughout the digestive tract and in the ovaries,
but has not been observed to pass into the ova. The encysted
forms pass out of the rectum, and infect new hosts by the
contaminative method.

IV. Tue Genuvs Lepromonas (HERPETOMONAS).

The genus Lepfomonas comprises typical intestinal parasites
of insects, especially Diptera and, above all, Muscide. Several
species are also known in Hemiptera. They are in most cases
parasites of the insect alone, having no alternate host, and infection
is brought about by the contaminative method, so far as is known,
eysts dropped by one host being accidentally devoured by another.
But some species are found as parasites of the latex of Euphor-
biacez, and in this case an alternation of hosts occurs. The para-
sites are taken up from the plants by bugs (Hemiptera) which
suck their juices, and by the agency of the bugs the flagellates
are inoculated into other plants again (Lafont ; Bouet and Roubaud,
530 ; Franca, 537, 538). There can be little doubt that in this case
the bug is the primary, the plant the secondary host. The plants,
or the parts of them that are infected by the Leptomonas, suffer
considerably, The term * flagellosis ” has been proposed for the
disease.
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The distinctive structural features of this genus are the possession
of a single flagellum, arising from close beside a kinetonucleus
which is placed far forwards in the body, and the entire absence
of an undulating membrane (Fig. 136, B ; Fig. 137, d). As already
stated above, however, the application of the names Leplomonas
and Herpelomonas is much disputed, and the morphological defini-
tion of the genera in question is attended with considerable diffi-
culties, chiefly owing to the fact that in one and the same host a
great variety of forms may occur, with regard to which it is not
possible, in the present condition of knowledge, to state with cer-
tainty whether they represent distinet species of flagellates, refer-
able even to distinet genera, occurring fortuitously in the same
host, or whether they are all merely developmental phases of the
same species. The following are the principal forms which may

A /B
Fic. 136.—Leptomonas jaculum, Léger, from the intestine of Nepa cineren. A, B,
Monad forms: ', division of a monad form : £), monad form with short
flagellum ; £, F, ¢, gregarine-like forms: K, in division, F, attached to an
epithelial cell by the rudimentary flagella, which resemble the rostra of gre-
garine sporozoites. After Léger.

occur together in the same host : (1) Large, biflagellate individuals
(Fig. 124, A4), often with a distinet pair of rhizoplasts connected
with the two flagella, the type to which, according to one set of
opinions, the name Herpetomonas should be restricted, but which
on another view represents merely an early stage in binary fission,
with a daughter-flagellum precociously formed ; (2) smaller flagel-
lates with a single flagellum (Fig. 136, B ; Fig. 137, d). the type for
which the name Leptomonas is employed by those who regard the
true Herpetomonas as typically biflagellate, while by those who hold
the contrary view the two genera are ranked as synonyms ; (3) eri-
thidial forms (Fig. 137, 9) ; (4) trypaniform flagellates (Fig. 137, 4. k),
with the kinetonucleus at the posterior end, and the flagellum
running the whole length of the body with a more or less distinet
undulating membrane—the ** leptotrypanosomes ** of Chatton. In
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addition to these four types of active flagellates, there may oceur
also non-flagellated individuals or with the flagellum rudimentary—
namely, (5) long * gregariniform ” individuals (Fig. 136, E— ;
Fig. 137, ¢) and (6) oval or rounded Leishmania-forms. The latter
may become encysted and function as the propagative stages. If
the four active forms are all distinct species, one and the same host
may have intestinal flagellates belonging to four different genera ;
if they are all phases in the development of one species, it becomes
a subtle point for discussion which of the four forms is to be regarded
as the *“ adult ” generic type.
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Fia. 137.—Flagellates from the digestive tract and Malpighian tubules of Dro-
sophila confusa. @, b, ¢, Trypanosoma drozophilee, three forms, from the
Malpighian tubules; d—yq, wvarious forms of Leplomonas drosophilm from
the intestine : d, e, f, leptomonad forms ; g, erithidial form ; &, ¢, transitional
forms from the '[H'cmﬂing to 4, k, the leptotrypanosome-forms ; m, », small
erithidial (** barley-grain ) forms ; o, p, forms transitional from the preceding
to g, gregariniform individuals attached to the epithelium by a rmllim{-.nta.ry
flagellum, the middle one of the three in process of division. After Chatton

mf:g Léger (533).

Not in every case, however, does such complexity of form oceur in the
same host. The development of a typical leptomonad, such as L. (H.) jaculum
of Nepa cinerea, as described by Porter (556), is of a comparatively simple
type, like that of Crithidia gerridis deseribed above. Non-flagellated Leish-
mania-like individuals give rise to flagellates of the true leptomonad type,
which multiply by fission ; these in their turn pass into a non-flagellated
condition in the hind-gut, there becoming encysted and being east out with the
faeces to infect new hosts. Prowazek (557) has described in H. musee-domes-
ficee an extraordinary complication of male and female types—autogamy,
parthenogenesis of female forms, and * etheogenesis " of male forms; none
of these statements can be accepted as even probable until the weighty super-
structure of theoretical interpretation is supported by a more substantial
foundation of observed facts. Many of the stages deseribed by Prowazek,
especially his so-called * etheogenesis,” represent stages in the development of
distinet parasitic organisms not belonging to the group Flagellata ; compare
Flu, Dunkerly.
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V. THE GENUS LEISHMANIA.

This genus was founded by Ross to include two human parasites :
the so-called Leishman-Donovan bodies, cause of the disease
known in India as “ Kala-azar” ; and Wright's bodies (L. tropica),
cause of boils known by wvarious local names, but termed compre-
hensively * Oriental sore.”” To these a third species—namely,
L. infantum—has been added by Nicolle (570), causing a disease in
children in Tunis, Algeria, and Italy, and found also in dogs, which
are regarded by Nicolle as the primary host of the parasite and the
source of the infection in human beings. In all cases the type of
parasite found in the vertebrate host is very uniform (Fig. 138)—
small bodies, usually rounded or oval, contained within cells and

Fra. 138.— Leishmania donovani in cells. A, A maerophage ; B and €, endothelial
cells containing the parasites (p.); #n., nuecleus of the infected cell. After
Christophers.

multiplying by fission (Fig. 139). Each parasite possesses two
distinet nuclear bodies, which the development shows to be a tropho-
nucleus and a kinetonucleus respectively. The cells which harbour
the parasite are mainly, if not exclusively, of two classes—namely,
leucocytes and endothelial cells ; the latter become greatly hyper-
trophied, forming the so-called “ macrophages ™ (Fig. 138, 4), which
may contain 150 to 200 parasites at a time. L. donovani was
believed originally to occur also in red blood-corpuscles, and was
first described as a species of the genus Piroplasma (p. 379). The
balance of evidence, however, is against their occurrence in the
heematids. If set free by the disintegration of their host-cell, they
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are probably taken up by leucocytes, and in them they may be
carried into the general circulation.

Although the diseases caused by these parasites are termed
comprehensively * leishmanioses,” they are not all of one type.
L. donovani produces a systemic disease, very deadly in its effects,
and the parasite is found in immense numbers in the spleen, bone-
marrow, liver, ete. L. infantum is similar in its effects. L. tropica,
on the other hand, produces a purely local infection, manifested
in the form of one or more boils on the skin, each of which, accord-
ing to Wenyon (84), represents either a single infection by the
insect, as yet not known with certainty, which transmits the
disease, or a secondary infection by a house-fly or by the in-
dividual himself from another boil on the skin. The infection by
L. tropica has an incubation-period of about two months. The
disease lasts from twelve to eighteen months, and one attack, after
it is healed spontancously, confers absolute immunity for the
rest of the patient’s life. Corresponding with these differences in
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Fra. 139.—Leishnania dorovani. A, Three parasites in the ordinary condition,
each showing a larger trophonucleus and a smaller kinetonueleus ; B, €, D,
stages of binary fission ; K, multiple fission into three parts. After Chris-
tophers.

the effects produced by the parasites, there are also slight structural
differences to be made out in them. L. donovani (Fig. 138) is very
uniform in shape, being rounded or ovoid ; L. tropica (Fig. 140),
on the other hand, shows more variety of form, with every transition
from elongated, narrow forms with one end pointed to the typical
oval body (Row, Wenyon).

No other stage than that described above is known from the
human body ; but it was first discovered by Rogers (576) for
L. donovani, and subsequently confirmed by other investigators
for this and other species, that in artificial cultures the parasite
develops into a typical leptomonad form (Fig. 140). The Leish-
manta-forms in the cultures grow considerably in size, and at the
same time multiply by fission. The relatively large rounded forms
become pear-shaped, and a flagellum is developed at the blunt end
of the body ; finally the organism assumes the typical elongated form
of a leptomonad, with a long flagellum arising close beside the kine-
tonucleus, which is situated near the anterior end of the body.
Leishman and Statham have described a further stage in the
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development in which slender, so-called ** spirillar ”* forms are split
off from the large leptomonad forms.

There can be little doubt but that the cultural development observed in
all the species of Leishmania represents the natural development which the
parasite goes through in some invertebrate host. As regards, first, L. dono-
vani, arguments have been brought forward incriminating the bed-bug as the

|
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Fic. 140.—Leishmania tropice. A, Parasites from the sore, showing different
forms ; B and €, development in cultures : B} parasites growing and multi-
plying prior to the formation of the flagellum ; ¢!, adult flagellated leptomonad
forms, with a couple probably the result of binary fission ; £, adult leptomonad
form ; K, similar form with the kinetonucleus dividing ; F, @, stout forms,
two stages of division ; note the flagella arizsing direct from the kinetonuelei,
which are connected by a centrodesmose, indicating that the centriole is con-
tained within the kinetonucleus (compare p. 87). A—C, after Row, from
preparations stained by the Romanowsky method, magnified 2,000; D—@,
after Wenyon (84), from preparations stained with iron-hematoxylin after
wet fixation.

transmitting agent, and Patton (573) has found that the parasite goes through
the same stages of development in the digestive tract of the bug (Cimex rofun-
datus) as in the artificial cultures ; but Donovan believes the true intermediate
host in Madras to be another species of bug, Conorhinus rubrifasciatus, and
Wenyon (84) considers that the development in the bug obtained by Patton
is, like the development in artificial cultures, only an imitation of the develop-
ment in the true host, and not a proof of transmission by the bug. Basile
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claims to have transmitted L. infanfum by fleas, In the case of L. tropica,
Wenyon points out that the sores occur almost invariably on parts of the
person not covered or protected by clothing, a fact which is strongly against
the infection being eflected by fleas, bugs, or ticks, and indicates that the
invertebrate host is some biting fly, probably either a species of mosquito or
a sand-fly (Phlebotomus). Experimental evidence of transmission, however,
1s as yet lacking.

It is clear from the development that the species of Leishmania are non-
flagellated phases of a true leptomonad, and it has been proposed by Rogers
to abolish the genus Leishmania, and to place the parasites in question in the
genus Herpetomonas. The life-cycle of a Leishmania is, however, so different
from that of a typical Herpelomonas (Leptomonas), which is parasitic solely
in the digestive tract of an insect, that the genus Leishmania may well be
allowed to stand.

So long as the development is only known from artificial cultures, the
significance of the * spirillar™ forms of Leishman cannot be determined.
Assuming that they are not merely degenerative forms, they may possibly
represent the propagative stage in which the invertebrate host inoculates
the parasite back into the vertebrate ; the fact that L. donovani causes a sys-
temic disease rather suggests that the initial phase in the vertebrate may be
a flagellated form which is carried all over the body in the circulation, and
from which the typical Leishmania-phase is developed. Another possible
explanation of the spirillar forms is that they may be gametes, perhaps of
male sex; but there is no evidence in support of this interpretation either
from observation or analogy, since sexual phenomena in leptomonads have
not been observed. Marzinowsky claims, however, to have observed copula-
tion of male and female gametes in cultures of L. tropica.

Darling has deseribed under the name Histoplasma capsulalum an organism
causing a disease in human beings, and believed to be allied to Leishmania.
It is stated to develop flagellated phases in lung-smears. For Toxoplasma,
referred by some to a position near Leishmania, see p. 387, * Lewcocylozoon ™
piroplasmoides, found in epizootic lymphangitis of horses in Senegal (Thiroux
and Teppaz), is possibly a Leishmania, but only a single mass of chromatin
appears to be present in the body, and no flagellated forms were obtained
]'t; cultures ; possibly, therefore, its proper systematic position is near Toxo-
plasma.

VI. THE GENUS PROWAZEKIA.

This genus was created by Hartmann and Chagas (62) for P. cruzi, a species
discovered in a culture from human fxces on an agar-plate in Brazil. Two
other species have also been described from human fieces—namely, P. wein-
bergi, Mathis and Léger (Fig. 141, 4 and B), and P. asiatice, Whitmore.
It would appear, therefore, that several species (or possibly a single species) of
this genus occur in various parts of the world in human faeces. Martini considers
P. cruzi to be a cause of human diarrhea and intestinal catarrh in China.
Niigler has described a species P. parva (Fig. 141, '), which is free-living, 