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PREFACE

IT is nowadays increasingly felt that there should
be greater co-ordination between the work of the
biologist and the application of this work by en-
gineers and chemists. This work has two ends in view.
The first is to bring forward for consideration the pre-
sent state of knowledge, and bring within the compass
of a small book the main contributions from this and
other countries. This, it is hoped, will facilitate the
work of future investigators and indicate where the
gaps in our knowledge are greatest. The present
writer has been engaged on the investigation of the
iron-bacteria for a period of ten years and is well
aware of the many points which still need patient
research for their elucidation. While most of the
material in the book has appeared at different times
in various journals, a good part appears now for the
first time. It is hoped that the present volume will
attract the notice of biological investigators, and in-
duce one here and there to take up the study of the
interesting group of organisms included under the

iron-bacteria. To such the book will serve as a
"..i"'



vi IRON BACTERIA

point of concentration from which to launch further
attacks, Most biologists would probably confess to
a very scanty knowledge of these organisms, partly
because they are not adequately treated in most text-
books on biology, and partly because for efficient
knowledge of them a special training in bacteriology
must be superposed on a training along general bio-
logical lines. To any such, therefore, who desire a
more extended knowledge of this particular class of
organisms than is possible in a general text-book,
this book should prove of some help.

The second end in view is to reach the notice of
the water engineer and the analytical chemist, and
perhaps to elicit a measure of sympathy for the en-
deavours of the biologist. The work of the writer
brings him constantly into contact with practical prob-
lems of applied biology. There is still a lingering
doubt in the mind of the “ practical man" that science
and practice are antagonistic, and in the work of the
past, in so far as this touches the iron-bacteria, the
outcome has not been the best that was possible, be-
cause problems have been attacked divorced from
biological considerations. This has been especially
the case in this country, and in the past we have
lagged behind other countries in our appreciation of
the work of the laboratory. It seems clear, for ex-
ample, that certain effects due to the activities of
organisms like the iron-bacteria cannot be adequately
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studied apart from the study of the organisms them-
selves.

The practical aim of the book is, therefore, chiefly
to give indications to the engineer and to the chemist
of the kind of organism that they are dealing with in
certain cases, and to point out the principles which
should underlie the method of treatment to remove
the particular evil which has attacked their reservoir
or their conduit pipes. Hitherto the sources of in-
formation at the disposal of our engineers and chemists
have been very scanty, and these are chietly scattered
in various journals, of which very few are written in
English. The photomicrographs are sufficiently clear
to ensure identification of any of the iron-bacteria if
a high-powered microscope be employed. An en-
deavour has been made to photograph the organisms
in the most typical conditions, and when most suitable
for purposes of identification.

The author is indebted to London University for
a Grant from the Dixon Fund to safeguard him,
partially at any rate, from any pecuniary loss in-
curred by the publication of this work,

DAVID ELLIS

Rovar Tecunicarn COLLEGE
(FLASGOW
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INTRODUCTION

HE capacity for abstracting iron from the waters
in which they live and collecting it in the form
of ferric hydroxide on their surfaces is possessed

by various representatives of most of the classes of
micro-organisms that inhabit fresh waters. This capa-
city is a feature of certain protozoa, of certain alga,
and of certain thread-fungi. It is also characteristic of
certain representatives of the large class of organisms
denominated under the term bacteria. It is to such
that the term iron-bacteria is applied. In the case
of these organisms, the phenomenon is more marked
because they not only collect more assiduously but
also have excellent structures for storing the ultimate
product, namely, ferric hydroxide, in the mucilaginous
sheaths which surround their bodies. It is to the
ferric hydroxide stored on and in the dead membranes
of iron-bacteria that in most cases is due the familiar
ochre-beds of ferruginous pools and streams. The
deposition on each membrane is often so great that
it exceeds the volume of the organism itself.  Further,

the membrane is preserved from the dissolution which
h - xvii



X viii IRON BACTERIA

awaits the rest of the organism, and persists un-
changed for many generations. A similar kind of
preservation is seen in the case of various organic
and other objects in the neighbourhood of certain
mineral springs, with this difference, however, that in
the case of the iron-bacteria the substance which ac-
complishes the preservation is supplied from within

and not from without.

From the biological standpoint the study of the
iron-bacteria is one of great interest because most of
the organisms comprised in this class exhibit a some-
what higher phase of development than is met with
in the vast majority of the bacteria, as they appear to
have taken the first step towards what may be called
the communal life. Again, they offer instructive
objects for the study of a process which has a deep
physiological importance, namely, the reason for this
extraordinary accumulation of iron on their bodies.
On the systematic side the group has little interest.
It is clear that close affinity cannot be expected from
organisms grouped together on account of the common
possession of a peculiar physiological characteristic, a
characteristic which is shared by representatives from
other groups. It is true that one sub-group may be
found with Cladothrix dichotoma as its centre, and
another which centres on Leptothrix ochracea, but
such grouping is not in any way related to the absorp-
tion of ferruginous compounds. The heterogeneous
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nature of the organisms constituting this group should
make us beware of attempting, as some authors have
done, a primary classification of bacteria based on
physiological grounds. Confusion is certain to result
from attempts to substitute an artificial in place of a
natural classification.

From the practical standpoint, a study of the habits
and peculiarities of the iron-bacteria is one which can-
not be ignored by those engineers and chemists whose
work lies in the supervision of water-reservoirs. Some
of the iron-bacteria occasionally multiply to an extra-
ordinary degree in the course of a few weeks and
altogether change the character of the water in which
this multiplication takes place. Others again multiply
in attachment to iron pipes and accelerate the for-
mation of incrustations, necessitating the installation
of new pipes or a thorough cleaning of the affected
ones. In other ways also they show characteristics
which make it incumbent to know at any rate the
leading features in their life histories, and also the
general principles which should guide all plans for
the minimising of their activities.
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CHAPTER 1
LEPTOTHRIX OCHRACEA (Kiitzing)

Syn. CHramypoturix OcHracea (Migula)

THIS is by far the most widely distributed of all
the iron-bacteria. The ochre-coloured deposit
forming the beds of ferruginous streams which

are so common in some districts in this country, is in
almost all cases caused by the deposition of ferric
hydroxide on the dead bodies of Leptothrix ochracea.
This organism has been found in ferruginous streams
in every country in which search has been made for it.
Molisch (2) records that in many moorland meadows
in Austria and in Hungary the water appears to be
full of an ochre-coloured mass which is made up
entirely of Leptothrix threads. The same author re-
cords that the colour of the curative ferruginous waters
in Kitzbikel (Tyrol) is due entirely to a deposit of
ferric hydroxide on countless threads of Leptothrix
ochracea. The water of the river Moldau in its
course through S.W. Bohemia before it joins the
Elbe, flows through long stretches of moorland country

I
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and assumes a brownish colour in consequence of the
large amount of organic matter which it takes up in
solution. In this brownish water, both in the Moldau
and the Elbe, Molisch has found active growths of
Leptothrix ochracea in company with other iron-
bacteria. Investigators in Belgiwm record the same
wide distribution in that country. Thus Schwers (1)
has examined the deposits of 208 iron waters and has
found Leptothrix to be the dominant organism in 142
of the samples. In Great Britain also Leptothrix
ochracea has an equally wide distribution. In the
West of Scotland, and particularly in the 5.W. portion,
ferruginous streams with ochre-coloured deposits are
extremely common, and in practically all of them
Leptothrix ochracea is the dominant organism. I
have examined samples not only from various parts
of Great Britain, but also from Russia, Spain, and
Denmark. Altogether some 300 samples of the de-
posits of ferruginous streams were examined. In
go per cent of them Leptothrix ochracea was present,
very often to the practical exclusion of all other
organisms. All the samples were drawn from the
deposits of running or stagnant waters of a ferruginous
nature.  Finally Molisch records that iron-waters
were examined by him in Ceylon, Java, China, Japan,
and America (Chicago), and that the contents of these
were in nowise different from those of the European
ferruginous streams.

This organism is therefore universally distributed
in ferruginous waters in every country throughout the
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world. No records appear of its presence in non-
ferruginous waters, but we must not conclude that it
is necessarily confined to iron-containing waters, for,
as will be shown later, Leptothrix can be cultivated
artificially in a medium totally devoid of iron. Hither-
to, however, in nature, it has not been found in
waters devoid of iron in solution.

Nomenclature.—This organism appears under three
names i—

1. Leptothrix ochracea. — Bestowed on it by
Kiitzing (1) in 1843. Leptothrix was an algal genus,
and as Kiitzing imagined that the species discovered
by him was an Alga, it was placed in the genus in
which it seemed to have the nearest relatives.

2. Cladothriz dichotoma.—In Zopf's “ Zur Morpho-
logie der Spaltpflanzen ” (1882) organisms which were
indubitably Leptothrix ochracea were described by
this writer under the name Cladothrix dichotoma
owing to a false impression as to their identity.

3. Chlamydothrix ochracea.—Migula has thought
fit to bring Leptothrix ochracea into the fold encom-
passed by his genus Chlamydothrix. As will be
shown below the change of nomenclature is open to
challenge and there are weightier reasons for retaining
the old generic name.

Structure.—With the aid of a good microscope the
threads of Leptothrix can readily be identified. A
photomicrograph of the organism is shown in Plate [,
Fig. 1. This was taken from the deposit of a
ferruginous stream. As to the deposits it must be
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borne in mind that they are not composed of living
representatives of the organism; the observer sees
only the empty tubular, iron-encrusted sheaths of
the dead organism. These are readily identified as
the remains of Leptothrix ochracea, the yellow-red,
sharply defined sheath being of a very distinctive
nature.  Whilst the majority of the threads are
straight, some show slight curvatures (Plate I, Tig.
2). Occasionally, as seen in Plate I, Fig. 3, the
thread is thrown into a number of undulations of
regular wave-length.  In the deposits the threads
that come under observation are very seldom whole
organisms. They are rather fragments, as can be
observed from an examination of their ends, which ap-
pear as if they had been snapped across. This would
doubtless happen during the process of deposition and
penetration of the ferric hydroxide.

The appearance of the living organism is very
characteristic. The thread is tubular, delimited ex-
ternally by a delicate membrane which is normally
much thinner than the dead membranes as found in
the deposits. The ends are rounded off symmetrically.
When grown in artificial cultures devoid of iron the
membrane remains thin and delicate (Plate I, Fig. 3),
and even in nature this thinness and delicacy is
observable. Usually, however, the membrane in-
creases somewhat in thickness and assumes the familiar
ochre-coloured appearance. The average threads
measure 14p to 2p in thickness when free from an
external deposit of iron.  When dead and caked with
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iron the thickness may extend to 3u and more.
The length of the threads may reach to 200p, and
even greater lengths have been observed. In artificial
cultures (Plate I, Fig. 4) they sometimes elongate
considerably and assume an appearance markedly
different to that found in nature. The threads
increase in length, but whether the growth is inter-
calary or terminal has not yet been determined: on
a priori grounds the former is the more probable.

There is concurrently a very slight increase in
thickness ; this, however, must be very small and
must cease long before the extension in length has
been completed, for long and short threads are not
appreciably different in thickness, although both are
appreciably thicker than very young threads.

Of the internal structure of Leptothrix we know
very little. By the ordinary methods of staining only
a uniform homogeneous structure can be observed
within the threads. As is the case in the vast
majority of bacteria, the threads show no distinction
of cytoplasm, nucleus, and vacuoles. Cell-division by
fission is a common occurrence in growing threads.
Whilst in some both ends are rounded off, in others
only one end is so formed, the other end being
angular as shown in Fig. 1. In others again both
ends are angular (Fig. 2). Until the first division
takes place a young thread is invariably rounded at
both ends. The reason for this failure of the cut
threads to round off the end at which division has
taken place is probably connected with the growing
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rigidity of the membrane at this stage, as the iron
deposition is by this time comparatively far advanced.
A transverse membrane is never formed, the organism
differing in this respect from the genus Bacillus.  The
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Fia. 1. Fi6. 14a. Fic. 2.
Fia. 1.—Leptothrix ochracea. Figure from Molisch’s * Eisen-bakterien ™.

F16. ta.—Leptothrix ochracea. Thread is rounded at one end, square cut at
the other.

F1c. 2.—Leptothrix ochracea. Thread square cut at both ends.

details of the operation of division have not yet been
satisfactorily worked out. In some cases I have
observed the formation of thickened rings of the
form shown in Fig. 3, at the point of division, and it
would appear that fission takes place between the
rings. It is curious that the rings should often be
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placed not transversely but obliquely to the membrane,
and this accounts for the fact that in many of the
older threads the surface of the ends is not set at
right angles to the sides, but is obliquely placed.
The shape of the thread under the circumstances is
not unlike that of a quill tooth-pick. For the observa-
tion of living threads search must be made in the
stream itself and not on the bed. Fluffy bits of
floating or immersed material must be sought for, and
these are best found in early summer or late autumn.
Apparently at these times the constitution of the
organic matter in the stream best favours the growth
of the iron-bacteria. Threads that are covered with
ferric hydroxide should be treated with dilute hydro-
chloric acid to get rid of this deposit. When this is
done the membrane will be uncovered and will be
found generally to be of a slightly yellow-red tinge
and sharply delimited (Plate I, Fig. 1). It often
happens that on treatment with hydrochloric acid the
deposit peels off in segments, in which case the
membrane is laid bare in some parts of the thread,
whilst in the other parts the membrane is overlaid by
the deposit (Fig. 4). In such cases it is possible to
ascertain the fact that the deposit of iron in the old
threads is zuszde as well as outside the membrane, so
that the ferric hydroxide is actually inside the cell in
the older threads, a fact which we must bear in mind
when dealing with the physiology of the iron-bacteria.

Another point to observe in the structure of
Leptothrix 1s that, in common with practically all low
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organisms of this grade, the real membrane is invested
by a very tenuous, mucilaginous, under ordinary
circumstances invisible mantle. This envelops the
membrane and covers its surface much in the same

FiG. 4. FiG. 5.

Fi6. 3.—Leptothrix ochracea. Showing thickened rings between which
division appears to take place. (Diagrammatic.) '

Fi16. 4.—Leptothrix ochracea. Portion of old thread, showing membrane
from which the ferric hydroxide has been removed in parts: shows
relationship between thickness of membrane and thickness of
deposit of ferric hydroxide. m = membrane from which deposit
removed.

Fic. 5.—Leptothrix ochracea. Appearance presented by old thread laden
with thick deposit of ferric hydroxide. Outside surface rugged
and encrusted with foreign particles.

way that a soapy froth covers the surface of the water
out of which it has been formed. The presence of
this mucilaginous layer has a considerable influence
in determining the final shape of the plant, for the
iron compounds drawn from the water are retained in
it, and undergoing solidification by oxidation, impart
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solidity and opaqueness to an otherwise very tenuous
and invisible structure. In the oldest iron-encrusted
threads the membrane is often no longer recognisable
as a separate entity, the strain on such a delicate
structure having evidently become too great for its
stability, with the result that it has broken at many
points, and whilst the cylindrical structure is as a
whole maintained, the organism appears as a roughly
cylindrical mass of ferric hydroxide with a very ir-
regular surface, often dotted with foreign particles
(Fig. 5). Seen by itself, apart from its surroundings,
such a mass would raise doubts as to its derivation
from any organism.

According to Migula (1) Leptothrix is com-
posed of a sheath within which a number of cells are
lodged. This interpretation has not been confirmed
by any other investigator who has studied the threads
of Leptothrix. It is probable that Migula has mis-
taken threads of Cladothrix dichotoma for those of
Leptothrix ochracea. The threads of the former,
unless stained, appear to consist, as is shown later,
cach of a non-cellular tube, and it is only when treated
with a reagent like iodine that the cells become
evident. As young Leptothrix and young Cladothrix
dichotoma threads are superficially not unlike, and as
there has been no confirmation of Migula’s statements
on this point, the probability is great that the inter-
pretation given above is the correct one.

The change, therefore, of the name Leptothrix
ochracea to Chlamydothrix ochracea, instituted by
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Migula on the strength of this supposed cellular
structure of the organism, is not justified, and there
seems no necessity for discarding the generic name
Leptothrix which has been applied to this organism
for the last seventy-five years.

1. Multiplication.—The most primitive method of
multiplication, viz. one by fragmentation, is exhibited
by Leptothrix ochracea. A portion of a thread is
broken off, the two parts elongating once more after
separation : each part then repeats the process so that
in a short time a very large number of organisms is
formed. In Molisch’s artificial cultures (2), the
threads were evidently often of great length (Plate I,
Fig. 4). Thisis seldom the case in nature. Among
the lower bacteria the formation of long threads i1s an
indication of the intervention of unfavourable con-
ditions, as the organism has apparently the strength
to elongate, but not sufficient to enable it to divide.
Speaking generally, in artificial cultures of bacteria
short rods are found in the most favourable cultures,
and long rods intervene only when conditions are
unfavourable for growth. Although some long threads
may be seen in natural waters, only comparatively
short rods are normally encountered.

1a. According to Molisch an interesting mode of
reproduction is exhibited when a colony (in an artificial
plate culture) of this organism is pressed down gently
with a coverslip. Numerous rods escape, develop
motility, and then swim away. He does not appear
to have investigated either the method of separation
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or the cilia of these motile rods. The probable
presence of cilia may be inferred from the motility.

The chief interest lies in the fact that the rods
assume motility, for the young threads observed in
natural waters are never in a motile condition, so far
as they have hitherto been observed. According to
the same writer the motile rods sometimes attach
themselves to long threads of Leptothrix, giving the
latter a false appearance of branching.

2. Reproduction by the Formation of Conidia.—
This mode of reproduction was first observed by
Migula (1) who states that their germination takes
place on the threads. [ have repeated Migula’s
observations and followed the various stages of
development. The process begins by the formation
on the thread of numerous small protuberances
(Fig. 6). Each is approximately 1p' in thickness.
Elongation takes place until the protuberance is about
125w in length ; then constriction at the base follows,
with the result that a small oval structure is cut off.
In some cases the production of conidia is so prolific
that the organism itself is completely buried in them.
The subsequent development of the conidium is prob-
ably accomplished by its elongation and subsequent
separation from the parent thread. This is rendered
probable by the fact that in the case of some of them
in their development the process of constriction is
postponed until the length of the developing conidium
is considerably greater than its thickness (Fig. 6 at a).

! u (the Greek letter mu) is the unit of length universall ed
in Bacteriology, and = ;4 millimetre = o'coco4 inch,
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The appearance of the conidium is of a very
unmistakable character, and we find similar structures
in Gallionella and in Spirophyllum. It is therefore
surprising to understand the attitude taken up by
Molisch (2). On page 43 of his “ Eisen-bakterien ”
we read ;: “ Die conidien von denen Ellis spricht, habe
ich nicht aufinden kénnen . . . mir will scheinen,
dass aufgelagerte Bakterien zellen eine conidienbil-
dung vorgetiuscht haben, was ja beir einer Rohkultur
nicht unméglich wire ",

-

Fia. b. Fie. 7.

Fig, 6.—Leptothrix ochracea. Devolopment of numercus small protuber-
ances on thread. These may either be cut off when quite short
—being then known as conidia—or they may develop further
before abstriction takes place. The latter method of formation is
indicated in the lower part of the figure.

FiG. 7.—Leptothrix ochracea. A further development of the same nature as
is shown in Fig. 6. The protuberances have at this phase become
some quill-like in appearance.

[t i1s absurd to imagine that a Leptothrix thread in
a natural water would be covered with bacterial cells
derived from other sources than itself. [f the structures
in question are bacterial cells it is more reasonable to
assume that they are ‘“bacterial cells” derived from
the Leptothrix thread ; in other words, that they are
of the nature of conidia. This is a far more probable
explanation than the one which presupposes Lepto-
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thrix to have drawn together “bacterial cells” from a
variety of other organisms in the neighbourhood.

[ DENTIFICATION oF LEPTOTHRIX OCHRACEA

The recognition of this species is easily accomplished
by the microscopic examination of the deposit in fer-
rugmoua streams, when there should be no difficulty
in recognising the empty ochre-coloured threads
depicted in Plate I.  When these have been identified
the water should be searched for the living threads,
and a search should also be made for slimy streamers
in the water, which will also in
all probability be found coloured
with the ferric oxide. The liv-
ing threads are normally non-
motile, cylindrical, rounded at
both ends, and varying in thick-

1
ness from I1zp to 3¢ or 4p.
Hitherto motility has not been
b s Tesartih daei; FiG. 8.—Leptothrix ochra-
observed in these threads in ~ (.. Disgrammatic re.
natural waters. The threads are  presentation of a colony
All e b B of Leptothrix threads.
naturally straight, but bent and  Theads are held to.
often undulated forms are not  sether in the water by
: - each one being in con-
very uncommon (Plate I, Fig. 2).  1ace at one or two points
The majority, however, show  with other threads,
straight threads with sharply delimited membranes
tinged with the ochre-coloured hydroxide of iron.

[ have occasionally observed a colony of Leptothrix

in a natural water in which large numbers of threads

were held together in such a way that one organism
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was in contact with one or even two others at single
points, as is shown diagrammatically in Fig. 8. This
peculiar disposition of the threads is due to the ad-
hesion of the threads by their enveloping mucilagi-
nous coverings, a disposition which must occasionally
happen when a number of the organisms are grow-
ing in close proximity. When, therefore, Winograd-
sky (1) states that Leptothrix branches pseudo-
dichotomously it is probable that a somewhat similar
adhesion of individuals was observed by him, which
conformed to a more regular pattern, producing the
effect of a dichotomous arrangement. [t is certain,
however, that this false dichotomy 1s not a ckaracter-
istic feature of Leptothrix, and phenomena of this
kind which are only occasional in their manifestations,
are not to be relied upon for the recognition of
Leptothrix.

LeproTHrIx OCHRACEA FROM THE STANDPOINT OF
THE E NGINEER

Although such a cosmopolitan organism, and
although present in such quantities in the waters
which form the gathering grounds for the supply of
many towns, this organism does not play an active
part in those sudden visitations of the iron-bacteria
so much dreaded by the water engineer, nor in the
slower growth of the same class of organisms in the
conduit pipes which furnish urban districts with their
water supply. The reproductive cells of Leptothrix
must, however, be present in all such waters, and, as
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will be discussed later, the writer is of opinion that
the more troublesome Gallionella and Spirophyllum
are both pleomorphic phases in the life history of
Leptothrix ochracea. If such be the case the com-
paratively harmless Leptothrix must be regarded with
suspicion equalled to that bestowed on Gallionella
and Spirophyllum. Therefore, it is important to the
engineer to note that Leptothrix forms resting cells
in the form of conidia. As shown above these
minute oval structures are formed in countless num-
bers in ferruginous waters, and constitute the “ germs "
out of which new individuals arise. The question
of the location of the resting cells of the iron-bacteria
has often been discussed, and on a few occasions has
formed the subject of an official inquiry. It may be
stated that the conidia constitute, so far as i1s known
at present, the only form of resting cells of Leptothrix.
I am quite convinced that the thread itself does not
as a whole become a resting cell, the so-called a»¢4»o-
spore of de Bary. This phenomenon does occur
occasionally in the lower bacteria, but there is no
evidence of the existence of a similar mode of repro-
duction in the case of Leptothrix. In all cases the
threads multiply by fragmentation and then die out,
but the conidia which they liberate in countless num-
bers persist and, under favourable circumstances,
germinate to form new threads. [ have not followed
the germination of the conidium of Leptothrix, but
have done so in the case of the conidia of Spiro-
phyllum which are identical in practically every
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respect, and the facts that have been ascertained for
the conidia of one organism are applicable to those
of the other. The conidia arise in water, and, until
desiccation occurs, they remain in the water. As
the water flows on countless numbers of these minute
specks are carried along with it—1t would take a
million million of them to fill a small thimble—and
cach is potentially capable of germination when the
conditions become suitable.  Exceptionally they will
be found in the soil in the neighbourhood of ferrugin-
ous waters, but this will happen only when the water
containing the conidia has evaporated, leaving the
bed dry. Under such conditions the conidia will
be taken up by gusts of wind and scattered over the
neighbouring soil. ~ The following facts have been
elucidated from observations of the growth of Lepto-
thrix in pure artificial culture.

1. The minimum, optimum, and maximum tem-
peratures of growth are respectively 5° C., 23°-25" C,,
40 0.

2. It grows in darkness, in diffuse daylight, and in
spite of bright sunlight.

3. It grows better the greater the amount of oxygen
in solution in the water,

Care must be exercised lest this organism be con-
fused with Cladothrix dichotoma, for although the
latter is cellular, the cells cannot be made out without
careful staining, and, until stained, young threads of
Cladothrix dichotoma can easily be mistaken for
Leptothrix ochracea.
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CHAPTER 11
GALLIONELLA FERRUGINEA (Elrenberg)

Syn. CLADOTHRIX FERRUGINEA (Migula)
» GLxoTILA FERRUGINEA (Kiitzing)
,w GL®EosPHERA FERRUGINEA (Rabenkorst)
»  SPIRULINA FERRUGINEA (Atrchner)

HIS organism is best considered immediately
after Leptothrix ochracea, because in the open
it is very seldom that Gallionella is found

apart from Leptothrix; in closed tunnels, however,
it often appears as the predominating organism of
the iron-bacteria.

Distribution.—It is probable that in iron-waters
this organism is as widely distributed as the preced-
ing, although in vastly inferior numbers. Unless
a search be made especially for it, its presence is
apt to be unnoticed owing to the overwhelming
superiority in numbers of Leptothrix ochracea. Its
presence has been recorded in Austria, France, and
Germany, and | have found it to be very widely dis-
tributed in Great Britain, although very seldom in

large numbers. When, however, there is a slight
2 17
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alteration in the external environment, it may multi-
ply exceedingly fast and assume the role of predomi-
nating organism. Thus Adler (1) states that in a
sample of iron-water containing a mixture of iron-
bacteria Gallionella can be made to predominate
simply by leaving the sample at room-temperature for
a few days. Of more practical importance is the
fact that its predominance is in many cases one of the
results of passing water through pipes where, naturally,
the conditions of growth are different, the chief factor
being the absence of light. Thus the figures in
Campbell Brown’s paper (1) indicate the presence of
Gallionella or Spirophyllum, or probably both, in the
various mains in which slime had collected. In the
case of the Liverpool water supply, the growth of
these organisms in the mains between the reservoir
at Vyrnwy and the filter beds at Oswestry, had re-
sulted in a diminution of the discharging capacity of
the pipe by from 20 to 25 per cent within the period
of a few years. The presence of Gallionella in fer-
ruginous medicinal springs has been recorded by
Adler. He found Gallionella in such waters more
frequently than any of the other iron-bacteria, its
presence in abundance being found in approximately
30 per cent of such waters. It seems as though the
determining factor were a diminution in the intensity
of the light, for whilst in the direct sunlight Leptothrix
predominates, in the waters which well out of the
ground or which are made to flow through pipes,
Gallionella springs into a position of importance.
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Structure—~We can gain a good idea of the struc-
ture of a typical Gallionella by twisting a hairpin
spirally on itself. An example is shown in Fig. o,
and in Plate I1, Fig. 1. The result of this winding
is the production of a number of loops, and the two
ends of the thread will be found close together (Fig.
9), just as are the two ends of a hairpin. The aver-

Fia. g. (a)

Fig. 10,
F1a. g.—Gallionella ferruginea. Normal appearance of thread.
Fi16. 10a.—Gallionella ferruginea. Showing thread somewhat loosely coiled.
Fig. 1ob.—Gallionella ferruginea. Very young threads.
F16. 1oc.—Gallionella ferruginea. Tightly coiled thread.

age thickness of the thread is u to $p, although
exceptionally it may reach to 13x.  The loops formed
by the twisted thread may be from 2p to 6y in ampli-
tude. Again, a particular individual may form one
loop, or several loops may result from its twisting
habit. Examples of organisms showing variations in
the number and amplitude of the loops are given in
Fig. 10.  Finally the two sides of the “hairpin” may
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not be of equal length, with the result that one
stretches out far beyond the other (Fig. 11).
[t can readily be imagined that when an organism

(8)

FiG. 11. Fic. 12.

Fie. 11.—Gallionella ferruginea. Showing thread in which the first bend
has not taken place in the middle of the thread. The two arms
formed by this first bend are therefore unequally long, and when
one side has become completely coiled, a large portion of the other
and longer side is left over and remains in an uncoiled condition.

Fio. 12a.— Gallionella ferruginea, The bead-like appearance presented by
many old iron-encrusted specimens. Surfaceis rough and uneven.
The loops formed by the coiling thread have become filled with
ferric hydroxide.

Fic. 12b.—Gallionella ferruginea. Diagrammatic representation of part of
thread to explain origin of the bead-like structures shown in
Fig. 122.

a = mucilaginous material on outer side of thread.

b = lower arm of thread.

¢ = mucilaginous material stretching across between the two
arms b and d.

d = upper arm of thread.

of this kind not only has this peculiar habit of coiling
its body into loops, but also stores ferric hydroxide on
its surface, we may expect it to exhibit a variety of
forms. Further, it must be borne in mind that when
coiling takes place the mucilage stretches across the
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loops formed by the coiling thread, and as iron is
deposited on the thin films thus formed as well as on
the thread itself, peculiarly shaped structures may arise,
Instead of a coiling hairpin form, we often find mature
Gallionella threads looking each like a string of beads,
or a vibrating cord which is thrown into multiple loops.
Some idea of the mode of formation of this particular
form may be obtained by a reference to Fig. 12a. The
interspace separating the two sides forming a loop
becomes more and more solid as the iron deposit
increases until finally a structure is produced which
is very like Spirophyllum in appearance. We have
already likened Gallionella in appearance to a cord
set in multiple vibration. To understand the structure
of Gallionella it must be remembered that the inter-
spaces formed by the coiling threads are bridged by
mucilage (see Fig. 124). When this mucilage be
comes impregnated with ferric oxide, it can readily
be seen how the organism would assume the monili-
form or bead-like structure, which is sometimes
mentioned by engineers. Other names used by
engineers are ‘“the organism with a rosary form”
or “the organism that looks like a row of beads”.
In the young stages, however, the twisted hairpin
shape is apparent, the threads being yellowish-red in
colour. It 1s not possible to make out anything of
their internal structure. Migula (2), who has made
an exhaustive examination of the developmental
phases of Gallionella, states that whilst he was
not able to distinguish a specific membrane, yet
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considered that there must be a very delicate covering
bounding the exterior of the Gallionella thread, and
his reason is conveyed in the following words:
““ Jedenfals muss aber eine etwa vorhandene Scheide,
die ich wegen der ausserlich anhaftende Gelbfarbung
durch Eisenoxydhydrat annehmen mochte sehr fein
sein .

He therefore infers the presence of a membrane
but his reason cannot be said to be a good one as
the deposition of a very fine layer of ferric hydroxide
could very well take place on the outside of a thread
devoid of a specific membranous outer layer. Hence
the “ausserlich anhaftende Gelbfarbung™ does not
prove anything, for it could equally well be laid on a
non-membranous as on a membranous thread. It is
important that we should emphasise this point, for
Migula only infers the presence of a membrane, which
neither he nor others who have sought for it (Adler
(1), Ellis (2)) can find. Yet it is on the strength of
the presence of this membrane that Migula (2) has
taken the responsibility of transferring Gallionella
ferruginea into the genus Chlamydothrix (under the
name Chlamydothrix ferruginea), the distinguishing
feature of the members of which genus being the
possession of an external membrane. In the author’s
experience no method of preparation or of staining
has hitherto resulted in producing any differentiation
of structure in these threads. Stripped of its ferric
hydroxide all that can be ascertained in the thread 1sa
homogeneous body of a semi-transparent consistency.
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Migula distinguishes two kinds of Gallionella
threads, one kind very delicate, irregularly wound
threads, about 1 thick, which sometimes lie alone,
and sometimes unite to form a flocculent mass. The
other kind shows very delicate threads which form
chains.

As, however, all grades of transitional forms be-
tween these two kinds may sometimes be found in a
Gallionella culture, they may therefore be regarded
rather as the extreme forms of one kind of structure
than as two distinguishably different types.

M ULTIPLICATION

(. Simple Fission.—At all stages of growth a pro-
cess of fragmentation takes place resulting in the liber-
ation of small partly coiled fragments /8
(Fig. 106). These elongate and coil to ;\

form new organisms.

2. Conidia Formation.—1 have ascer-
tained that the conidia formation so char-
acteristic of Leptothrix ochracea takes
place also in Gallionella, though it is not
such a frequent phenomenon as in the
other organism (Ellis (2)). A typical
case is seen in Fig. 13, which was taken \
diffuse daylight for seventeen days. It is Mo 13—

: : i Gallionella
interesting to observe that conidia forma-  ferruginea.

from a culture that had been kept in

tion appears to be accompanied by a SegiiniEge
- ; ! of conidia-
loosening of the coils, In shape and  formation,
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manner of development the conidia are indistinguish-
able from those of Leptothrix ochracea.

In some instances it was noticeable that conidia
formation on certain individuals had been so extensive
that the organism itself had become completely hidden
from view by the conidia, with the result that it had
lost its characteristic bead-like appearance, and its
form is roughly cylindrical. In this condition Gal-

lionella cannot be distinguished from an old thread of
[Leptothrix.

Tuae Cavuse oF THE COILING OF THE T HREADS

Detailed investigation of this phenomenon is lack-
ing, owing chiefly to the want of success that has
attended efforts to obtain artificial cultures of Gallio-
nella. Certain conclusions may, however, be arrived
at, based on comparisons with other organisms in
which the same phenomena are shown. There seems
little doubt that Gallionella offers another example
of contact-trritability. The absence of a membrane
doubtless enables the effect of irritability to take place
with greater ease than if a membrane were present.
[t may be conjectured that contact with a particle
in the water or with another organism brings about
the first curvature, and then as the two ends in con-
sequence approach contact is established between two
different parts of the thread, with the result that the
first twist-over takes place. Once established the
process continues, each contact producing a further
twining, this in turn producing contact at another
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point. In this way a state of matters analogous to
the “vicious circle” of the medical men is brought
about. This process is continued until the deposition
of ferric hydroxide acting as a dead weight renders
further twining impossible, or possibly the cessation
may come about by the advance of “old age . it
must be borne in mind that a power of movement
is inherent to protoplasm, and a long, naked thread
of protoplasm—for a young thread of Gallionella 1s
nothing else—is a peculiarly favourable structure for
the manifestation of movements, the stimulus for which
is supplied either by contact with a foreign body or
by one part of the thread coming in contact with
another part.

(GALLIONELLA FERRUGINEA FROM THE STANDPOINT
' oF THE ENGINEER

As our knowledge of the iron-bacteria increases we
are able to make a juster estimate of the relative
importance of the various organisms in this class.
The importance to the engineer of Gallionella has
increased tenfold with greater knowledge. As is well
known, incrustations in iron pipes begin as minute

dotted projections of a roughly limpet shape. They

grow by the accretion of concentric layers, and ulti-
mately coalesce.  Finally, unless cleaned out, the
pipes suffer an appreciable diminution in the diameter
of the bore. In 1904 Campbell Brown (1) expressed
the opinion that while some of the nodular incrusta-
tions contained iron-bacteria, there were many cases
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in which the incrustations were free from every trace
of life, and he further laid down that the iron of the
incrustation is in all cases derived from the iron of the
pipe. Unfortunately, on the biological side, we must
receive this investigator's conclusions with great cau-
tion. Judging from his plates and from his description,
Gallionella (or Spirophyllum) is indicated as the or-
ganism concerned, and Schorler’s subsequent research
(1904) shows this inference to be correct. Schorler’s
results are very important and deserve careful con-
sideration on the part of the engineer., He showed
that the uppermost, easily washed away, layer of the
incrustations which were found in the mains that
supply Dresden contained threads of Gallionella in
abundance. His most important contribution, how-
ever, was his demonstration of the fact that although
the firmer parts of the incrustation showed no trace
of Gallionella, yet the six-sided plates of a crystal
nature, which were abundant in these firmer parts,
contained each a fragment of Gallionella. That is to
say, the crystallisation of these six-sided plates has
followed a similar course to that which has resulted
in the formation of coal nodules in the coal, namely,
the collection of inorganic matter round an organic
particle. Gallionella, therefore, alive and dead, is a
focus of attraction for ferric hydroxide. These crystal
plates measure 33p to 144p in diameter. We may
conclude that even although Gallionella 1s not found
in the firmer parts of incrustations, yet if its threads
are found in the superficial layer the inference is
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warranted that they are present also in the more
solid interior of the incrustation, although hidden from
immediate view inside crystallised plates. Such being
the case this organism must be held responsible for a
large part of the incrustations that appear in supply
pipes, culverts, etc.,, where a gently flowing water
harbours the conidia of Gallionella, and where the
light is of a very low intensity. [n the light of
Schorler's researches we cannot subscribe to Camp-
bell Brown's statement (1) that “the iron of the
incrustation is in all cases derived from the iron of
the pipe”. OI course, the converse is also not true,
that the iron of the incrustation is wholly and neces-
sarily derived from the water. But we are at any
rate in a position to affirm that Gallionella is an 1im-
portant factor in the formation of the majority of the
incrustations that form in water pipes. The part
which is played by Gallionella in the formation of the
slimy streamers that appear in water channels is prob-
ably very small ; other organisms, to be considered
presently, play here a more important role.  In Camp-
bell Brown’s paper (1) one of the figures (Plate 1,
Fig. 20) designated “ Jelly developing inside slime,”
shows an undoubted example of Gallionella, but the
majority of the threads in this figure belong obviously
to some other organism, probably Cladothrix dicho-
toma. We have, however, sufficient material to show
that in the matter of the slime, as well as in the case

{ the incrustations, Gallionella is a causative organism.
With regard to the method of dispersal, all the remarks



28 IRON BACTERIA

which were made with regard to the dispersal of the
conidia of Leptothrix ochracea apply with equal force
to Gallionella ferruginea, for as the writer has shown
(Ellis (2)) conidia formation is characteristic of the
latter as well as of the former.

THE IDENTIFICATION OF GALLIONELLA FERRUGINEA

The tendency to form spirally wound threads is
the chief characteristic to be relied upon in the process
of identifying Gallionella. In the young condition
minute threads about 13p thick, that are slightly
curved, may with certainty be regarded as Gallionella.
If such be found the microscopic examination should
be directed towards ascertaining whether forms show-
ing slightly later stages of growth-—e.g. one show-
ing a single loop (Fig. 106)—are present. Reliance
should not be placed on the discovery of a single
specimen, but rather on the “atmosphere” of the
microscopic field, on the ascertainment of a number
of forms all individually different in detail, but all
possessing the same general structure, namely, thin
threads spirally wound in different ways. The figures
shown in Figs. 9-13, should help in the identification
of the various stages of growth. It will be found
more difficult to recognise the older threads of
Gallionella, for, as already stated, the ““loops " become
filled up with ferric hydroxide, and structures such
as that shown in Fig. 12, are presented to the eye.
This is the so-called “rosary” or “bead” form of
Gallionella, In this condition an appearance very
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similar to Spirophyllum is assumed. In fact, Prof.
Molisch (2) has expressed the opinion that Spiro-
phyllum is identical with Gallionella, obviously basing
the statement on the close similarity of the old iron-
encrusted forms of both species, and totally ignoring the
wide dissimilarity of the two organisms in their young
stages. We shall return to this subject again after we
have described Spirophyllum. The only safe way of
distinguishing the two species is to take advantage of
the fact that a microscopic field with iron-bacteria in
it will probably show these organisms at different
stages of growth. If an examination shows a series
of stages similar to those shown in Figs. 9-13, Gal-
lionella is indicated. When a *“bead” form is en-
countered it must be regarded as either Gallionella
or Spirophyllum. It is only the younger forms of
growth that can be used for distinguishing between
these two species.



CHAPTER [1]
SPIROPHYLLUM FERRUGINEUM (£W4is)

IN?"RO!?UCTI{)M ----- A new species of iron-
bacteria was found by the writer in the neigh-
bourhood of Glasgow. It is characterised by the

possession of a flat band-like structure, the band being

normally twisted into a spiral form. A model of this
organism could be made by obtaining a flat piece of
elastic band—e.g. one } inch wide and 4 inches long

—and, while holding one end fast, twisting the other

end round so as to make the band assume a spiral

form. Examples of Spirophyllum ferrugineum are
given in Plate III, Fig. 1 and Fig. 14. The bands
vary i width from 1p in the youngest forms to
about 6p n the fully matured specimens, As in
the case of the other iron-bacteria the colour varies
from a grey tone to the familiar ochre colour char-
acteristic of the beds of ferruginous streams.
Distribution.—I1 have found Spirophyllum to be uni-
versally distributed in the ferruginous waters of Great

Britain from the north of Scotland to as far south

as Kent, and as far west as Cardiganshire (Ellis (1)).

Like Gallionella, in open waters Spirophyllum plays

a very subordinate réle, the chief organism in such

30
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waters being Leptothrix ochracea. Occasionally, and
here again it resembles Gallionella, it assumes the
chief role, Leptothrix being either absent altogether or
present only in a negligible quantity. The presence
of Spirophyllum has been noted in America, and it

FiG. 15.

Fia. 165,

FiG. 14. Fic. 16a.
Fi16. 14.—Spirophyllum ferrugineum. Fully developed band.

Fig. 15.—5Spirophyllum ferrugineum. Tightly wound band.
Fia. 16a.—Spirophyllum ferrugineum. Loosely wound band.
Fic. 16h.—Spirophyllum ferrugineum. Two spirally wound bands in contact
and commencing to wind round each other.

may safely be conjectured that it is as cosmopolitan
in its distribution as the better known . Leptothrix
ochracea.

General Structure.— T he smallest specimens meas-
ure only 1u in width and about 2p to 3u in length.

Even in these the spiral twist is manifest. One of
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the largest bands seen is shown in Plate 111 ; such
individuals measure 6p in width, and may extend to
a length of 200 or more. There is much variety in
the number of spiral twists. In Plate 111 a large
number is shown. In some the twining process has
proceeded so far that the organism looks like a small
portion of rope (Fig. 15). In others only one or two
incomplete turns have taken place in the band (Fig.
16). The different varieties are shown in Figs. 16,
17. Occasionally two bands are seen in contact. In
such cases not only is each band spirally twisted on
itself, but each is further partially or completely twisted
round the other Figs. 16a, 18.

The thickness of the bands is not uniform, the
edge being thicker than the inner part. The same
peculiarity was found by Warming to be characteristic
of the members of the genus Spiromonas. In very
young individuals this peripheral thickening is not
evident. Its appearance in the older forms obviously
affords a measure of protection to the organism, and
to the need of such protection we may biologically
account for its presence. The thickening at the
edges is diagrammatically represented in Fig. 10.

Even when stained no differentiation of cell-struct-
ure can be distinguished, the bands being in this
respect similar to the threads of Gallionella. Another
peculiar feature is the appearance of the ends of the
band which are all more or less square cut and never
rounded. Even in the very youngest specimens of
Spirophyllum in which a definite form begins to
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emerge, the ends are never rounded off. Thus, as
shown in Fig. 23, in which are shown young in-
dividuals the width of which are not greater than
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FiG. 17. Fie. 19.
Fi16. 17.—Spirophyllum ferrugineum. Young bands at various stages of their
growth. The band shown atd has one twist: the others each
two twists ( x Soo).
F1G. 18.—Spirophyllum ferrugineum. Shows the intertwining of two indi-
viduals, each of which is also spirally twisted on itself { x Boo).
Fi6. 19.—Spirophyllum ferrugineum. Diagrammatic representation of sec-
tion of Spirophyllum showing its thickened borders.

14p, and in which cell division had certainly not

begun, the ends are as sharply cut as they are in the
mature organism,

Lobs
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REerropucTION

1. Fisston.—] have not observed the bands in a
state of active fission, but their appearance and the
relative positions of many of the contiguous bands
leave no doubt that multiplication by fission normally
takes place.

2. Comidia Formation.—In some cases abundant
formation of conidia was observed. Slight protrusions
appear on the surface of the band at a period of
growth when the organism has not yet assumed the
characteristic colour of the mature form. The method
of growth and development of these conidia is

precisely the same as for the similar structures of
Leptothrix and of Gallionella. As is the case in

these two organisms the majority of the conidia
remain adherent to the parent organism. An ex-
ample of an individual showing conidia on its surface
is shown in Fig. 20.

I have been successful in obtaining active natural
cultures in which the conidia were in process of
germination, and in which, therefore, all stages of
growth were exhibited, from the very earliest ap-
pearance of the organism after germination to the
fully matured forms. The earliest phase that was
observed is shown in Fig. 21, and is barely 3u in
length. The thicker U-shaped margin on the left
of the organism may indicate the remains of the
conidium wall, or it may indicate a portion of the
organism which is not in the same plane as the
remainder. It would be difficult to speak with
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certainty with regard to this small object had it stood
alone, but the case is different when it is linked up by
many different stages of growth to individuals the
identity of which with Spirophyllum there is no doubt

FiG. 21. FiG. 22,

et

i

Fig. 20,

Fig. 20.—Spirophyllum ferrugineum. Band in process of formation of
conidia ( x 3o0).

FiGs. 21-22.—Spirophyllum ferrugineum. Very young specimens. The flat
band form with angular ends peculiar to this species is observable
even at this stage of growth ( x 8oa).

FiG. 23.—Spirophyllum ferrugineum. Very young forms about 1} in. in
width and approximately 12x in length. All are flattened
structures with angular ends, and two of them exhibit the first
spiral twist ( x 8oo).

about. Already even at this very early stage the
organism is flat and somewhat angular at the ends.
A slightly more advanced stage is shown in Fig. 22.
From this stage to that shown in Fig. 23 is only
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a step, and from the latter again intermediate grada-
tions connect up to the various phases shown in Fig.
17. At the stages represented in the last figure
there is already a perceptible deposit of iron on the
membranes.

Motility is characteristic of the bands during the
early phases of growth. The movement is in the
direction of the long axis, although, as is to be
expected in an organism of this shape, there are also
slight rotary movements. The forward and rotary
movements are very slight ones, but quite distinct
and markedly different from the Brownian movements
characteristic of the finer particles that are usually
found in the same microscopic field. I was not able
to demonstrate the presence of cilia, and it is probable
that movement is not brought about by the activity
of structures of this nature. Independent movement
can be observed only in the very youngest of the
organisms, for it is never observed in individuals
in which the faintest trace of colour—due to the
deposition of iron—is noticeable.

The Cause of the Spival Winding of the Bands.—
[t is highly probable that the cause of the winding
of the bands is to be traced to contact-irritability,
although pending the successful initiation of artificial
cultures this must remain a mere hypothesis. Con-
siderable support is, however, lent to this view by the
fact that two organisms are frequently found partially
wound round each other (Fig. 18). It is probable
that in the case of Spirophyllum, as in that of Gal-
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lionella, contact with foreign particles initiates the
spiral movement. Here again we are dealing with a
membraneless mass of protoplasm, which we can
readily imagine to be susceptible to movements in-
itiated by the stimuli set up by contact with foreign
bodies, or by the contact of one part of the organism
with another part of itself.

SPIROPHYLLUM FERRUGINEUM FROM THE
STANDPOINT OF THE ENGINEER

The very close similarity of the adult iron-encrusted
forms of Gallionella to those of Spirophyllum which
are in a similar condition, makes it necessary to
consider whether many references in the past literature
to Gallionella may not have been in reality references
to a mixture of Gallionella and Spirophyllum, or even
to Spirophyllum by itself. Pending further knowledge
we must place Spirophyllum in the same category
as Gallionella in estimating the importance to the
engineer and the chemist of a knowledge of its life
history.

THE IDENTIFICATION OF SPIROPHYLLUM
FERRUGINEUM

All ochre-coloured bead-like individuals found in
ferruginous waters and possessing dimensions within
the limits given in the above pages are either
Gallionella or Spirophyllum. To distinguish between
these two recourse must be had to a search for
younger phases of growth. A spirally twisted band



38 IRON BACTERIA

indicates Spirophyllum, whilst a spirally twisted ¢4read
shows the presence of Gallionella.

AreE Leprorurix Ocuraces, GALLIONELLA FER-
RUGINEA AND SPIROPHYLLUM FERRUGINEUM,

1

PrEiomorrHIC! FORMS OF ONE AND THE SAME

ORGANISM ?

As far back as 1856 we find the question of the
identity of Leptothrix with Gallionella raised by
Mettenheimer (1). This writer was satished that
they were one and the same organism. Again in
later years (1892) Hansgirg combined Leptothrix
and Gallionella into one species because he regarded
Gallionella as a developmental phase of Leptothrix.

The more these organisms are studied the greater
is the conviction forced upon one that the three names
given above have been applied to different life-cycles
of one and the same organism. These three forms
are always found in association in nature, and their
methods of reproduction by fragmentation and by
conidia formation are identically the same. If this be
the case, whatever the causes which determine the
particular form that is to be assumed, they assert their
influences at a very early stage, for the form of the
adult is found in very young individuals. The con-
viction of pleiomorphism is strengthened by the facts
that all three are iron-organisms, and that all three
are found in nature only in one type of water. The
difference in shape appears at first to be destructive

L Pleiomorphic.—An organism is said to be pleiomorphic when
it shows more than one independent form in its life-cycle.
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to this conclusion, but fundamentally there is very
little difference between Leptothrix and Gallionella.
Both are thread-like forms, with this difference, that,
whereas Leptothrix tends to form stiff threads, Gal-
lionella very early begins to twist and form a coil, with
the result that an organism superficially very different
from Leptothrix is found. Spirophyllum appears
fundamentally different owing to its band-like struc-
ture, which, as stated above, is noticeable in very
early stages after germination. Against this, however,
must be set the whole combination of circumstances
which link up Spirophyllum with the other two, an
association which is very close in every respect except
that of its outward appearance. Of the three forms
artificial cultures have been obtained only of Leptothrix
ochracea ; and in these no traces have been observed
of any pleiomorphic manifestations in the direction of
Gallionella or Spirophyllum. This, however, is not
conclusive, for, after all, in artificial cultures we have
only one set of conditions, and it is possible that the
absence of pleiomorphic forms in such may be due to
the fact that the conditions are of a static nature, and
are such as are favourable for the conservation of the
Leptothrix form. It is obvious that we cannot repro-
duce in an artificial culture all the combinations of
circumstances which exist in the natura/ waters in
which Leptothrix lives.

It is suggestive that whilst Leptothrix should be
the dominant organism in open shallow waters ex-
posed todirect sunlight, Gallionella should predominate
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in the darkened waters inside conduits, tunnels, etc.
Lhis suggests that light may be a determining factor.
T'he verification of pleiomorphism for this group of
three organisms would, if ascertained, be a point
of considerable practical importance. For example,
although Leptothrix is practically never found in
aqueducts, piping, etc., where the intensity of the
light is very small, it would be a mistake to imagine
that because it was found in the open waters leading
up to the aqueducts, etc., it was not necessary to
consider it in the light of an enemy. If we knew that
it led a kind of Dr. Jekyll and Mr. Hyde existence,
the presence of Dr. Jekyll in the open is fraught with
danger if we consider his possible transformation into
the villain Mr. Hyde when he finds himself in the
darkened waters of the conduits. Up to the present,
however, not a single proof has appeared to shed light
on the situation, and the problem still remains in the
realm of hypothesis,



CHARTER 1y
CRENOTHRIX POLYSPORA (Coin)

Syn. LeproTHRIX KUHNIANA (Rabenhorst)
., Crenxorarix KiUnniana (Zopf)
. CrENOTHRIX MANGANIFERA ( Jackson)
., Leerotarix MEevert (£s)
. MEeGALOTHRIX Discopnora (Schwers)

HIS organism is by far the most dreaded of
the iron-bacteria on account of the suddenness
of its attacks. It is the one which in con-

sequence has received the greatest amount of attention.
On the continent it is known as the * Brunnen-pest ".
Probably it is normally present in all open water-
storage reservoirs. Its growth and multiplication
does not, and need not, under normal circumstances
occasion any uneasiness, for, even if it excreted a
virulent poison, the amount of this would be so small
in relation to the vast amount of water into which it
is liberated, that no danger need be apprehended.
On occasions, however, the organism achieves what
may be called ““ calamity-growth,” when multiplication
is so rapid that its results are visible to the naked eye
in the form of a transformation of the normal colour

of the water into a reddish-brown colour. A difference
41
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in the colour of the water may be then seen even in
the small amount that is contained in an ordinary
bath. The colour is seen to be due to countless
multitudes of solid specks of a reddish-brown colour
composed chiefly of Crenothrix polyspora. These
specks are coated and permeated with a ferruginous
compound. As may be expected the taste of the
water during this period is not pleasant, neither is it
pleasant to look at, for it is apt to lose its transparent
pellucid appearance and assume a turbid and opaque
character. Let it be stated at once, however, that no
cases are known in which a person has died from the
effects of drinking water contaminated by Crenothrix
polyspora, or indeed by any of the iron-bacteria.
The reason for this is not far to find. A water con-
taminated by, for example, the typhoid bacillus does
not change its appearance, neither does the germ
impart any taste to the water, and so it may be par-
taken with disastrous effects to the unsuspecting
consumers. [t is different with Crenothrix polyspora,
for its presence in quantity is at once advertised by a
change in the appearance of the water, and, further, we
have not in the case of Crenothrix to fear the excretion
of a virulent poison. Finally, even if it excreted a
poison of this nature, we should still be protected, for
Crenothrix cannot multiply inside our bodies, and
there would be no more poison developed other than
that which was in the water itseif : there would not be
a further accretion of poison inside our bodies resulting
from the multiplication of the organism. The con-
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ditions are, therefore, vastly different to those which
would prevail if we had partaken of water contaminated
with Bacillus typhosus. Crenothrix must, therefore,
be regarded primarily as a pest to our water engineers,
for it is their business to supply us with clean water
free from tastes that are obnoxious to our palates.
Distribution.—We have records of the appearance
of this organism in Germany, Holland, Austria,
Hungary, Russia, France, Italy, and Great Britain, so
far as Europe is concerned. Outside Europe it is
further known to occur in India, America, and Japan.
In each case attention has been called to its presence
by the production by it of a major or minor *‘calamity ”.
Therefore we do not hesitate to ascribe to Crenothrix
polyspora a world-wide distribution, and it is perhaps
not too much to assert that no country in the world
is free from it. It is found in brooks, in water-pipes
and in drain-pipes, and, normally, in small quantities
in open waters, where it competes with other organisms
of a similar grade of evolution. In this country I
have found it in the Clyde in the neighbourhood of
Glasgow, but some difficulty was experienced in finding
it in any open water of this kind. Multiplication
sufficient to rouse Corporations into action took place
at Breslau in 1870, at Berlin in 1878, at Lille in 1882,
and at Rotterdam in 1888. In this country the
severest visitation took place at Cheltenham in 1896,
which it will be instructive to discuss in detail. Ac-
cording to Schorler (1) Crenothrix is constantly found
in the Tolkowitzer water (which supplies the city of
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Dresden), and he states that growth is found at its
best during the month of April. Again Adler (1)
mentions that Crenothrix is constantly found in the
Prag drinking water when this is allowed to stand for
some time, [t has been found that a certain amount
of impurity in the form of organic matter in solution
is a condition of its growth. This question will be
dealt with in a later chapter. Samples of iron-water
from Cheltenham which were examined by the writer
did not contain a trace of Crenothrix polyspora either
in the water or in the deposit. This does not signify
the total absence of the organism ; rather the proba-
bility was great that the resting spores were present,
but until these germinate it is not possible to recognise
them as belonging to Crenothrix polyspora. The
same negative results followed from an examination
of ferruginous water from the Rotterdam water supply.
The splendid example of Crenothrix polyspora shown
in Plate 1V, Fig. 1, was obtained from the Clyde.
Although highly ferruginous the water in this particular
sample showed only a sparse growth of Crenothrix,
or indeed of any other organism. It is evident from
a consideration of the above facts that a patient search
will reveal the presence of Crenothrix in a large
percentage of ferruginous waters in every part of
the world, but that its numbers in such waters are
very restricted. Even in such places as Cheltenham
and Rotterdam which have had disastrous visitations,
the distribution of Crenothrix polyspora in normal
times does not attain a greater intensity than at other
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places. The conditions which speed up the rate of
multiplication of Crenothrix are to be found in changes
in the environment favouring the growth of this
particular organism. There is no reason to suspect
that calamities owe their incidence to any specific
infection of the water by the reproductive cells of
Crenothrix. These changes in the environment are
discussed below.

CuerLtenaam Case or 1896

This town obtains its water supply from the head-
waters of the river Chelt. After entering a settling
pool the water flows over a brick weir into an open
reservoir. The chiel point of interest to us is that a
steep wooded slope bounds one side of the latter,
the slope being intersected by numerous streamlets,
the result being that part of the water which flows
into the reservoir passes over boggy ground. The beds
of these streamlets show the ochreous deposits typical
of ferruginous waters. The water passes from the
reservoir to sand filter beds, and from thence to
the service mains. On 1st March, 1896, the water of
a school swimming baths showed a red colour and
assumed a turbid appearance. Soon after the water
for the house supply assumed the same colour, and
developed an offensive smell. In April, while the
water in the settling pool was normal, that in the
upper reservoir was brownish-red. At the sand filter
beds not only was the water red and turbid but the
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surface-film* and the water emerging from the filter
were similarly coloured. Further, when the surface-
film was removed, the water that issued from the
piled up heaps of scrapped surface-film was dark red
in colour, but dried black and smelt abominably. On
2nd May the reservoir had become like a great horse-
pond, although the water in the settling tank through-
out-the whole of this time had maintained its normal
appearance.  After the middle of May, when the
climax was reached, matters began to mend consider-
ably ; so much so, that by the middle of June the
normal state of affairs had once more been reached.

DEescripTioN oF CRENOTHRIX POLYSPORA

Seen under the high power of a microscope, Creno-
thrix normally appears as a thin thread in the water
attached at one end to some foreign object, for ex-
ample, a particle of dirt or a stone granule. FEach
thread when semi-mature consists of a tubular, more
or less cylindrical, sheath filled with a single row of
cells.  We could make a model of the organism, at
this stage, by filling a very long test tube with a single
row of marbles; the test tube represents the sheath,
and the marbles the cells contained in this sheath.
A semi-mature thread of this kind is depicted in
Plate 1V, Fig. 2. The organism here shown was

' Surfacefilm.—This is a gelatinous skin formed on the surface
of the filter, made up of diatoms, bacteria, colloidal particles, and

numerous other microscopic animals and plants. It is the essential
part of a sand filter and must be renewed every two or three weeks.
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approximately z; millimetre in thickness and from 1
to 4 millimetre in length. (A millimetre = ‘o4 inch.)
A glance at this Plate shows that the cells within
the sheath are distinctly visible. This may be noted
here, for the distinctness with which these cells are
seen without undergoing the process of staining is
the feature which should be utilised in distinguishing
young Crenothrix threads from Cladothrix. In the
latter the cells are not visible until they have been
stained.

As development proceeds the organism loses its
cylindrical appearance and becomes much wider at
the top than at its point of attachment.

Concurrently the cells in the upper part divide in
three directions of space, with the result that at the
apex of the thread we find not a single row, but a
more or less irregular mass of cells. The appearance
of a thread of this nature, now in its mature condition,
is shown in Fig. 24. There can be little doubt that
the widening of the sheath at the top is caused by
the outward pressure exercised by the growing cells.
In the fully matured condition the length of the thread
extends to any size up to 3 millimetres, an enormous
length for an organism of this class, whilst the thickness
at the base varies from 3u' to 6p, and at the apex
from 6p to 8u. We have described the organism in
the semi-mature and in the mature condition. In the
very young condition, in addition to being smaller

' pu (the Greek letter mu) is the unit of length universally used
in Bacteriology, and = s, millimetre = o'ooooy inch.
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Fie. 20.

Fi6. 24.—Crenothrix poly-
spora. Appearance pre-
sented by mature speci-

men ( x 500).
a = so-called ** micro-
gonidia ",
b = sheath, trumpet-
shaped in mature
forms.

¢ = basal cells.

F16. 25.—Crenothrix poly-
spora, Colony of young
threads ( x 500).

F16. 26.—Crenothrix  poly-
spora. Semi-mature
thread ( x 400).

a = sheath, hollow and
cylindrical.

b = cells.

¢ = escaping cell, com-
monly called macro-
gonidium,
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than the form depicted in Plate 1V, Fig 1, the sheath
is closed (Plate 1V, Fig. 2), not open, at the apex.
The young forms may sometimes be found in their
habitat in little clusters, each cluster being composed
of a dozen or more tiny threads, all arising more or
less in the form of a rosette, from a common centre.
Even at this stage the cells are distinctly visible with-
out staining.

Development.—We shall now describe the course
of development. It must be borne in mind that the
stages here depicted are those followed by the organ-
ism in quiescent times. It will be explained afterwards
how it departs from this course resulting in the dis-
coloration of the water in which it grows. All plants
and all animals begin life as a single cell, and Creno-
thrix is no exception. In Fig. 24 spherical cells are
seen being extruded from the top, and in Fig. 253
cells are observed being cast out of an individual
containing only a single layer of these bodies. Each
one of the extruded cells is potentially capable of
developing to form a new filament of Crenothrix.
The cell divides into two, the process of division
being the same as that which holds when the bacillus
divides. Each half elongates, and so we have two
fully formed cells instead of the one we started from.
The process is repeated in precisely the same way,
with the result that four cells all in one row are formed.
By a continuation of this process a filament consisting
of one row of cells is produced (Plate 1V, Figs. 1 and

2). Now each cell in this row has its own membrane
4
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or protecting covering, and in addition the whole fila-
ment is enveloped by a mucilaginous sheath, which
cannot be discerned except by special staining. It
is this sheath which keeps the cells together and
prevents them from breaking away. This extra
mucilaginous envelope is present in most of the lower
micro-organisms. he special feature of this struc-
ure in the case of Crenothrix polyspora is that it
subsequently hardens to form the sheath (Fig. 244).
Hansen records a similar process of hardening of this
mucilaginous envelope in the case of yeast cells. If
now we imagine the cells of a Crenothrix filament
to be taken out, the hardened sheath will present
the appearance shown in Fig. 27. It is tubular but
chambered by the formation of transverse walls.
Each cavity is the shape of and only slightly bigger
than the cell which it contains (Fig. 28). These
cells continue to divide and elongate whilst the sheath
is hardening, and as one end of the filament is fixed
to the ground the pressure generated by the elongat-
ing cells is exerted upwards along the line of the
filament. The result is that the upward moving
cells are not deterred in their growth by the thin
barriers presented by the transverse walls, and the
same pressure causes also a rupture at the apex.
The result is that the sheath becomes a tube such as
is shown in Fig. 20. The transverse walls have
disappeared and the sheath is open at the top. In-
side it are living cells that are still dividing and
clongating, but they are not now in direct contact
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with the sheath. Consequently the latter is fixed and
further growth of the cells drives the top cells out of
the sheath. This is the condition which is shown in
Fig. 26. As can be seen by a glance at Fig. 24,

+c
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Fig. 27. Fia. 28, Fie. 2g.
F16. 27.—Crenothrix polyspora. Young thread. Shows cells invested in
mucilaginous envelope which later hardens to a sheath ( x 300).
b = sheath.
¢ = cells.
Membrane of cell not indicated.
I'16. 28.—Crenothrix polyspora. Portion showing cell slightly contracted
( x s00).
b = sheath.
¢ = transverse wall of sheath.
m = membrane of cell,
¢ = cell.
F16. 29.—Crenothrix polyspora. Shows tubular cylindrical sheath of half.
developed thread. Transverse partitions of sheath have disap-
peared and a rent has been made at apex by the developing cells.

further development often—but not always—results
in the cells dividing, not in one as hitherto, but in
three directions of space. This change takes place
only in regard to the cells at the top, and the result
is that smaller spherical cells are formed and thrust



52 IRON BACTERIA

out. At the same time lateral pressure is brought to
bear on the sheath consequent on this new mode of
division. It is this pressure which causes the upper
part of the sheath to spread out in trumpet fashion.
This is the ultimate stage in the life history of Creno-
thrix polyspora under normal circumstances. Further
changes which take place are of a degenerative nature
and indicate the beginning of the collapse of the
whole organism.

[t often happens that the organism retains through-
out life the cylindrical form of its immature stage and
that it does not assume the trumpet-shape custom-
arily assumed by the adult organisms. Examples are
shown in Plate 1V, Figs. 1 and 2. Under these
circumstances there is never more than a single row
of cells inside the sheath, and the apical cells are
similar in form, or approximately so, to the basal
cells. The rupture of the sheath at the apex and the
successive expulsion of the apical cells take place as
in the trumpet-shaped form, only the cells thrown out
by the cylindrical variety are larger than those of the
trumpet-shaped kind, and are cylindrical, not spherical,
in form. The large cylindrical expelled cells are
usually designated macrogonidia, the name wmucro-
gonidia being reserved for the small spherical ones
expelled by the trumpet-shaped variety.

Tue RerrobucTioNn oF CRENOTHRIX UNDER
NorMAL CONDITIONS

The reproduction of Crenothrix under normal cir-
cumstances differs considerably from the mode which
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prevails under those abnormal circumstances when
multiplication takes place with such extreme rapidity.
We have seen in the last section that individual cells
are thrown out from the apex of the plant, and that
these are of two kinds, namely, the larger cylindrical
cells commonly called macrogonidia, and the smaller
round cells, the so-called mucrogonidia. In the first
place, it must be noted that there is no distinction of
kind, only of degree, between these two varieties of
cells; they are to be regarded as cells of the same kind,
differing only in size and shape. In the second place,
they are merely vegetative and not specially repro-
ductive cells as their names would imply. They are
simply cells that have been thrust out, and after
expulsion they elongate to form new threads in a
purely vegetative manner. The difference between
them and the cells enclosed in the thread is a differ-
ence of “opportunity "—they have been liberated,
In the third place, in an active colony of Crenothrix
many intermediate grades in point of size between
ﬁicrngﬂnidia and macrogonidia may be observed.
They are to be regarded as cells which carry on the
vegetative reproduction of the organism outside in-
stead of inside the sheath. Of the large number
thrown out not all form threads, and many either die
or remain in a quiescent living condition in the
beds of ferruginous streams. The living cells which
undergo a period of rest constitute what de Bary
would have denominated estkrospores. They differ
in no single respect, so far as can be observed, from
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any other cell inside or outside the sheath. Under
normal circumstances, reproduction is confined to the
placid ejection of the microgonidia or macrogonidia
from the apex of each filament.

Tur RerpropuctioN oF CRENOTHRIX UNDER
ApBNoOrRMAL CONDITIONS

It is evident from the above remarks that the
procedure which we have outlined would not sub-
stantially alter the character of a body of water
sufficiently to make the change perceptible to the
eye ; the process is far too slow. An examination of
the threads during an outbreak reveals a complete
alteration, not so much in the character of the re-
production which is essentially the same, as in the
speeding up of the output of cells. Zopf's well-known
illustration,' taken during one of the German calamity
growths, is one example of the appearance presented
by a Crenothrix thread under such conditions. The
difference between this condition and that described
in the preceding paragraph is simply that the threads
have speeded up their output of cells and that these
cells not only surge out from the top, but also break
through the sheath laterally and immediately com-
mence to germinate. A number of these have not
been able to liberate themselves completely from the
sheath and have in consequence germinated in situy,
with the result that in many cases the original thread

EE

1See Lafar’s “ Technical Mycology,” 1898, Vol. 1,,pp. 356

and 357.
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is seen studded with dozens of streamers spread-
ing out from its sides in all directions (Fig. 30).

e
- LIy

-
e

Fi6. 30.—Crenothrix polyspora. Showing reproduction under abnormal
circumstances. Cells germinate laterally through the sheath, so
that immense numbers of fresh filaments are produced from each

organism ( x 6oo), (After Zopf.)
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Eventually these streamers are liberated, and soon
from them also cells well out from the apex and sides.
[n this way an inordinately large number of individuals
is produced in a short time, and the effects of this
development begin to be noticeable in a change in the
colour of the water. Under these abnormal conditions
a single thread produces at least a hundred repro-
ductive cells, which probably a// develop into threads
at such times. Suppose a single thread to produce
100 reproductive cells in 24 hours, and suppose they
all germinate. Then suppose the process to continue
unchecked—

After 1 day we have 10’ filaments.

s 2 daEs R S
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After the fifth day we have a *“horse-pond”! That
for a short time some such unchecked growth of all
the reproductive cells of the threads takes place is
evident from the suddenness of the Crenothrix attacks.
Giard (1), for example, referring to the Lille outbreak,
states that the calamity came upon them swuddenly,
and other accounts agree with this statement. Very
interesting points about the growth of Crenothrix
under these conditions were ascertained during the
Cheltenham outbreak of 1896 (Garrett (1)). A
microscopic examination of the water revealed a
preponderating development of * cocci,” as the small
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spherical microgonidia are often called (see Fig. 24).!
They were small enough to exhibit Brownian move-
ment so that the process of division of the cells which
results in the formation of these microgonidia had
been carried out to a far finer state of division than
is usual in normal times. In fact, they could be
described as micro-microgonidia. The products of
this division, namely, the cocci, were found in profu-
sion in the water and exhibiting motility,? some being
oval, others round. In size they measured from o'3u
to 1p in diameter. Again, they were also found
collected in Zoogleeae® (Fig. 31), of various dimen-
sions, each coccus in the Zooglcea being brownish-red
in colour. So far the statements accord with those
made by the observers of similar visitations on the
continent. Beyond this point Garrett’'s remarks must
be received with caution. He refers to the fact that
fresh filaments of Crenothrix develop inside the
Zoogleea, and that a fresh filament of Crenothrix is
derived, not from the sprouting or division and elon-
gation of one of the cocci inside the Zoogleea, but

'The term ““coccus” refers to very minute living spherical
cells. It is oftenest applied to denominate the bacterial cells
which are classed under the Coccacew, the spherical members of
the group bacteria.

® Possibly Brownian, not independent movement.

® Zooglea.—This is the name applied in Biology to a colony of
cells held together by bulky mucilage to form either a membrane
(e-g. a scum on a putrifying liquid) or a mucilaginous mass under
the surface.
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rather by rows of these cells arranging themselves
Such a
procedure on the part of the cocci is so very far re-

L moved from the behaviour of cells
similar to these cocci and belonging

into lines and thus forming new filaments,

to other organisms that we must re-
ceive this statement with very great

FiG. 31.—Crenothrix C&Utiﬂl’], ESPECEE\.”}-‘ iI'.t ‘b‘l.E'W Df thﬂ‘ f'act

polyspora. Show-

ing  Zooglea- that Garrett’'s work does not throw
formations. The . :

L i :
e o any light on the grounds which led

from the Creno- him to come to his remarkable con-
thrix-filament col-
lect in groups, be-
ing held together
inside a gelatinous

envelope. Inside

[t 1s far more probable
that the filaments seen by Garrett
arose by the elongation and division

clusion.

of the coccl.

this envelope they
multiply, produc-
ing more cocci.
Ultimately the
coccl  germinate
to form threads,
(After Zopf.)

Other interesting facts

were brought to light. One was
the breaking down of a filament
at the ends and sides, and the

emergence therefrom of a swarm of

cocci. This is a speeding up of the normal method
of reproduction with a vengeance !

One can readily understand from these facts the
rapidity with which a reservoir holding 84,000,000
gallons could become turbid and unfit to drink in a
Still another interesting point was the
fact that the coccl continued to divide so as to repro-
duce more cocci after leaving the filament and while
[t was noticeable that in

few weeks.

enclosed in the Zooglaea,
certain parts of the town the water was even worse
in the pipcs than in the reservoir, the reason for this
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being the increased multiplication by fission of the
coccl, which took place in the pipes, the division not
betng followed by the formation of filaments, the cocci
dividing to form minute fragments which developed
into cocci.  These cocci in turn gave rise to still more
cocci, so that the pipes were filled with a vast multitude
of forms, totally unlike the normal form of Crenothrix.
[n the writer's experience of bacteriological artificial
cultures the manifestation of the phenomenon just
mentioned has been found almost invariably to be
the precursor of the destruction of the whole culture
exhibiting it. The phenomenon of the production of
minute structures, by, as it were, a frenzy of division,
occurs occasionally in artificial cultures of both the
Bacteriacez and the Coccacez, and is a sign of de-
generation which usually puts an end to the sub-culture
of the growth in which this occurs. It is probable
that the above-mentioned peculiarity in the growth of
Crenothrix is a phenomenon of a similar nature and
precedes the collapse of the organism. From the
point of view of the water-engineer the appearance of
this phenomenon is to be regarded with satisfaction,
for, although the immediate effects are not good, there
is a promise in it of a periocd being set to the activity
of the objectionable cocci.

FURTHER REMARKS ON THE NATURE OF THE SHEATH

As hitherto no mention has been made of the
transverse walls of the sheath in any investigations
on Crenothrix polyspora, a certain interest attaches
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to the mode by which the existence of these walls
can be demonstrated. This is best done by the ju-
dicious application of a weak solution of iodine. This
reagent renders the sheath sufficiently opaque to
make it visible, and at the same time causes a slight
contraction of the cells. The iodine must be applied
at the edge of the coverslip and sucked through the
water between the coverslip and the glass slide which

Fi1G. 32.—Crenothrix polyspora. To illustrate method of staining to secure
best results with living material.
a = iodine,
b = blotting or filter-paper.
¢ = coverslip.
d = glass slide.

contains the Crenothrix, by placing a small bit of
filter or blotting-paper on the opposite edge of the
coverslip (Fig. 32). In this way the Crenothrix lies
in a stream of iodine-laden water, and its gradual
change of colour can be noted by keeping it under
microscopic observation during the whole time that
the stream passes over it. The change is not perma-
nent, and so only a fleeting glance can be secured of
these transverse walls. It is obvious that the experi-
ment must be performed on young threads, such, for
example, as are shown in Plate IV, Fig. 2.
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MobpE v wHicH THE CeLLs Divipe

The procedure of cell division is precisely the
same as is seen among the lower bacteria, by the
dividing bacillus, the main steps of which may be
briefly enumerated :—

1. The cell elongates.

2. Very soon after the commencement of the elon-
gation the middle of the elongating cell begins to
show a constriction,

3. The elongation and the constriction proceed
apace.

4. A transverse membrane is thrown across the
dividing cell at the point of constriction, thus dividing
it into two cells.

5. The transverse membrane, at first thin, gradu-
ally thickens and the two daughter cells are separated
completely by a split through the middle of the trans-
verse membrane. The split, of course, is parallel to,
and not at right angles to the direction of the trans-
verse membrane.

6. The daughter cells gradually draw apart and
are completely separated.

MobiricaTioNs FRoM THE NormalL Tyre or
CrENOTHRIX PoLvsrora

In some waters very striking modifications are
produced by the effects of the environment on the
transparent sheath of Crenothrix polyspora. Thus
Schorler (1) describes a modification which consists
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of long threads, 200u-300u long, of an almost worm-
like appearance. This is doubtless the same type
of Crenothrix which misled the present writer when
he first observed it and led him to describe it as a
new species under the name of Leptothriz Meyert
(Ellis (4)), which Schwers, under a similar error,
has described under the name Megalothrixv discophora
(Schwers (2)). The sheath is very thick, mucilagin-
ous, deep brown-red in colour, and somewhat wavy
in outline. Seen apart it is totally unlike the form
assumed by the normal Crenothrix polyspora, and
not unlike a thread of Leplothrix ockhracea with a very
much swollen sheath. This modification 1s shown in
Plate IV, Fig. 3. All doubts as to its identity with
Crenothrix polyspora were set at rest by one of them
being found by the present writer iz organic connection
with Crenothrix polyspora. It was seen that the
“modification”’ was the basal portion of a normal
Crenothrix thread, the sheath of which had become
very much swollen and the cells of which had dis-
appeared. Another modification is that which Giard
(1) found to be the cause of the infection which took
place in the water reservoirs of Lille in 1882, The
organism was identified by him as the Crenothrix
K iihniana of Rabenhorst and differed from Crenothrix
polyspora in that the cells inside the sheath were
motile.

To this class must also be reckoned the Crenothrix
manganifera claimed by Jackson (1) to be a species
quite distinct from Crenothrix polyspora. Inasmuch
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as the new species differs from Crenothrix polyspora
only in the possession of a thicker sheath, we can
scarcely subscribe to Jackson's contention that the
two species are distinct. The thickness in Crenothrix
manganifera is caused by an unusual amount of man-
ganese on the sheath, this substance taking the place
of wron as the predominating element. We know,
however, that Crenothrix polyspora will take up
manganese as readily as iron, and also that it shows
a variation in thickness according to the nature of the
medium in which it lives. There seems no reason
for not regarding Crenothrix manganifera as an ex-
ample of the effect produced on Crenothrix polyspora
by living in a medium highly charged with assimilable
manganese,

IDENTIFICATION OF CRENOTHRIX Porvsrora
IN THE M ass

The development of Crenothrix polyspora in large
quantities is usually heralded by the appearance on
the sides of the walls and at the bottom of the
reservoir, if the latter be shallow, of greyish flocculent
masses.  Minute specks of dirt in the water will
be found to possess many streamers in attachment,
These are, when young, of a white or greyish-white
or slightly brown colour. Schorler (1) reports that
woolly-like loose masses of muddy consistency are
found in the water when Crenothrix begins to multiply
to any appreciable extent. The signs in fact are the
same as those which are associated with the excessive
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multiplication of any one of the plant micro-organisms
that abound in such waters as Crenothrix lives in.
When the above manifestations are observed con-
firmation of the responsibility of Crenothrix must
therefore be sought for with the aid of the micro-
scope, and the identity of Crenothrix established by
an examination of the small flocculent grey masses
that are so abundant in the water. Again, according
to Schorler, when collected in a flask water infected
with Crenothrix forms a flocculent layer at the bottom,
white in colour. This layer consists of threads which
contain no iron or manganese compounds on the sur-
face of their sheaths. As will be shown later, there
is no single member of the group of iron bacteria
concerning which it can be said that its growth is
necessarily associated with the presence of iron com-
pounds in the water in which it abounds, and, it is
evident from the whiteness of these threads that dur-
ing an outbreak the first rush of development is in-
dependent of the amount of iron in the water. We
shall see later that a far more important factor 1s
the nature and amount of the organic matter that is
present.

In the Cheltenham outbreak an offensive odour
accompanied the growth of Crenothrix on the large
scale. It isimpossible at present to state the amount
of reliance that we can place on this factor as a
diagnostic feature, for there appears no mention of
any offensive odour in the accounts of the continental
outbreaks, and it is possible that in the Cheltenham
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case other organisms had participated in the riot
of growth. Some support is lent to this possibility
by the statement made by Garrett (1) with regard
to his liquid artificial cultures. Some of the reser-
voir water was placed in a beaker and to it was
added a little of the red fluid drained from the sand
at the bottom of the reservoir. In this medium the
cocci multiplied in a Zoogleea condition and ultimately
formed a deposit at the bottom of the beaker. From
the cocci filaments were later produced, and during
the process tke water changed ils colour from red to
green.  There seems no other way of accounting for
this greenness except on the assumption of the pres-
ence of green algz,

We may mention here the stages in the growth of
Crenothrix as they were observed at Cheltenham in
1896 :—

1. April. —Complaints made as to odour, turbidity,
and deposit in the water,

2. May 2nd.—Reservoir looked like a great brown
horse-pond.

3- May 11th.—Reservoir assumed olive and purplish
tints.

4. June 1st.—Reservoir assumed a dark olive-green
colour,

5. June sth.—Green predominated over red,

6. June 10oth.—Water normal.

It is not difficult to understand the probable causes
which operated to produce a change back to normal
conditions ;—

o

)
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1. The growth of green alge would cause the
liberation of a large quantity of oxygen.

2. This oxygen would oxidise the organic matter
in solution thus rendering it useless to Crenothrix as
a source of food.

3. The Crenothrix would in consequence die from
starvation, and the organic matter, the primary cause
of the trouble, would disappear.

We shall return to the subject of the causes con-
tributing to the growth of Crenothrix in Chap. VIIL

IDENTIFICATION OF CRENOTHRIX POLYSPORA UNDER
THE MICROSCOPE

[t must not be imagined that Crenothrix will always
be encountered in nature in the form of the trumpet
shape, tubular sheath usually depicted in the text
books (Fig. 24). At the time when there is most
need for an accurate diagnosis of water suspected of
containing Crenothrix, the organism is either in the
condition of thin immature threads (as in Fig. 26),
or in the Zoogleea condition, consisting of a number
of cocci contained inside a gelatinous mass (Fig.
31). In the latter case the cocci alone cannot be re-
lied upon, for many other organisms form these bodies
which often become embedded in small Zooglcea
masses. In the former case identification can be
ensured by its being borne in mind that the ce/ls are
visible in young threads of Crenothrix but not the
sheath, whilst in young threads of Cladothrix dicho-
toma, which Crenothrix resembles most closely, the



CRENOTHRIX POLYSPORA 67

sheath is visible but not the contained cells until they
have been stained. The only other organism with
which it could be confused would be Beggiatoa alba
at the initial stages of the disintegration of that
organism. In order to be saved from confusion with
this organism it must be borne in mind that the life
histories of Crenothrix and Beggiatoa pursue courses
which are entirely different. It happens that at a
particular phase in its growth one of them super-
ficially resembles the other when this other is at a
particular phase of #s5 growth.

It is therefore obvious that under such circum-
stances one must not place reliance on the appear-
ance presented by any particular individual organism,
but rather on the whole environment, and the appear-
ance of other individuals in the same field must be
taken into account. In a field of Beggiatoa alba
individuals at a certain phase of development will
show a superficial resemblance to certain individuals
at a certain phase of development in a field of Creno-
thrix polyspora, but regarded as a whole, the two
organisms pursue very different paths in their develop-
ment, and consequently a bird's-eye view must be
taken of the whole microscopic field. We may ex-
press our meaning symbolically. The letter “a”
occurs in “man” and in “ape,” but the two words are
quite different in appearance. If we saw the letter
“a,” and knew that it belonged either to “man” or
to “ape,” we could settle the problem as to which
word it belonged to only by seeing whether it was
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connected with “m” and “n” or with “p" and “e”.
Obviously we must know from previous experience
the appearance presented by Beggiatoa at the different
phases of its life, and we must know the same with
regard to Crenothrix. Armed with this knowledge
there is no difficulty in distinguishing a fie/d of Creno-
thrix from one of Beggiatoa. Generally speaking,
Beggiatoa filaments are largely filled with round glo-
bules of sulphur which appear like small black circles
inside the filament. Crenothrix never possesses these
rings. Again, a healthy Beggiatoa is never divided
into cellular compartments; the filaments of Creno-
thrix always show their cellular form. Ina Beggiatoa
field many of the individuals will be in a motile condi-
tion ; this is never the case in a field of Crenothrix.

Cavuses wHicH ORIGINATE AN OUTBREAK OF
CrENOTHRIX PoOLYSPORA

Here we are dealing with an organism which,
unlike the three others mentioned above, is apt to
break into rapid growth with a startling suddenness.
We have already stated that the chief factor in de-
termining the growth of Crenothrix is the amount and
nature of the organic matter in solution in the water.
In the case of the Cheltenham outbreak we read that
a part of the water in the reservoir had, previously to
its inflow, passed over boggy ground. Further, we
are told that the sources of the river Chelt, the head-
waters of which supply Cheltenham, are fed partly by
the drainage of cultivated uplands. Lastly, the organic
matter was obviously present in a more concentrated
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form after the drought which took place in the spring
of 1896 and which caused a diminution in the volume
of water in the upper reservoir. Turning to the Lille
outbreak of 1882, Giard (1) tells us that industrial
refuse had contaminated the water supply previous to
the outbreak, and that in addition, the water had
become contaminated by the water of a neighbouring
bog. Again, Molisch (1) relates that the Prag drinking-
water forms an admirable medium for the cultivation
of iron-bacteria, and then he goes on to state that this
water is soff, and that before its arrival in Prag it
passes through a long stretch of moo7/and country.
These three examples are sufficient to prepare us for
the ample confirmation which has been derived from
physiological experiments of the fact that when the
organic matter in solution reaches a certain degree of
concentration, other factors not being inimical, we may
expect an outbreak of Crenothrix polyspora. It will
be observed that no mention is made of the iron in
solution in the water, nor of the widely spread idea of
Winogradsky, which was never proved, that the growth
of the iron-bacteria was dependent on the oxidation
by them of ferrous into ferric compounds. We shall
return to this subject more fully when we come to
consider the physiology of these organisms.

In estimating the causes at work it is not necessary
to emphasize the presence of reproductive cells of
Crenothrix, for the incidence of the outbreak is not so
much due to the appearance of the cells as to the
appearance of the conditions which facilitate their
growth. We may take it that practically all reservoirs
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in this country are more or less always infected by
Crenothrix. They are in fact similar to our bodies,
which, we are told, almost always harbour the germs
of tuberculosis. It is only when the body offers the
conditions of growth that Bacillus tuberculosis manages
to make any headway. And the same applies to a
water reservoir in relation to Crenothrix polyspora.
If a stationary mass of water holds organic matter in
solution, and especially if this organic matter is the
result of contamination with bog-derived water, the
chances of a calamitous growth of Crenothrix poly-
spora are greatly increased. Other contributory
factors are an adequate supply of oxygen and the ab-
sence of serious competitors in the shape of other micro-
organisms. We know as yet very little concerning
specific substances which act deleteriously on the
growth of Crenothrix ; this is chiefly due to our failures
to produce pure artificial cultures. According to
Campbell Brown (1) the presence of bicarbonates,
which imply the presence of lime and magnesia, seem
to oppose rather than to accelerate the growth of
Crenothrix. = He states also that an appreciable
quantity of iron in solution, in combination with organic
matter of an acid character, is an invariable accompani-
ment of the production of the slime which is associated
with the development of iron-bacteria. Finally, it is
stated by the same writer that iron-bacteria never grow
in an alkaline medium. These remarks were not
made specifically with regard to Crenothrix polyspora,
and we cannot verify their accuracy until artificial
pure cultures have been instituted.



CHAPTER V

CLADOTHRIX DICHOTOMA (Coku)

Syn. SeuarotiLus Dicnoromus (Migula)
, CHLAMYDOTHRIX SipEROPOUS (Molisch)

HIS interesting organism which was first de-
T scribed by Cohn, in 1875, consists of long thin
threads usually attached at one end to various

objects at the bottom and sides of stagnant streams.
Like Crenothrix each thread is made up of a single row
of more or less brick-shaped cells enclosed in a tubular
sheath. Unlike Crenothrix the organism remains of
uniform thickness even when the length attains the
gigantic measurement of one millimetre. The cells
divide only in one direction of space so that they
never lie two deep in a thread. In long threads the
cells exhibit a little variation in breadth, but not much,
with the result that the thread along its whole length
presents a very uniform appearance. As already
stated, the individual cells are not distinguishable until
they have been treated with a reagent that stains the
cells but not the enveloping sheath. lodine is by far
the most efficient stain for demonstrating the fact

that there are cells enclosed in the Cladothrix sheath,
71
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as the cells take up the stain but not so the sheath
which remains transparent and colourless,

Each one of the enclosed rod-shaped cells measures
3p to 6 in length with a width of approximately 2pu.
The cells are shown in Plate V, Fig. 1, and on a

Fia. 33. Fig. 34.
Fia. 33.—Cladothrix dichotoma. Cells shown somewhat contracted to en-
able the transverse septa of the sheath to be seen.
o = sheath.
b = cell,
¢ = transverse septum of sheath ( x 1300).

I16. 34.—Diagrammatic representation of true dichotomy.

much larger scale in Plate V, Fig. 2.  As in Creno-
thrix polyspora the sheath forms transverse bars
between each cell, so that the sheath is made up of
a tube divided into compartments. Each compart-
ment contains one cell. The relationship of cells
and sheath is represented diagrammatically in Fig. 33.
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In most text-books this plant 1s reproduced showing
false dichotomy. In true dichotomy the growing
point of a plant divides into two parts each of which
grows into a branch, and one or both may again

bifurcate in the same way. The ultimate result is a
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Fia. 35.—Cladothrix dichotoma. Diagrammatic representation of false
dichotomy. For explanation see text.

system somewhat similar to that shown diagram-
matically in Fig. 34. Under certain conditions this
system of branching is simulated by Cladothrix di-
chotoma and a colony of this organism appears as
is shown in Fig. 35. This condition is brought about
in the following way. Normally the cells at the end
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of the thread slip out through the open mouth at the
top of the sheath, but in addition some cells slip out
laterally, cutting their way through the substance of
the sheath.  Usually these manage to get clear away,
but occasionally they remain adherent to the sheath
and there elongate to form a thread in attachment
to the parent plant. This presents the appearance
of a branch fixed to the thread, and when the process
is repeated by several other cells in different parts of
the thread, and also by the cells of the “branches,”’
which therefore in their turn will have “branches”
adherent to them; it can readily be imagined how a
colony of threads is formed which has the general
appearance shown in Fig. 35. The branching is thus
seen to depend entirely on the adhesive capacity of
the sheath, and it is clear that the connection be-
tween a filament and its branch is a purely fortuitous
one; the branch has simply not succeeded in freeing
itself from the parent, and in such a case the connec-
tion is mechanical, not organic. In the majority
of cases, however, in which Cladothrix threads are
encountered, they are not encumbered with any
“branches”. They appear as isolated long thin
filaments, usually in great numbers, attached to a
common object, very often a blade of grass or a
particle of mud. The normal appearance of Clado-
thrix ¢ statu Nature is shown in Plate V, Fig. I
When single cells slip out laterally a compartment
in the sheath is left empty. This space, however,
1s not allowed to remain unchanged, for it soon
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becomes filled with the same mucilaginous material
of which the sheath is composed. At such points,
therefore, there is a break in the continuity of the
cells, the space at such interruption being occupied

a b
=] Tt i
ok d
Fi1a. 36.—Cladothrix dichotoma. Portion of thread from which a cell has
been removed laterally.
¢ = sheath.
d = EE'L
t = transverse septum of sheath.

Between ¢ and b is a compartment, lately occupied by a cell
and now empty.

by a ér0ad band of mucilage (Fig. 37). In course
of time the growth of the cells diminishes the breadth
of this band, until ultimately it becomes so thin that
special treatment is necessary to demonstrate its
presence. It is important to note that in the young

(1 b

d ¢ 2

Fia. 37.—Cladothrix dichotoma. Portion of thread showing a gap between
two cells, due to escape laterally of one of the cells. The space
¢ becomes gradually filled with the sheath material. This in
turn is gradually encroached upon by the developing cells, un-

til the space at ¢ is of same dimensions as those between the
cells at d and at ¢.

threads every cell is separated from its neighbours
on either side by a thin transverse bar of mucilage
(Fig. 36). We shall return again to these transverse
bands. The growth in length of the thread goes on
always in one direction only, namely, along the length
of the thread. In this way the number of cells in a
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thread may become very many. If the thread is
attached by one end there may be as many as a
hundred cells in a single filament. As the latter
lengthens, however, a radical change is effected by
the hardening of the sheath and the disappearance of
the transverse bars which separate the cells. The
cells still continue to divide and elongate, but their
movements are circumscribed owing to the fact that
they are enclosed in a hollow rigid tube. The
sheath is no longer a clinging envelope of the cells,
but a single-chambered hollow tube open at the top.
This condition has been brought about by the pressure
exerted by the elongating cells which has sufficed not
only to break through the thin transverse membranes,
but also to force an opening at the apex (Fig. 38).
[n order to explain the disappearance of the trans-
verse septa and the eruption of the cells successively
through the apex, two facts must be borne in mind.

1. That the sheath gradually hardens and becomes
completely detached from the cells.

2. That while this process is taking place the cells
do not cease to divide and elongate, consequently
the resulting pressure is directed along the line of the
thread.

The cells are now pushed outwards one by one
from the apex. After a time growth of the cells
ceases and the final stage is represented by individuals
consisting each of a hollow tube with usually one or
two cells inside it (Fig. 39). The process of sheath
hardening is thus essentially the same as that which
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takes place in the formation of the sheath of Creno-
thrix polyspora. In both cases there is the same
gradual hardening of the sheath, whilst at the same
time a passage to the

outside is maintained /'T

by the cells by their
continued growth and
elongation.

Free 1hreads.—In
addition to the fixed
threads described a-
bove, we usually find
also a certain propor-
tion of free threads.

-

These are either car-
ried passively in the
water or they possess
an independent power
of movement. Some
of them may reach

as much as one milli-
e Thea FiG. 38.—Cladothrix dichotoma. Thread

PG L) ]E’.]‘]gth. The out of which the developing cells are
free threads differ from escaping successively from the apical
opening of the sheath.
: ¢ = escaping cell.
that the sheath in s = sheath ( x 1000).
F16. 39.—Cladothrix dichotoma. Old

thread composed of sheath which still
to hE.I'dEI], but pE[’SiStS contains two of the cells with which
it was originally filled ( x 1000).

Fig, 38. Fia. 39.

the attached ones mn
them does not appear
as a soft clinging

mantle throughout the whole of the free life of an
individual.
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The Transverse Septa of the Cladothrix Sheath—
The appearance and structure of these septa has
already been described. Hitherto no mention of
them has been made by previous writers. It has
already been stated that when a cell slips out of the
sheath laterally, the space originally occupied by the
cell becomes filled by an extension into it of sheath
material. When this happens the continuity of the
cells is interrupted by a broad bridge composed of
the same mucinous material as the sheath (Fig. 37)

Buisgen (1) has noticed these wide bridges but has
come to a wrong conclusion with regard to their
significance.  On page 151 he says: “Von an-
deren Entwickelungs-standen der Cladothrix traten
in meinen Culturen nur noch eigentiimlich gestaltete
Faden auf, welche sich durch besonders hormogonien-
bildenden Algen vergleichen lassen. Dieselben
beziechneten sich durch besonders dicke Scheiden
und eine auffallende Gruppirung ihre Stibchen aus.
Oft ebenso lang wie breit, lagen die letzteren bei-
spielsweise in weniggliederigen Reihen zusammen,
welche durch Pfropfen einer structorlosen Masse,
wohl Reste abgestorbener Stabchen, getrennt waren.”

If the illustration mentioned by him be compared
with Fig. 37, it will be seen that his subdivision
of threads into sections bounded by * hormogonia ™!

'In the filamentous Cyanophyces vegetative propagation is
effected by the breaking up of the filament into lengths, each such
portion being termed a Aormogonium - in most of them the Limits
of the hormogonium are indicated by large inert cells called
leterocysts,
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similar to those that appear in the Cyanophycez, was
founded on a misconception as to the nature of the
broad bands which appear to divide each thread into a
number of well-defined zones separated by ‘“hormo-
gonia”. The limits of each of his ‘“hormogonia”
were therefore determined by the length of the thread
intervening between two points at which cells had
been released laterally. To denominate the strip of
cells lying between one wide bridge and the next a
hormogonium is to miss entirely the significance of
this term, and doubtless the name would not have
been applied by Biisgen had he known that between
every cell in the “hormogonium” there is a septum
of the same nature as these wide bridges, but of much
narrower width (Fig. 36).

Absence of Special Organ of Altackment.—1I failed
to discover any special organ of attachment, the
adhesiveness of the mucilaginous sheath being ap-
parently sufficient to cause the adhesion of a thread
to any particulate matter in the water. It is prob-
able that under certain circumstances when the need
arose a greater amount of sheath material would be
formed at the base to secure better attachment of the
thread to its support. I have, however, never ob-
served any difference in this respect between the
base and any other part of the thread. In Fig.
45 1s shown a colony coherent to a small lump of
mucilage, and the individual filaments of a colony
are usually held together in this way. The mucilage
can scarcely, however, be designated an essential
part of the organism. It is obviously of a temporary
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nature, for this formation of colonies is not a normal
condition for Cladothrix. Biisgen speaks of an ad-
hesive disc in connection with Cladothrix. This
was probably caused by an accumulation at the base
of sufficient of the mucilaginous sheath material
to create the appearance of a special organ for the
purpose.

RESERVE MATERIAL. MEMBRANE OF THE CELLS

In young cells oi/-bodies are commonly found.
These have already been noticed by Biisgen (1).
They are usually absent from the cells of filaments
taken from artificial cultures. This is not surprising
when we consider that in such cultures Cladothrix
does not obtain food of equal value to that which
it obtains in a state of nature ; in fact, in artificial
cultures the threads are probably in a half-starved
condition. In many cells I have found glycogen as
a reserve material either alone or in addition to oil
globules (Fig. 40).

By appropriate staining each cell is found to be
limited externally by a well-defined membrape.
This structure stains a deep brown when iodine is
added, this being the same colour as that assumed by
glycogen when treated with this reagent. As the
removal of glycogen from the cell proceeds hand
in hand with a diminution in the capacity of the
membrane to react to iodine, it is probable that this
diminution of staining capacity is caused by the
removal of glycogen from the membrane. It must
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be remembered in support of this statement that the
membrane of bacteria is not, like the cell membranes
of the higher plants, a secretion of dead matter, but
is to be regarded as being rather the outermost and
densest layer of the cell, and is in all prob-
ability not devoid of living matter. It
is, however, very sharply marked off from
the rest of the cell. It is interesting to
find the substance of the cell membrane
utilised for storage purposes. The gly-
cogen is evidently the source of the carbo-

hydrate supply, as it so often is in the F;T;;j;;x
lower fungi, and takes the place of the dichotoma.

a Single cell
starch reserves of the higher plants. SR
The combination of glycogen and oil  glycogen(g)

. . : and oil glo-
is often encountered in the lower bacteria, pyes (0)

as, for example, in Bac. tumescens. When  (x 2000).
Cladothrix is removed from its natural habitat and
put with water into a beaker, the cells grow and
multiply for a short time, living on the food supply
contained in their cells. If the cells be examined
twenty-four hours after being placed in the beaker,
the amount of glycogen and oil will be found to
have diminished considerably, and after 48 hours will,
in most cases, have disappeared altogether. With
regard to the nitrogenous supply of food we can only
conjecture thatit is present either in a state of solution
or in the form of very minute granules scattered
throughout the body of the cell,

Cell-division.—The method of division is in all
6
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essentials the same as that which prevails in Creno-
thrix and in the Bacteriacew. This consists in the
development of a transverse membrane across the
cell.  First of all the cell elongates slightly and then
forms the transverse membrane. Following this a
constriction develops at the dividing area, giving the
cell a distinct waist. From this point on the division
of the cell is the result of three processes which take
place concurrently—

@. The elongation of the dividing cell.

6. The thickening of the transverse membrane.

¢. The deepening of the constriction.

The separation of the daughter cells follows as
a result of these activities. They move apart and
repeat the process if conditions are favourable. Cell-
division at first takes place uniformly among all the
members of a thread, but after the hardening of the
sheath it is probably confined to the more basal cells.

Reproduction.—There is essentially only one type
of reproduction, namely, by the rejuvenescence of a
single cell or a group of cells. Each cell is thus
potentially immortal. There is no trace of the for-
mation of spores of an asexual or a sexual nature, It
must be borne in mind that the different methods of
reproduction described below differ only in degree
and not in kind.

1. By Liberation of Thread - fragments. — This
method was first observed by Zopf in the case of
attached filaments. Portions are cut off, these move
away under their own power and in turn elongate to
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form new filaments. I have observed this libera.
tion of thread-fragments but with this difference, that
the released portions swam off not as straight but
as sprral threads.  The nature of these spiral threads
will be dealt with separately in a later section. Some
of the straight thread fragments observed by Zopf
attained a length of 1-1} millimetres. Fach thread-
fragment is made up of a varying number of cells
wrapped, as usual, in a thin covering of invisible
mucilaginous matter which later develops into the
sheath.

2. By the Liberation of Rejuvenated Stngle Cells.—
This mode is by far the commonest in the life history
of this organism. As explained above, the pressure
exerted by the growing cells serves to prevent the
sheath from hardening so as to leave no outlet for the
cells to the outside. This pressure serves to keep
open the apex of the sheath, and after the hardening
is complete the opening naturally becomes a perman-
ent one. QOut of this vent is thrown the topmost
cell at the apex, and its place is taken by the next,
which in turn suffers ejection (Fig. 38). In some
cases the cells are liberated merely by pressure from
behind. In other cases, however, they swim out,
motility being accomplished by the lashing of the cilia
with which they are beset. In Fischer's continental
variety of Cladothrix the ciliation was sub-polar (Fig.
41). In the British variety I found the ciliation to be
exactly polar (Fig. 42). Hoeflich refers to these
liberated cells as “spores”. It seems clear that there
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is no feature in which they differ from any of the other
cells inside the sheath. It is true they develop cilia
but so do any or all of the cells when circumstances are
favourable. There is no ground for regarding these
liberated motile cells as other than vegetative cells.

3. The Formation of Spiral Threads—In 1882
Zopf (1) announced that in certain circumstances
spirally shaped threads are liberated
from filaments of Cladothrix dicho-
toma, and that these fragments be-
have in all respects like Spirilla.
Since his announcement adverse
criticism has appeared from Wino-
gradsky (1), Biisgen (1), and Hoe-
] Slick (1), all of whom have professed
Fio. 41— Cladothrix themselves very sceptical of the

:ichm?m' ;'m“f accuracy of Zopf's observations.

getative cells es

caping from apex of By keeping artificial and natural

thread. Cilia in sub- :

volar position, (After STOWths of Cladothrix under ob-

Fischer.) servation for about 18 months, the
present writer (Ellis (7)) was able to confirm and ex-
tend Zopf's interesting discovery. The phenomenon
occurred during this period in one culture only out of
dozens under examination. This was a seven-day old
culture in an open beaker. The medium of cultivation
was water to which a small quantity of ferrous carbon-
ate and a very minute quantity of peptone (‘o5 per
cent) had been added. Between the 7th and the 1oth
day the threads of the culture broke up into various

sized fragments. On the 7th day the tufts of Clado-
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thrix filaments were observed to be in a state of violent
agitation. The surrounding water contained Spirilla
that, in the unstained condition, could not be dis-
tinguished from typical members of the Spirillacez.
Cilia-preparations showed spgiral filaments of Clado-
thrix in the water, and it was evident that the violent
wriggling of these spiral forms in the operation of
freeing themselves from the filaments had caused the
agitated convulsive movements of the filaments. The
cilia preparations showed spiral filaments in all stages
of liberation. In Fig. 42 one is shown which has
been newly liberated. The cilia in all cases were
polar. In some (Fig. 43), where the spiral thread
consisted of 4 or 5 cells, each cell had a single cilium
at the ends. Most of the spiral threads, however,
possessed a small number of cilia at each end of the
thread (Fig. 44). Writing of these spiral threads
Winogradsky (1) (p. 352) opines that their ultimate
fate does not settle the question of their origin. In
the culture mentioned above I was able to observe
the liberation of spiral fragments in all stages. Each
fragment had not only an undulatory form and move-
ment but possessed a sinuous form and polar cilia
(Ellis (7)). In Fig. 42, at “a” is shown the place
occupied by the fragment—here composed of only
one cell—which lies just outside the sheath from
which it has escaped laterally. The evidence is
complete as to the origin of these spiral fragments
from the Cladothrix threads. The spiral form is
evidently correlated with the possession of strong polar
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cilia and a very tenuous membrane, and the assump-
tion of this form is the logical sequence of the pos-
session of such attributes. We need not claim kindred
for this organism with the genus Spirillum on account
of the possession by both of an undulatory movement

e

!
FiG. 42. FiG. 43.
F16. 42.—Cladothrix dichotoma. Shows escape laterally of one of the cells.
This cell (a) has developed polar cilia and assumed a spiral
form. Stained with anilin-gentian-violet ( x 8oo).
F16. 43.— Cladothrix dichotoma. Fragment liberated from thread, one or two
cilia at poles of each cell. Stained with anilin-gentian-violet
( = 8oo).

or a sinuousness of form, but the fact of such a
possession by both does suggest that the distinction
between a Bacillus and a Spirillum is not as great as
is commonly believed. As to the ultimate fate of the
spiral fragments of Cladothrix, why should it differ
from that of the straight fragments? There can be
little doubt that they settle down as do the straight
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fragments, and elongate to form fresh threads if the
conditions are favourable, It is very probable that
in course of time the cilia drop off, and the sheath
gradually hardens, with the result that the straight
form is once more assumed by the Cladothrix of the
next generation. There was nothing in the phe-
nomenon to suggest that the assumption of the spiral
form was the prelude to the adoption of pleio-
morphic changes; that, for example, the liberated
spiral fragments assumed a mode of life characteristic
of the genus Spirillum. We see here merely an-
other phase or another modification of the vegetative
mode of reproduction which alone prevails in Clado-
thrix dichotoma. The reproduction of this organism
may be summarised by stating that it consists of the
liberation of either single cells, or of thread fragments
made up of cells. In the former case the cells may
be straight or curved, motile or non-motile, and, if
motile, the cilia may be placed in a polar or sub-polar
position. Finally, the expulsion may be effected from
the top or through the sides. In the latter case the
thread fragment may be composed of a few or of
many cells, may be motile or non-motile, and may be
straight or thrown into undulations.

MoTiLity AND Orcans oF MovEMENT

Both Hoeflich (1) and Fischer (1) have examined
the continental variety of Cladothrix for cilia, and
both have ascertained that when any individual cell of
this species was motile, the motility was due to a
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small number of cilia bunched together in a sub-polar
position. In the British variety the ciliation was
invariably polar. Hitherto no investigations on the
ciliation of the motile filaments—each of which is, of
course, made up of a varying number of cells—have
been conducted. Such filaments, as
explained above, are usually straight,
although very occasionally, as shown
above, they adopt the spiral form. In
both cases the cells when motile possess
cilia only at the poles. In the spiral
hlaments the cilia are found only at the
extremities (Fig. 44). In the straight
filaments | have found examples with
cilia. only at the ends, and others in
which they were present, one or two at

F16. 44.—Clado-

thrix dicho- the pole of each cell, or the majority
toma. Frag- - - 31 :
Seer ol the r:ell?, in a filament (Fig. 43);
from thread.  but in no single case was the arrange-

It consists of

5 cells inside
a sheath, pos-
sesses  cilia
only at the
ends and is
spiral in form.
Stained with
anilin-gentian-
violet ( x 2000).

ment of the cilia in the British repre-
sentatives sub-polar. The variation in
the mode of arrangement of these struc-
tures in a species of world-wide distribu-
tion is interesting, and we may recall
the fact that among the lower bacteria
those which effect the oxidation of am-

monium compounds into nitrites, differ throughout the
world in little other than a slight difference in the
form and insertion of the cilia,
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MORPHOLOGICAL AND PHYSIOLOGICAL VARIATIONS

In the slimy particles of dirt which are found in
sewage and in the waste waters of factories there is
sometimes found an organism that closely resembles
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F16. 45.—Cladothrix dichotoma. Diagrammatic representation of appearance
under the microscope of one of the grey-white flecks which ap-
pear in an artificial culture of Cladothrix dichotoma. Each one
of these flecks is made up of a number of Cladothrix threads ()
attached to a central mucilaginous mass (a).

Cladothrix dichotoma, but differs from it in that the
threads usually run parallel, all being enveloped by
a common mucilaginous covering. This organism
is named Sphearotilus natans. Unfortunately it has
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been very little studied, and it seems not unlikely
that the peculiarity in the nature of its mucilaginous
covering is associated with its environment, and is
purely local and of a temporary character, that, in
short, Spherotilus natans is a variant of Cladothrix
dichotoma. Migula (1) has described Cladothrix di-
chotoma as a ‘‘sammel-species,” and there is every
reason to believe that further investigation will show
that Cladothrix consists of a group of variants cluster-
ing round one or two dominant types. Another
morphological variety is possibly to be found in
Clonothrix fusca (Schorler), with which, as one of the
iron-bacteria, we shall deal with in a subsequent page.
This differs in possessing a sheath which tapers to a
point at the apex, but is otherwise similar in essential
respects to Cladothrix dichotoma. Whether we must
regard a type of Cladothrix with “false dichotomy”
as a third variety, it is difficult to say, but it is con-
ceivable that a slight alteration in the constitution of
the sheath might impart to that organ greater adhesive
properties, sufficient at any rate to exercise a retarding
influence on the laterally escaping Cladothrix cells.
Prevented from escaping, the cell that had won to the
outside would then elongate to form a filament which
would have the appearance of a branch arising from
the parent thread. In this way “branches” would
arise from different parts of the thread, and as the
“branches” themselves would subsequently form
others of a similar nature, it can readily be seen how
a tree-like cnlmn}r of threads would arise supﬁrﬁciall}ﬁ,
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quite unlike the dominant type which we have dis-
cussed above. If we regard the Cladothrix show-
ing this false dichotomy as also a variant we shall
have three morphological varieties centring round a
dominant type. These three are—

1. Spherotilus natans.
. Clonothrix fusca.
. Cladothrix dichotoma with false dichotomy.
[t will be noticed that all three differ from the
dominant Cladothrix dichotoma, in showing a varia-
tion in the structure of the sheath. Coming now
to the cells, we find that the British type described
above differs from the type examined by Fischer (1)
and by Hoeflich (1), in the possession of polar in place
of sub-polar ciliation. ~ Possibly other variations in
structure also exist, and it is probable that extended
research will reveal their existence. So far as the
investigations have already proceeded they show us a
simple type of organism with a simple vegetative mode
of reproduction. The possibility of attaining a more
complex and elaborate structure seems to have been
achieved by the sheath, rendering possible the
cohesion of a number of similarly constituted cells.

]

Ll

As a next step we may expect a differentiation in the
functions of the cells, and Cladothrix and its attendant
satellites seem to be at a stage when a commencement
of differentiation has been made. At present, however,
we are unfortunately not in a position to state whether
or not the peculiarities which distinguish the variants
from the presumed parent stock reproduce thejr
peculiarities in their offspring.
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With regard to the name by which this group should
be designated, it seems advisable to retain the name
Cladothrix dichotoma for both the British and the con-
tinental forms, with the mental reservation that later
researches may make a finer discrimination necessary.
In the case of Spherotilus natans and Clonothrix
fusca, although suspect, they have not yet been proved
to be variants of Cladothrix dichotoma, so it would not
at present be wise to change even their generic names,
It is certain at any rate that if they are distinct species,
their alliance to Cladothrix dichotoma is of a very
close nature. Assuming that they are specifically but
not generically distinct, of the three claimants to
the generic name, viz. Spherotilus, Cladothrix and
Clonothrix, the second has become so fixed and the
organism bearing that name is so much more uni-
versally known than the other two that it would be
advisable to adopt the term Cladothrix for the generic
name, in spite of the priority in time possessed by the
term Spherotilus. Again, while Sphzrotilus is an
obscure organism, Cladothrix is the central figure of a
collection of species of which Sphzrotilus is probably
a member. The term Cladothrix may, therefore, be
said to have earned, as it were, the right to denominate
the group. Before closing a consideration of the
morphological varieties, we must mention Clrlanzydo-
thrix sideroporous, which is described in a subsequent
section. This organism is obviously a variety of
Cladothrix dichotoma, from which it differs in no respect
except that it possesses an adhesive disc.  We have
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already shown the facility with which the sheath fills
with its material any unoccupied cell-compartments
(Fig. 37), and it can scarcely be doubted that the
formation of an adhesive disc is well within its powers.
In the meantime this organism is best regarded as
another variety of Cladothrix dichotoma, until it can
be shown that the disc is not an organ of purely local
significance called into being by the play of factors of
only temporary importance. The investigations on
Cladothrix have already revealed the fact, as attested
by Migula, that while some varieties of Cladothrix
attract iron compounds, others are indifferent to this
substance. Extended investigation will probably add
to this list, but so far this field of research has scarcely
been trodden,

PuvLoGENETIC RELATIONSHIPS

Apart from Spharotilus natans and Clonothrix
fusca, the generic and even specific distinctness of
which are doubtful, Crenothrix polyspora is the
organism most closely related to Cladothrix. The
type remains the same in both, namely, a series of
vegetative cells enclosed in a mucinous covering,
which later hardens to form a tubular, more or less
rigid sheath. There is no trace in either of repro-
duction, other than the purely vegetative mode which
consists in the liberation and continued development
of vegetative cells. While, however, in Cladothrix
there is throughout life only one row of cells in a
filament, in Crenothrix this arrangement persists only
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in the younger stages. In older filaments, as de-
scribed above, division takes place in three directions
of space, with the consequent formation of a cluster
of vegetative cells inside the sheath, and the expan-
sion of the latter at the apex to form a trumpet-shaped
structure.  Added to the fact of their close intimacy
in ferruginous waters, and the absence of colouring
matter from either, there can be little doubt either
that both have sprung from a common stock at no
very remote period, and that Crenothrix has ad-
vanced a little further in the march of evolution, or
that Crenothrix is directly descended from Cladothrix.

We shall consider other relationships of this group
after we have described the other iron-bacteria.



CHAPTER VI
CLONOTHRIX FUSCA (Schorier)

HIS organism was discovered by Schorler (1)
T in the water-works of Dresden and Meissen
in Germany, and although it has not subse-
quently been found in any other place, it is conjectured
by its discoverer to possess a fairly wide distribution.
Young threads are 2u to 3u thick, older ones su to 7u.
When the latter become covered with manganese or
manganese and iron they may reach the enormous
thickness of 24u.  Schorler (1) states that false branch-
ing similar to that observed in Cladothrix occurs. At
the point of origin of one of these “ branches” a club-
shaped swelling usually arises, formed by an increase in
the output of mucilaginous matter. The cells are cy-
lindrical, some being long, others short : they measure
approximately 2u in thickness. Further, the cells
are visible without special treatment, in this respect
resembling Crenothrix rather than Cladothrix. As
is the case with these two organisms, the cells of
Clonothrix slip out either laterally or apically. Ac-
cording to Rullmann—for I have not had access to
the original paper—Clonothrix differs from Clado-
thrix in that the “gonidia,” as he calls the liberated
95
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cells, are formed by the repeated division of some of
the short cells inside the sheath, in this respect, of
course, resembling the “ microgonidia ” of Crenothrix
polyspora. The three most striking features to which
Schorler calls attention as those which establish a
generic distinctness to the organism are :—

i. The production of “gonidia” by the splitting
of short cells inside the filament into a number of
short rounded cells. These cells are the gonidia
which form new filaments.

2. An extraordinary capacity for storing iron and
manganese on the sheath, the thickness of the en-
crusted sheath being sometimes twelve times as much
as that of the original filament.

3. The formation of very short disc-like cells in-
side the sheath.

It has still to be proved that these features are
constant. The second and third of the three character-
istics may be due to local conditions of environment.
The first, however, appears to be a feature distinctive
of Clonothrix, and to bestow a generic distinctness to
this organism. This new member of the group is of
great interest for it seems to mark a new road in the
production of new varieties from the well-established
Cladothrix dichotoma to which it is obviously as
closely related as is Crenothrix polyspora. It is to
be hoped that further investigations will be forth-
coming which will throw additional light on its re-
lationships.
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OTHER [rRON-BACTERIA

. In 1909 a new and interesting form of iron-
bacteria was discovered by Molisch.

Chlamydothriz sideropous' consists of an attached
thread which may reach a length of 60ou or more,
and a thickness of o'6u. The disc has a diameter
of 6-3ou. The thread is colourless, unbranched,
and by appropriate staining it can be demonstrated
that it consists of a sheath enclosing a number of
cells. As the sheath gets older it gradually becomes
brownish-red by deposition of ferric hydroxide. We
have already given our reasons for the opinion
that this organism is in all probability a variety of
Cladothrix dichotoma, which under the influence of
local conditions has developed an adhesive disc. It
is not probable that the power to develop this organ
is inherited in some varieties of Cladothrix and not
in others,

2. Molisch has also described two organisms
which belong to quite a different category to any of
those that we have already described.

In Bacteriology we are now getting accustomed to
find the number and kind of organisms possessing
certain physiological properties becoming much greater

‘This generic name was introduced by Migula, with the
following characteristics : cells non-motile, cylindrical, unbranched ;
they are further surrounded by a skeatZ forming threads which
show no distinction between base and apex. To this genus he

transferred Leptothrix ochracea and Gallionella ferruginea,
7
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in number and different in kind, on extended investi-
gations being made. The history of the iron-bacteria
is no exception. At first it was considered that the
power of promoting the oxidation of ferrous to ferric
compounds was confined among the bacteria to a
small class of organisms, all more or less closely
related. It had become customary, either con-
sciously or unconsciously, to associate the iron-
bacteria with the thread-bacteria.

In 1909, however, a very peculiar organism was
described by Molisch (2), which lived as an epiphyte
on water plants. Its presence is indicated by the
appearance of a rust-coloured crust on the surfaces of
these plants. In the crust itself rounded clear spaces
occur, each about 1'8u to 3°6p in diameter. In the
spaces small round cells or cocci are found, and it is to
the activity of these minute cells that the formation of
the crust is due. Each clear space encloses a colony
of cocci, and the crust of iron invariably begins round
these colonies. This organism was named Sidero-
capsa Treubii by its discoverer. A second species of
the same kind, found by the same investigator, has
been named Siderocapsa major.

In 1913 an organism was described by Mumford
(1) under the title “ A New Iron-bacterium ”. This
member belongs to the rod-shaped bacteria (Bac-
teriaceee). As will be shown in later pages, the
evidence in favour of “Bacillus M7,” as the organism
was named, being a member of the iron-bacteria, is
very inconclusive.
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These and other researches prove that it is highly
probable that many of the lower bacteria, as well
as the thread-bacteria, function permanently or
temporarily as iron-bacteria. Investigations on the
physiology of these bacteria have completely altered
the views that were formerly held on the nature of
the activities of these organisms.

These questions are described in Chap. VIII. We
may, however, here again anticipate by stating that
the chief activity of the iron-bacteria lies in an ab-
sorption of organic matter in solution, and that it is
the absorption and oxidation of this organic matter
that is primarily responsible for the liberation out of
solution of the iron which was bound to the organic
radicle. That many of the most common of the
lower bacteria will be found to be iron-bacteria in
this sense of the term seems almost a certainty. We
may, however, dismiss the idea that the iron-bacteria
obtain their energy by the oxidation of ferruginous
compounds. This idea originated with Winogradsky,
and was based on an analogy with the sulphur-
bacteria, which do capture the energy liberated when
sulphides are oxidised first to sulphur and then to
sulphates. It never went further than the argument
from analogy, and no proof has yet been forthcoming.
We shall show, however, that the iron-bacteria do
influence the rate of this oxidation in the water in
which they grow, not by capturing the energy, but
by liberating substances which affect the oxidation as
an external process. It is hardly likely that any
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iron-bacteria will be found in which the oxidation is a
physiological process under the direct control, as it
were, of the protoplasmic molecule.

Mumford has claimed to have found an ‘“iron-
bacterium” in the Bridgewater Canal tunnels at
Worsley, Lancashire. A bacillus was isolated and
named, provisionally, “ Bacillus M7 "”. He describes
its growth in various media, and he also made some
physiological tests. He assumed that it was neces-
sary to supply this organism with some ferruginous
compound, and added ferrous ammonium sulphate,
and ferric ammonium citrate to his culture solutions.
He records the complete precipitation of these sub-
stances under such circumstances, and assumed that
this precipitation was due to Bacillus M7. Un-
fortunately, the author has laid himself open to a
non sequrlur fallacy, for in no case is the causal
connection between the incidence of the growth of
the microbe and the oxidation of the iron compound
made clear. The growth of the organism was
guaranteed by the addition of peptone, and it is
unfortunate that no control cultures were instituted
to prove the necessity of the iron compound to the
growth of the microbe. Again, no comparison was
made between the rate of precipitation of the ferrugin-
ous compounds in a liquid medium in which the
microbe was under cultivation, and the rate in a
culture in which the same compounds were present,
but in a sterilised condition. Under such circum-
stances we should have been able to determine the
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exact part played by Bacillus M7 in the process of
oxidation. One suspects that, in the medium in
question, Bacillus M7 would have grown quite as
well without as with the addition of the iron, Mum-
ford also prepared an enzyme from the products of
the activity of the bacillus, and claimed to have
effected the oxidation of ferrous compounds through
the agency of the enzyme. Unfortunately, again we
miss the control. He should have instituted a com-
parison of the effect on the ferruginous compound of
the liquid containing the enzyme, and the same. liquid
rendered ineffective by the destruction of the enzyme
by heat or any other destructive agency. The in-
vestigation appears to the present writer to have
proved neither that the organism exerted any direct
influence on the precipitation of ferric hydroxide, nor
that the presence of iron was in any way a necessary
condition for the growth of the organism. At the
same time, the field of research opened up by
attempts in this direction is a valuable one, and it is
to be hoped that further investigations will be pro-
secuted.

Some years ago the present writer published a
preliminary note on the discovery of five new species
of iron-bacteria (Ellis 4)). These were named—

1. Spirosoma ferrugineum.
. Nodofolium ferrugineum.
Leptothrix Meyeri.
. Spirophyllum tenue,
5. Spirosoma solenoide,

b

s
&
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On further investigation I found that Spirosoma
ferrugineum was a sinuous variety of Leptothrix
ochracea devoid of specific independence, for it was
found possible to trace stages of transition from the
straight form of Leptothrix ochracea to the sinuous
variety of Spirosoma ferrugineum. [ am now con-
vinced that Nodofolium ferrugineum is an extreme
form of Spirophyllum ferrugineum, one in which the
spiral twists which are noticeable in the latter organ-
ism have been carried much further. If we imagine
the twisting of the Spirophyllum band carried on
until several complete twists have been taken, we
can see how the organism will depart from the
loosely twisted shape and assume a more definitely
segmented form. The “loop” in such a figure is
caused by the broad side of the band being pre-
sented to the eye, while the *“node” is caused by the
presentation of the band to the eye in the “end on”
position, If a band of elastic be subjected to two or
three complete twists, it is obvious that some parts of
the band will be seen broadside-on, while other parts
will be end-on to the eye. With regard to Leptothrix
Meyeri, [ have fortunately been able to prove that
this structure described as a modification of Creno-
thrix by Schorler, denominated Leptothrix Meyeri by
myself (Ellis (4)) and Megalothrix discophora by
Schwers (1), is nothing other than the basal part of
Crenothrix deprived of its cells and in a condition
of mucilaginous degeneration (see Chap. IV), (see
Plate 1V, Fig. 3).

o
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[ have not since 1908 encountered either Spiro-
phyllum tenue or Spirosoma solenoide, and cannot
state whether they form well-defined organisms with
a specific distinctness or whether they are part of
pleiomorphic changes in the life history of one of the
known iron-bacteria.

AFFINITIES OF THE [rRON-BACTERIA

When we refer to the Dicotyledons as those plants
the seeds of which are characterised by the possession
of two cotyledons, we know that the use of this
characteristic for purposes of division will bring into
one group a number of plants that have many other
properties in common, in addition to the possession
of two cotyledons. The division is a natfural one.
When, however, a number of organisms are placed in
one group on the strength of the possession by them
of a certain physiological peculiarity in relation to
iron compounds, we cannot expec! to find that these
organisms possess any close affinities. "The division
is an arfificial one. It neglects the affinities imposed
by nature, and introduces a basis of division almost
as artificial as that adopted by librarians which bands
together the books of those authors whose names
begin with the same letter. When, therefore, we
consider the affinities of the iron-bacteria, we must
not expect to find a group of closely connected bac-
teria, and it seems very likely that in a few years we
shall have representatives of iron-bacteria from every
one of the known classes of bacteria. However, we
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do find within the iron-bacteria that certain species
cling together, as it were, more closely than do others,
forming a natural sub-group. As is to be expected
the members of the sub-group are connected not only
with species within the iron-bacteria but also with
others that are outside this group. Crenothrix poly-
spora, Cladothrix dichotoma, and Clonothrix fusca
form one closely related group, and have probably
sprung from the same common ancestor. Their
relationships may be expressed as follows -

# Clonothrix fusca.
_»_—=>Cladothrix dichotoma.

i

—-——\ = Spharotilus natans.

~ Crenothrix polyspora.

As already stated it is not certain that Clonothrix
fusca and Spherotilus natans are to be regarded as
specifically distinct from Cladothrix dichotoma, but if
so their separation from Cladothrix or an ancestor
of this organism must be regarded as having been
effected within comparatively recent times. Clado-
thrix dichotoma is at present the most widely dis-
tributed, the most highly variable, and possessing the
greatest number of individuals among these three :
it seems therefore certain that it is the centre of an
activity out of which new forms are arising with
specific distinctness.

The life histories of Leptothrix ochracea, Gallionella
ferruginea, and Spirophyllum ferrugineum are so
similar, and their association so close, that not only
do they form a very closely allied group but it is
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questionable whether they are not all three manifesta-
tions of one and the same organism. This group is
not closely related to the one that we have just de-
scribed. It is too premature yet to discuss the affini-
ties of the organisms other than the above, which
have been described as iron-bacteria. If they are
capable of expediting the oxidation of ferruginous
compounds we can regard them only as members of
the lower bacteria which have gradually accustomed
themselves to the exigencies of their new ferruginous
environment, and not as organisms genetically con-
nected with the species already included under the
iron-bacteria.

[f we seek for affinities to the iron-bacteria among
other organisms, it is clear that these will depend on
the group of iron-bacteria which is under consideration.
Cladothrix dichotoma marks a simple step from the
genus bacillus. If we imagine the dividing cells of a
bacillus remaining coherent and surrounding them-
selves with a sheath, the form of Cladothrix would
be reproduced. In spite, however, of its more com-
plicated vegetative structure, the reproduction of
Cladothrix is of a more primitive type than that
which prevails in many of the bacteria, inasmuch as
in the latter asexual reproduction by the formation of
endospores is well marked, while in Cladothrix, in
spite of its greater complexity of form, the reproduc-
tion remains purely vegetative. We may conjecture
that both Cladothrix and the spore-forming bacteria
have descended from a more primitive bacillus-like
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ancestor, which developed along two lines, one in
the direction of a more efficient method of reproduc-
tion, the other in the direction of a more complicated
vegetative form, resulting in the evolution of Clado-
thrix. ~From this organism would follow Crenothrix,
and the satellites that group round Cladothrix. W hilst
the connection of this group with the lower bacteria
is so well marked, the same cannot be said of the
group that cluster round Leptothrix. Here we appear
to be dealing with fungal forms that, owing to their
peculiar habitat, have changed their filamentous form,
and have assumed one that conforms more readily to
the conditions that prevail in ferruginous streams.
The method of reproduction by the budding-out of
conidia from the surface is a characteristic quite alien
to bacteria and to the other iron-bacteria. In the
same way we are precluded from seeking affinities
among the alge, many of which resemble super-
ficially Leptothrix or Gallionella or Spirophyllum.
Among the fungi, however, conidia-formation or
budding is a familiar phenomenon. It is probable
that we must look for the nearest relatives of the
Leptothrix group among the lowly representatives
of some of the great groups of the fungi. Thus the
yeast plant among the Ascomycetes forms essentially
the same kind of reproductive cells by a process of
budding, and does, further, occasionally assume a
thread-like form. We could in this way establish
contact with several of the primitive or degenerate
representatives of several of the great fungal groups.
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A general survey of the life histories of these three
organisms inclines one to attach them to the lower
fungi rather than to the other bacterial orders. The
fungal origin is emphasised by the knowledge that
the whole of the iron-bacteria are genuine saprophytes
dependent on the presence of organic matter for the
maintenance of the food supply. It is hopeless to
seek for closer affinities among any particular group
of fungi but it would not be inappropriate to place
Leptothrix and its close allies in a place reserved for
the lower members of the Phycomyecetes.

The departure from the form of Leptothrix to that
of Gallionella is a slight one, for both are essentially
thread-like mn form. The only difference is that
Gallionella has developed a sensitiveness resulting
in a change of form when brought into contact with
other objects or when one part touches another part,
while in Leptothrix the development of a stiff mem-
brane has precluded any but the straight forms being
evolved. The change into the flattened shape as-
sumed by Spirophyllum is more difficult to understand,
but however great the change in external form, it
cannot weigh against the close similarity at all points
in their life histories, which exist between Spiro-
phyllum and Leptothrix and Gallionella. This simi-
larity is so great that it precludes the supposition that
a closer alliance may exist between Spirophyllum and
such algeae as Spirulina which it resembles in general
appearance.



CHAPTER VII

THE ARTIFICIAL CULTIVATION OF THE
IRON-BACTERIA

WO kinds of artificial cultures must be dis-
tinguished: 1. Pure Cultures. 2. Impure
Cultures. In the first case the organism

under investigation is the only one present in the
cuiture medium.  Obviously it is advisable if possible
to procure this kind of culture, and for the investigation
of physiological problems it is almost indispensable.
An impure culture, on the other hand, contains,
besides the organism under investigation, others which
it has been found impossible to eliminate. For the
investigation of the details of the life history of any
particular organism an impure culture is sometimes of
greater value than the other kind, as the growth of
the organism is observed under the conditions which
persist in nature. The advantage holds only if the
organism under investigation is clearly marked off
from the others in such a way that there is no risk of
confusing one with the other. To the experienced
observer the identification of the different species of
iron-bacteria is not difficult, and the impure artificial
culture can therefore be relied upon to give satisfactory

108
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results. The usual method of procedure is to remove
samples of iron-water from their natural source, in
sterilised flasks, and then to add various substances
in order to watch the effect on the various organisms
in the iron-water. If growth is stimulated in the iron-
bacteria, the developmental phases are carefully noted
and described. As will be shown below, pure cultures
have been obtained in regard to some of the iron-
bacteria, and the methods by which these were
obtained will be noticed in their proper place.

It must be borne in mind that the development of
organisms does not necessarily or even usually follow
the same course in pure artificial cultures as in nature.
To take a well-known example, the long branching
threads that Bac. tuberculosis often develops in the
body are never encountered in test-tube pure arti-
ficial cultures. Organisms must not be regarded as
chemical reactions which take a stereotyped course
under all conditions ; they adapt themselves to suit
the different environments in which they grow, and the
adaptations are comparatively great in the case of
such plastic organisms as the bacteria. One must
therefore enter a caveat against the attitude adopted
by Molisch who finds himself unable to believe in the
existence of reproductive structures which are not
forthcoming in his own artificial cultures.

We may now consider in detail the results that have
followed attempts at the artificial cultivation of the
iron-bacteria.

Crenothrix Polyspora.-——Several successful attempts
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at the artificial culture of this organism have been
made. The first was accomplished by Réssler (1) in
1893. This writer states that for two years he
cultivated Crenothrix polyspora with the best results.
He had found that a part of a 25 centimetre thick
bricked canal-wall had within three years become
eaten through and through with this organism. For
two years he appears to have cultivated the species on
these bricks. He thus obtained and carried on im-
pure artificial cultivations. The liquid medium was
water—presumably the canal water—to which ferrous
sulphate had been added. It is probable, nay, almost
certain, that the addition of ferrous sulphate was
superfluous, the organic constituents in the canal
water being sufficient. Rossler made his cultivations
ata time when the presence of a ferruginous compound
was regarded as a sine gua non for the growth of
iron-bacteria, and he does not seem to have attempted
to induce growth in the absence of the iron compound.
[t is evident that the canal water contained all the
ingredients, organic and inorganic, that were necessary
for growth, and he seems to have repeated on a small
scale what was done on a large scale in the canal
on its bricked walls. The artificial cultivations of
Garrett (1) are not so easily explained. This writer
informs us that he made attempts to cultivate the
“cocci” during the 1896 calamity and that they were
successful. ~ He obtained growth on a gelatine plate,
on agar-agar jelly at 37° C., and on potato. On the
last-named a buff-coloured, somewhat crumpled ex-
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pansion covered the surface in twenty-four hours. On
coagulated serum at 37° C. in one to two days an
almost colourless tough expansion was obtained. Un-
fortunately Garrett does not state the results of the
microscopic examination of the growths in his culture
media, and he seems to have assumed that all the
growths were due to Crenothrix polyspora. His
inoculation-material doubtless contained a plentiful
supply of Crenothrix, but there may, in fact, there
must have been other bacteria as well, and the growth
on the culture media may have been caused by a
development of these bacteria. Under abnormal
circumstances it is true that Crenothrix is capable of
what may be called an extravagance of growth, but
it may safely be asserted that in normal times
Crenothrix will not grow in the media used by
Garrett, and as in this case the inoculation-material
was impure, we must reserve our judgment on the
nature of Garrett's growth on so/id media. There is
not the same objection to his Aguid culture media.
Some of the reservoir water was placed in a beaker
and inoculated with a small portion of the red fluid
drained from the sand at the bottom. In this medium
the cocci multiplied in Zoogleeae and ultimately formed
a deposit at the bottom of the beaker. From the
cocci filaments subsequently formed. During this
process the water changed its colour from red to
green, and within a few hours a yellow-green deposit
was formed at the bottom of the tube. The multipli-
cation of Crenothrix polyspora, under abnormal
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circumstances, in the form of cocci enclosed in the
mucilaginous masses known as Zoogleeae is well
known. Presumably the redness referred to by
Garrett was due to the formation of the reddish-brown
ferric hydroxide. Most waters of this kind become
green on exposure to the sun owing to a preponder-
ating growth of one or other of the lower green algz.
They would evidently replace the Crenothrix cocci in
the culture tube as they did in the reservoir. These
green algee are the saviours of the water, for they
oxygenate it and cause that organic food to disappear
which Crenothrix utilises for its nutrition. The most
successful artificial cultivations of Crenothrix yet ob-.
tained have been those which were instituted by
Rullmann (1). They originated when the half-yearly
purification of the reservoir which supplies the
Bavarian town of Landshut revealed the existence
at the bottom of the reservoir of a sediment of mud
which demanded investigation. The mud owed its
origin in the first place to the after-effects which fol-
lowed a rapid growth of Crenothrix. Rullmann under-
took an attempt to cultivate this organism artificially
from the material supplied to him from Landshut.
It was not found difficult to secure growth in many
media.  Thus good results were obtained by adding
small quantities of ferric and manganese hydroxide to
an infusion of hay. After sterilisation this mixture
was inoculated with the reservoir water from Land-
shut.  After three months a satisfactory growth of
Crenothrix had taken place, but unfortunately certain
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moulds and other micro-organisms had also succeeded
in establishing themselves in the water. Rullmann
repeated Rossler's experiments by cultivating Creno-
thrix on small bits of sterilised bricks placed in high
Petri-dishes, and again succeeded in obtaining an
impure culture of Crenothrix.  Successful results
were also obtained when various organic constituents
—e.g. small quantities of nutrient broth—were added
to material containing Crenothrix. Further, no dif-
ficulty was experienced in securing an ample growth
of Crenothrix on solid media, for it developed equally
well when its nutrient medium was stiffened with
gelatine or agar.

Having thus secured a plentiful growth, Rullmann
made many efforts to obtain pure cultures, but in this
he was not favoured by fortune although he tried all
the methods known to be available for procuring the
isolation of bacteria. Rullmann’s conclusion was that
the multiplication of Crenothrix polyspora is possible
in artificial liquid and solid nutrient media, with or
without the addition of organic material. We cannot,
however, agree in fofo with this conclusion, or at
any rate we must explain where it is liable to
error. The important point on which a verdict must
be obtained is whether or not Crenothrix makes
use of the organic material at its disposal. While a
definite amount of organic material may not have been
added to a medium, that does not imply the complete
absence of organic matter from the medium from

which Crenothrix drew its supply of nutriment. In
3
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Rullmann’s experiments there was no single instance
in which organic matter in sufficient quantity to
support bacterial life was absent. This is obvious in
the cases in which the following nutrient media were
used : infusion of hay, nutrient broth, mangan-pep-
tone, mangan-phospholactium, and water containing
pieces of turf.  On inspection it is seen that the
same applies to the media in which Landshut water
or Moldau water was used. It must be borne in
mind that it is not a rare experience to find that a
water which by chemical analysis appears to be pure,
yet contains enough organic matter to support several
thousands of saprophytic bacteria to each cubic centi-
metre, and it appears more than probable that the
waters used by Rullmann were of this nature. It is
obvious from his description that his best results were
obtained when organic matter was specifically added,
and there is no proof that in his more moderate
results organic matter was absent. In dealing with
organisms of this class which are saprophytic, it is
necessary to remember that they can subsist on an
extraordinarily small quantity of organic matter, and
before Rullmann is in a position to state that they
can subsist without the presence of organic matter,
growth of Crenothrix would have to be obtained in
media from which every trace of organic matter had
been carefully excluded. In the case of some of the
other iron-bacteria it has been definitely established,
as 1s shown below, that their growth is dependent on
the presence of organic matter, and it seems to the
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present writer that the results obtained by Rullmann
for Crenothrix polyspora strengthen rather than weaken
the conviction that the same is true also for this micro-
organism, With regard to the iron-salts added by
Rullmann to most of his cultures, there seems no
ground for the assumption—which this writer did not
make—that they were indispensable for the growth
of Crenothrix, although, of course, in common with
certain moulds that were present in the same cultures,
this representative of the iron-bacteria exercised an
attracting influence on ferruginous compounds that had
been added to the cultures.

ArTiFiciaAL CuLTURES oF CLADOTHRIX DIcHOTOMA

[t has already been noted that Cladothrix dichotoma
is a name for a group of closely related organisms,
some of which are quite indifferent to the presence of
iron in the water. It is not therefore surprising that
the most successful artificial cultures of the iron-bac-
teria should have been accomplished with this adapt-
able organism. Busgen (1) was the first to succeed in
this direction, He found that Cladothrix grew readily
in liquid and solid media which contained flesh-extract
in very small quantity (about } gram to 1 litre water).
By solidifying with gelatine and making plate cultures
separate colonies were obtained which made possible
the initiation of pure cultures. A very complete and
accurate account of the growth of Cladothrix in
various liquid and solid media is given by Hoeflich
(1). Ihave confirmed the results obtained by Biisgen
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and by Hoeflich. It is interesting to note that under
artificial conditions the lines of development followed
by the British varieties do not in any essential differ
from those followed by the Continental varieties. In
all liquid media growth is made perceptible by the
appearance in the liquid of numerous grey specks
which when present in the liquid in large numbers
give it a somewhat turbid appearance. These little
specks usually congregate at the surface, but when
gently shaken they fall to the bottom and remain
there, forming in time a light grey flocculent deposit.
When put under the microscope each speck is seen
to be made up of numerous filaments of Cladothrix
(Fig. 45) radiating from a mucilaginous particle. [t
is not advisable to boil the culture to make it sterile,
for Cladothrix is strongly @robic, and the process of
boiling rids the water of enough oxygen to prevent
the growth of Cladothrix. If pure cultures are desired
a dilute flesh-extract solution should be solidified by
the addition of just as much gelatine and no more
(about 4% per cent) as is necessary to cause the
medium to set solid on cooling.

The following facts are taken from Hoeflich's
thorough work on the pure artificial cultures of Clado-
thrix dichotoma (1) :—

1. Broth-culture (5 gram flesh extract to 1 litre
water).—He records the following :—

(1) The addition of peptone, sodium chloride, etc.,
acts very deleteriously on the growth of Cladothrix.

(2) Small grey specks appear in twenty-four hours
when cultivation is made at 30" C.
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(3) After a few weeks, when left undisturbed, a soft
downy layer is formed at the bottom of the culture
vessel—usually an open beaker—while in the liquid
small motile flecks are observed which also sooner or
later fall to the bottom. He does not mention the
cause of the motility of these little spots that roam
about the fluid, but as each is made up of filaments
of Cladothrix and each filament is made up of cells,
we may conjecture that many of these cells possess
cilia, the lashing of which causes the motility.

(4) Colonies made up of a conglomeration of the
flecks are formed on the walls of the culture vessel.

(5) On the surface there may develop a rapid
multiplication, resulting in the formation of a greyish,
soft, downy layer about half a centimetre deep. (This
layer is not made of coherent material and is chiefly
distinguishable from the rest of the fluid by its
difference in colour and its greater opaqueness.)

(6) Occasionally on the surface Zoogleea-formation
takes place when the mucilaginous secretion is great.
When this takes place a more or less firm coherent
layer is formed at the surface. This layer is opaque,
and brownish-yellow in colour.

(7) The organism is strongly @robic, but inde-
pendent of light.

2. Gelatine-cultures (45 grams gelatine to a litre
of broth medium).—Reaction should be neutral, or
very slightly acid.

(@) Gelatine - plates. — Colonies are very small,
cloudy-whitish, of irregular form, and sunk in the



118 IRON BACTERIA

gelatine. They seldom cause the complete lique-
faction of the gelatine, but in a week or two after
inoculation a partial liquefaction is noticeable.

(6) Gelatine Stab-cultures.—The gelatine is lique-
fied, and in the liquefied mass small whitish specks
appear. In addition copious growth took place in
the following media - —

3. Flesk-water Peptone Broth.

Flesh : . . 500 grams
Peptone . : SR e
Sodium chloride : i
Water . : : 1 litre

4. Flesh-water Peptone Gelatine.

The same as 3 but solidified with 10 per cent
gelatine.

5. Flesh-water Agar-agar.

The same as 3 but solidified with 1} per cent
Agar-agar.

6. Llesh-water Glycerine Agar-agar.

The same as 5 but with the addition of 2-41 per cent
glycerine.

7. Liguid Blood Serum of various animals.

8. In addition to the above media, Hoeflich found
suitable nutrient substances in A7:7k, Potato, Potato-
water, Hay-infusion, and Straw-infusion.

ARTIFICIAL CULTIVATION OF LEPTOTHRIX OCHRACEA

Completely successful results have also followed
the attempts at the artificial cultivation of this widely
distributed organism. Winogradsky (1) was the first
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to suggest a method which was successful in his own
experiments, but all attempts at the same method on
the part of other investigators have been uniformly
unsuccessful.  This investigator put into a glass
cylinder a handful of hay—previously cooked in a
large quantity of water—and added to it some water
containing some freshly precipitated ferric hydroxide.
After 8 to 10 days the glass walls were completely
covered with a coating of a rust-coloured deposit, and
Zoogleea-masses of the same colour appeared on the
surface. These phenomena were stated to be due to
a number of organisms among which Leptothrix
ochracea never failed to appear. It will be observed
that ferric hydroxide was added under the supposition
that the presence of this compound was an absolute
necessity, but Winogradsky does not seem to have
attempted to secure a growth of Leptothrix in the
absence of the iron compound.

Next in order we find a method by Adler (1).

His culture fluid consisted of the tap-water of Prag,
to which 0’03 per cent ferrous ammonium citrate had
been added. In a few days after inoculation yellowish,
flocculent masses of Leptothrix, together with Clado-
thrix, the Flagellate Anthophysa, and certain In-
fusoria appeared in the medium. In commenting on
this method Molisch asserts that by following the
same procedure with the /4a»d water of Vienna, he
was not able to procure successful results. In Prag
the water is sofZ, and has previously flowed over a
large tract of moorland country before arriving at its



120 IRON BACTERIA

destination. It is thus well adapted for the growth
of micro-organisms of the type of these under con-
sideration. It will be noticed that the cultures both
of Winogradsky and of Adler were not pure. The
acquisition of pure artificial cultures was reserved for
Molisch (2). He first added to the Prag drinking
water—the raw water of the town apparently always
contains Leptothrix ochracea in its flora—various
organic salts in small quantities, in order to ascertain
which favoured the growth of Leptothrix ochracea.
He then ascertained that the addition of manganese-
peptone” to this water resulted in the dominance of
Leptothrix ochracea. Similar results were also ob.
tained by the addition of ferrous ammonium citrate,
Or peptone, or manganese carbonate. Having, by
the addition of one or other of these salts, obtained a
good growth, Molisch inoculated some of the culture-
fluid, now of course containing large numbers of
Leptothrix, into a medium made up as follows :—

Water ; : o ligee
Manganese peptone . o gram
Agar . : . .10 grams

He succeeded in obtaining colonies in this solid
medium and thus was able to sub-culture the organism
in a pure condition, uncontaminated by the presence
of other micro-organisms.

In the attempts to obtain pure cultures, it is in-

! Manganese peptone is a pharmaceutical preparation, and
contains manganese, peptone, sugar, and some alkalis. The
amount of manganese is 4 per cent,
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teresting to note that much trouble was encountered
by Molisch in getting rid of a coccus, numbers of
which were found adhering to the Leptothrix threads,
thus preventing the latter from being present in a
pure form in the cultures. When, however, the cul-
ture medium contained 2 per cent peptone, Leptothrix
developed mofi/e threads, and these were free from
the cocci. We see here a state of motility developed
in an organism which, so far as was known, had
never hitherto developed motility when growing
under natural conditions. Further, if one of the
colonies of Leptothrix on an agar-plate be gently
pressed down with a cover slip, numerous rods are
set free from the colony, which at once begin to
exhibit motility.

The colonies in agar of this organism are rusty-
brown, roundish bodies, the colour in this case being
due to the deposit on and around them of the oxide
of manganese that is present in the culture medium.
In form and structure the colonies are similar to those
formed normally by the majority of the lower bacteria
on agar media. The rods liberated from these
colonies by pressure on them with a cover slip are
0'6p-0'8p in width, and 2p-14p long.  They
move in the direction of their long axis, and also
exhibit a rotary movement. They are xrobic, for
they do not sink deep into the surface of the agar.
In gelatine stab-cultures which Molisch was success-
ful in growing, specks appear in the gelatine which
are brown in colour where the supply of oxygen is
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plentiful, but colourless where this supply is deficient.
The gelatine is gradually liquefied, although the
liquefaction proceeds very slowly. The tempera-
ture limits of growth are between 5° C. and 40° C., the
optimum being 23° C.-25° C. The organism grows
in diffuse daylight, in the dark, and in direct sun-
light. If the culture-medium contains manganese,
the threads of Leptothrix which grow in this medium
appear covered with a store of manganese hydroxide
on their membranes. The other interesting results
of these artificial cultures have been described already
in dealing with the life history of Leptothrix ochracea.
These experiments of Molisch mark an important
point in the history of the researches on the iron-
bacteria.  Campbell Brown (1) had already pro-
claimed the dependence of the iron-bacteria on an
adequate supply of organic matter, and a complete
vindication of the truth of this fact was supplied for
the first time by Molisch’s experiments on Leptothrix
ochracea. We shall return to this subject in dealing
with the physiology of the iron-bacteria.

ARTIFICIAL CULTURES OF SPIROPHYLLUM
FErRRUGINEUM

The writer has obtained a slight intensification of
growth in the case of Spirophyllum ferrugineum by
adding freshly precipitated ferric hydroxide to well-
water, and, after inoculation with water containing
Spirophyllum ferrugineum, exposing the culture at
room temperature to diffuse daylight. After two or
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three weeks a flocculent red deposit, made up almost
exclusively of Spirophyllum ferrugineum, was formed
at the bottom of the culture-flask, and the bands were
in many cases thickly covered with conidia. These
experiments were not continued further. In view
of later developments in the physiology of the iron-
bacteria, it seems probable that the determining factor
of growth was the organic matter contained in the
well-water, and not the ferruginous material added to
the culture. Although the bands had undoubtedly
attracted iron to their surface, in view of what we
now know of the iron-bacteria, which was not known
when the experiments were made, this is to be ex-
plained by the fact that the iron-bacteria exercise a
chemiotactic influence on iron compounds (see Chap.
VIII).

Hitherto no successful attempts have been re-
ported in regard to the artificial cultivation of Ga/-
lionella ferruginea and of Clonothrix jfusca.

REviEw oF THE RESULTS OF THE ARTIFICIAL
CULTIVATION OF THE I[rRON-BACTERIA

In the case of two of the iron-bacteria, namely,
Leptothrix ochracea and Cladothrix dichotoma, pure
artificial cultures have been obtained, out of the
investigation of which the extremely important truth
has emerged that these organisms are completely
dependent on the presence of organic matter for
their sustenance. Further, for the cultivation of these
two organisms, it was not found that a supply of
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ferruginous material was indispensably necessary, It
is evident that our consideration of the physiology of
the iron-bacteria must be based on the bed-rock
of the investigations on pure artificial cultures, In
regard to the impure cultures of Crenothrix which
Rossler and Rullmann succeeded in establishing, and
in regard to my own impure cultures of Spirophyllum
ferrugineum, there was no instance of growth in which
it could specifically be stated that no trace of organic
matter was present in the culture medium, and in the
case of Crenothrix there was abundant evidence that
growth was very probably influenced by the presence
of appropriate organic matter. Hence there does
not seem any evidence to warrant the assertion
that Crenothrix and Spirophyllum are in any way
different, in regard to their physiological needs, to
Leptothrix and Cladothrix. There can be little doubt
that it is only the imperfection of our knowledge of
the conditions which determine the growth of Creno-
thrix and Spirophyllum which prevents us from being
as certain as to their physiological needs as we are
in regard to Leptothrix and Cladothrix.

The iron-bacteria therefore fall into line with the
vast majority of the bacteria that we are acquainted
with. They derive their nutriment in the same way
and do not stand in the same relation to ferruginous
compounds that the sulphur bacteria do to the sulphur
compounds. We shall see the important bearing of
these results when. we consider the physiology of the
iron-bacteria in relation to the problems which the
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engineers have to encounter. It may, however, be
stated here, that these facts show that problems associ-
ated with the combating of the excessive multiplication
of the iron-bacteria are essentially similar to those
which the biologist and engineer have to deal with
when excessive multiplication of wvarious alge or
protozoa has taken place in the waters under their
supervision. In the case of the iron-bacteria, how-
ever, the problem is complicated by the fact that
these organisms are endowed with a capacity for
absorbing large quantities of organic matter to the
molecules of which iron is attached, and with the
possession of a sheath which is capable of retaining
the iron that is liberated to the outside after the
organisms have done with the organic matter to
which it was originally attached.



CHAPTER VIII
THE PHYSIOLOGY OF THE IRON-BACTERIA

UCH interest has been taken in the physi-

ology of the iron-bacteria from the time that

Cohn (1) launched the first theory as to

their mode of life, up to the present day when it
cannot be said that all the problems connected with
their physiology are free from all obscurity. The
interest is connected with the strange peculiarity
which the organisms of this group possess of gathering
upon their surfaces a large quantity of iron from the
surrounding water. This iron is found deposited on
the iron-bacteria in the form of the insoluble ferric
hydroxide, the amount of this substance being often
so great that the deposit is greater in volume than
the organism itself. After death the sheaths or
membranes laden with and penetrated by iron, sink
to the bed of the stream in which they live, and
gradually build up there thick layers of a rusty-red
colour which have to be removed periodically as such
layers constitute a source of obstruction to the
flow of the water. A microscopic examination of the
material composing these ‘‘ochre-beds” shows a

collection of hollow tubes impregnated with the iron.
126
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These are the remains of the iron-bacteria. It 1s
evident that as other micro-organisms—or the vast
majority of them—that are present in the same water
do not collect iron salts with anything like the same
avidity, there must be some physiological activity or
some peculiarity of structure in the iron-bacteria which
enables them to bring about such a state of matters.
Cohn was the first to suggest an explanation. It is
known that diatoms absorb silicon from the water in
which they live to a far greater extent than do most
other plants. They build up their enclosing shells
with this substance. Cohn suggested that ferruginous
salts were as necessary to the iron-bacteria as was
silicon to the diatoms. He thought that the iron
salts were selected by the iron-bacteria, that is, that the
protoplasm of these organisms picked out ferruginous
salts from the other constituents of the water and
utilised them to strengthen their membranes. This
explanation is plausible enough, but we know now
that to carry on life this stiffening of the membrane
is not only not necessary but is actually harmful be-
cause it entails a hindrance of growth and a cessation
of the reproductive activity. It is now known that
the organism carries on its activities 2 spite of the
presence of the iron, and artificial cultivations are
possible in media to which iron salts have not been
added." Cohn's suggested explanation was therefore

! Every organism requires a very minute amount of iron, and
of course the iron-bacteria are no exceptions in this respect, and
every natural water contains the small amount of iron needed.
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soon discarded. Next, Zopf (1, 2, 3) directed at-
tention to the mucilaginous covering which invests
the true membrane of all bacteria and similar
organisms. This covering owes its formation to a
mucinous change in the outer layer of the organism.
[t forms an investment of a clinging nature around the
rest of the organism, and is not visible unless it has
been rendered opaque by special treatment.

Zopf held that iron compounds underwent oxidation
in this covering, the product of oxidation, namely,
ferric hydroxide, colouring the organism and giving
ultimately to it a far greater perceptible volume than
it would have if the covering remained transparent
and so invisible. He described the process as being
analogous to that whereby jellies are artificially
coloured with various dyes. This explanation is
fundamentally different to that of Cohn, in that meta-
bolism plays no part in it, consequently the iron salts
do not enter inside the cell and enter into any reactions
with the protoplasm.

We had better defer a criticism of Zopf's hypothesis
until we have dealt with the various facts that have
been elicited within the last ten years, It was soon
abandoned and gave way to the hypothesis which was
promulgated by Winogradsky, in 1888, and which is
found in every text-book of bacteriology which deals
with the iron-bacteria.

According to Winogradsky, the iron-bacteria obtain
their vital energy, that is the energy necessary for
growth, movement, multiplication, etc.,, not as most
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organisms, including the majority of bacteria, do,
by breaking down various organic compounds and
utilising the energy thus liberated, but éy tke oxidation
of fervous to ferric compounds.

A short time previously Winogradsky had made a
brilliant exposition of the part played by the sulphur-
bacteria in securing energy by the oxidation of
sulphides to sulphates, and, 6y analogy, had applied
the same kind of explanation to the iron-bacteria.
T'he reaction may be represented as follows —

[2 P‘¢C03}+ 3H,0 + O = Fe,(OH)s + 2CO,

Here we have an exothermic reaction, that is, one the
incidence of which is correlated with the liberation of
energy. In nature solutions bearing iron in the
soluble ferrous form spring up out of the bowels of
the earth, and in such of these as come in contact
with decomposing vegetable remains reduction is
reckoned to take place with the consequent forma-
tion of ferrous bicarbonate, FeH:(CO;).. Now this
substance is in solution, and, when oxidised, it changes
according to the above reaction into the insoluble
ferric hydroxide Fe,(OH),

[t is asserted by Winogradsky that the iron-
bacteria are responsible for the oxidation of the ferrous
into ferric compounds, and that they thereby gain a
certain amount of energy. He further stated that
life was not possible to them if this source of energy
were removed ; that, in short, if ferruginous compounds
are not present the ron-bacteria are not able to eke

9
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out an existence. [f we examine this hypothesis we
find that it does not bear close investigation. In the
first place, the acid carbonate FeH/(CO,), is ex-
tremely unstable : after its artificial preparation it is
found impossible to prevent its oxidation to Fe,(OH),
which change takes place with great rapidity, and it
seems difficult to believe that the iron-bacteria could
snatch energy from such an unstable substance. It is
important to note that this oxidation takes place in
nature whether the iron-bacteria are present or not.
When we cite the additional fact that some of the
most typical iron-bacteria have been grown in media
devoid of iron the inadmissability of Winogradsky’s
hypothesis is evident. His position is rendered still
more untenable by the fact that the hypothesis was
apparently advanced from analogy with the mode of
life presented by the sulphur-bacteria, and no support-
ing facts were adduced that in any way strengthened
his position. For a long time Winogradsky's hy-
pothesis was regarded as of the nature of a complete
explanation in spite of the weakness of its props. The
first weakening blow was delivered by the publication
of the results of Campbell Brown's (1) research, al-
though this writer was concerned only in an incidental
manner with the physiology of the iron-bacteria.
During the course of a chemical investigation of the
various ferruginous waters of this country, Campbell
Brown instituted a comparison between ferruginous
waters in which iron-bacteria appeared with those in
which the latter were absent, and came to the con-
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clusion that in no case were the bacteria present
except in waters which contained an appreciable
amount of iron in solution in combination with organic
matter of an acid character. The acidity of such
waters was invariably produced by the presence of
carbonic acid. The growth of the iron-bacteria was
not sensibly affected by the presence of bicarbonates.
He came to the further conclusion that the occurrence
of organic matter in solution does not necessarily
imply the development of iron-bacteria, but in all
cases in which development had taken place, this
organic matter had iron attached to its molecule.
Campbell Brown’s summary is contained in the fol-
lowing words: “ The slime organisms live on the
carbon compounds in a soluble organic compound
of iron, which penetrates into their substance, even
into the inner tube. Whether the iron performs any
function or not, the carbon compounds support life
and the iron-oxide is necessarily deposited throughout
the whole mass of living matter, but chiefly in the
active parts.” Here the fundamental importance of
the presence of organic matter, and the subordinate
role of the iron is emphasised for the first time.
Campbell Brown was a chemist and was concerned
only with the relationship of the “ferruginous slime "
to the constitution of the waters in which this slime
develops, and although he knew that the slime was
caused by ferruginous organisms, these receive from
him only a casual mention. It is to him, however,
that we owe the first mention which was made of the
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importance of the presence of organic matter in pro-
moting the growth of iron-bacteria.

Later investications have given abundant proofs
of the correctness of his theory. Six years after the
publication of Campbell Brown’s work an important
addition to the subject was rendered by the publi-
cation of Molisch’s (2) * Eisen-bakterien,” for this
investigator succeeded in isolating Leptothrix ochracea
and sub-culturing it in artificial media. He was able
to show that Leptothrix will grow only so long as it
is supplied with organic matter, but that, failing this
supply, its cultivation is not possible. He proved
in the most conclusive manner that it was not
necessary to supply these organisms with ferruginous
salts. It is very strange that Molisch should have
made no mention of Campbell Brown's contribution,
although his knowledge of and access to his paper
is shown by his reference to it in connection with
another problem bearing on this subject-matter. On
the strength of the flood of light that was thrown on this
subject, a new theory was promulgated by Molisch.
[n iron-waters the organic matter which is absorbed
and digested by the iron-bacteria contains an iron-
radicle. The organic matter is naturally absorbed in
solution and Molisch's theory is that the absorption
and digestion of the organic matter is followed by
the expulsion and precipitation of the iron which is
bound in the molecule of this organic matter. The
iron is caught in the sheath and there undergoes
oxidation with the resulting formation of ferric
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hydroxide. The actual oxidation is thus made quite
independent of the metabolism of the cell, the iron
oxidising just as readily on the surface of the bacteria
as it would on any other surface, such as a blade
of grass or a stone.

When we examine this theory we find that it
explains most at any rate of the facts bearing on
the subject. Thus it is consistent with Campbell
Brown’s statement that iron-bacteria do not thrive
except in waters containing an appreciable amount
of iron in solution in combination with organic matter
of an acid character. It is consistent with the finding
of the ferric oxide not only in the sheath, but also in
the cell membrane, and even inside the cell itself.
Again, if we try to test the theory by the facts that
were ascertained by Adler (1) we find that it emerges
all the stronger after the test. This investigator
found that the addition of camphor, alcohol, formic
acid and other antiseptics to a culture containing
Gallionella, in sufficient quantities to prevent that
organism from multiplying, hindered considerably the
rate of formation of ferric hydroxide in that culture.
If, according to the theory, iron is thrown out of
solution and spread out over the sheath and cell
membranes, one can readily see that the oxidation of
the iron would take place more rapidly than if the
iron were still bound up in solution in the organic
molecule. Still more is the theory consistent with
the fact that not only is manganese present in the
membranes of the iron-bacteria, but this substance
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may be found in greater quantity than the iron itself.
Thus Jackson (1) found that in some specimens of
Crenothrix there was present in the membranes 33'9
per cent manganese as against 14'4 per cent of ferric
hydroxide. As pointed out by Molisch we have no in-
stance in nature in which iron is essential to a plant or
an animal and in which it can at the same time be
replaced by manganese. The fact that the amount
of iron, in proportion to manganese, which is found
on the membranes varies considerably, and that this
variation bears a certain amount of relationship to
the respective amounts of these substances which are
found in the water would make one suspect the
essentiality of iron, quite apart from the absolutely
conclusive evidence on this point which was supplied
by the artificial culture of Leptothrix ochracea and
Cladothrix dichotoma being found possible without the
addition of ferruginous salts. Further proof of the
replaceability of iron by manganese has been supplied
by the researches of Beythien, Hempel and Kraft (1)
and by those of Raumer (1). In fact, it would be
quite as appropriate to designate these organisms
manganese-bacteria as to name them iron-bacteria.
It is the organic molecule in the water with which
the protoplasmic molecule of the bacteria enters into
combination, and such being the case it will naturally
happen that in some cases the organic molecule
will have iron in attachment, in others manganese.
Hence the amount of iron or manganese on the mem-
branes of the bacteria will depend on the constitution
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of the organic molecule with which the protoplasmic
molecule has entered into combination. If the
organic molecule has no iron in combination the bac-
teria will thrive equally well as if the organic mole-
cule were bound up with iron. The deposit on their
membranes will always contain quantities of iron or
manganese in exact proportion to the amount of
these substances in the organic molecules taken up
by the bacteria. Iron is thus not the coal which
supplies the energy, but the slag which is left over
when the whole process is finished, and the com-
position of the slag will vary in every stream in
accordance with the variations in the organic content
of the streams. If we regard the iron as a by-
product, the slag of our illustration, the results ob-
tained by Raumer, Kraft, Beythien, and Hempel are
readily understood, but if we regard it as a substance
of vital importance, the coal of our illustration, the
results obtained by these writers are not easy to
understand. So far all the facts support the theory
that is based on the results obtained by Campbell
Brown and by Molisch, and subsequent work has not
produced evidence that can be regarded as affecting
the groundwork of the theory. It must, however, be
stated that @/ the facts of the case are not covered
by this theory. In the first place, if the iron-bacteria
are, ex hypothesi, saprophytic organisms like the
majority of the denizens of ferruginous waters, it has
to be explained why all these varieties are not equally
coated with ferric hydroxide. That some distinction
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between the iron-bacteria and the other organisms
(protozoa, diatoms, etc.) exists is obvious at a glance
when ferruginous waters are microscopically examined.
The iron deposit on the sheaths and membranes of
the iron-bacteria cannot be wholly explained by the
retentive capacity of the sheaths, for the iron is seen
to have penetrated into the substance of the cells
themselves, and is found thickly laid over on organisms,
like Gallionella, which possess no sheath. If we
assume Molisch’s theory to be wholly true, it must
follow either that the iron-bacteria pick out these
organic molecules to which iron is bound, avoiding
organic molecules which contain no iron, or else that
the greater amount of iron on their surfaces in com-
parison with other organisms is due to the fact that
they take in more organic matter, There is no
evidence in favour of the latter assumption, but
there is a probability that the first is correct, and if
so Molisch's theory is not complete, and must be
supplemented by the introduction of other factors.
We must, therefore, seek in other directions for the
explanation of this diversity in the amount of iron
collected by the different organisms in the same
ferruginous waters. It must be remembered that
while the iron-bacteria are facile princeps in collecting
iron, they are by no means the only organisms on
which this metal collects in abundance. Thus we
know from the researches of Klebs (1) that the
Zygnemacex (an order of green alga) appropriate
to themselves from the surrounding water, aluminium,
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iron, and chromium. Again, Gaidukov (1) found
that the green alge Conferva cladophthora, (Ido-
gonium and certain Desmids collected iron in abund-
ance when growing in ferruginous streams. The same
investigator found this property to be characteristic
of certain Protozoa, for example, Anthophysa vegetans.
Lately Rullmann (1) in making artificial cultivations of
the iron-bacteria, found in his cultures a certain un-
named thread fungus which was endowed with the
same power of appropriating iron. Thus we have iron-
collecting representatives from most diverse classes of
organisms, and drawn from the animal as well as the
vegetable kingdom. That the phenomenon is essenti-
ally of the same character in these organisms as in the
iron-bacteria is rendered extremely probable by the de-
tailed investigation which was carried out by Gaidukov
(1) on a species of Conferva which inhabited a ferru-
ginous organically contaminated pool of water. In
this case the general appearance and changes in the
water were the same as are seen in such waters when
the iron-bacteria thrive in them. How are we to
explain the pre-eminence of the iron-bacteria as col-
lectors of iron? It is possible to see why the iron-
bacteria should possess more iron than the green alge
or any of the chlorophyll-containing Protozoa. Ac-
cording to Binaghi (1) the oxidation of iron in iron
piping is greatly expedited by the presence of carbonic
acid in the water, and ron placed in water devoid of
this gas does not change. If this be so, organisms
devoid of colouring matter should be in a better
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position to collect iron than the coloured organisms,
for they have no chlorophyll to eat up the carbonic
acid given off during respiration, and as, according to
Molisch, iron is being continuously thrust out of the
cell there is better opportunity in such organisms for
Binaghi's first reaction to take place. This first re-
action, according to Binaghi, is the formation of ferrous
carbonate (see Chap. 1X of this book). In the case of
organisms like the green alga their carbon-assimilation
has, during the daytime, the effect of removing the
CO; from the immediate surface of their bodies, and
the “local” supply of this gas must therefore be very
limited. Again as, according to most biologists, green
algze do not take in organic matters, and as the iron
is bound to the organic matter, it is difficult to see how,
if the theory applies to green alge, the latter are in
a position to store any iron at all. And yet we know
from the researches of Gaidukov (1) that some green
algee collect quite large quantities of iron on their
bodies. With regard to the colourless organisms
other than the iron-bacteria, living in the same waters,
it is very difficult to understand why all are not
coated with iron to the same extent, for ex-hypothesi
the absorption of organic matter is a part of the process
of metabolism, and what applies to one kind of colour-
less organism applies to all organisms of the same
class, for all alike must absorb organic matter to ob-
tain sustenance, and in absorbing organic matter they
must all absorb iron and consequently must more or
less to the same extent subsequently throw this useless



PHYSIOLOGY OF THE IRON BACTERIA 139

substance outside.  But although some colourless
organisms other than the iron-bacteria do collect iron,
others do not, and therein lies the difficulty. It seems
to me that we must here postulate the operation of
another force, namely, that of a chemiotactic affinity of
the iron-bacteria and the other organisms for iron com-
pounds. The existence of this affinity on the part
of iron-bacteria for iron compounds has not been in-
vestigated, but affinities of a similar nature are well
known to occur in the life of most bacteria. Thus
these {}rganisms are attracted to corrosive sublimate
even although the movement spells death to them.
The proof of the existence of some such selection on
the part of the iron-bacteria would solve the difficulties
which were mentioned above. Under the influence
of a chemiotactic affinity for iron, the iron-bacteria
would absorb, principally at any rate, organic mole-
cules containing iron in combination, and there would
be absorption only in very small quantity of organic
molecules devoid of iron in combination, We should
understand then the diversity which exists in different
colourless organisms, for those that did not possess
any chemiotactic affinity for iron would not, except in
a small degree, be tinged with the reddish-brown
colour of ferric hydroxide. Lastly, with regard to
colourless organisms it must be noted that if diver-
sity exists—and it does—in the nature and extent
of the mucilaginous covering which envelops the
organisms, those containing the largest and the most
adhesive coverings would hold the largest amount
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of ferric hydroxide. We know that the iron-bacteria
are very well endowed in the way of sheaths or
mucilaginous envelopes, and would therefore be well
able to support a large quantity of ferric hydroxide.
With regard to the green alga some difficulties
would still remain, but we cannot discuss them in this
place. If we then sum up, we may state that the pre-
eminence of the iron-bacteria in surrounding them-
selves with ferric hydroxide is due to three facts, the
existence of two of which is well established, and
the third is highly probable.

1. They absorb organic matter for sustenance.

2. Probably they select organic matter with iron m
combination owing to chemiotactic affinity for this
substance.

3. They are surrounded by an excellent apparatus
for detaining the ferric hydroxide which is formed on
their surfaces, in the form of their mucilaginous sheaths
or mucilaginous coverings.

The iron-bacteria are thus seen not to be an
extraordinary group of organisms with a peculiar
mode of existence, but are similar to many other
colourless organisms that thrive in the same waters ;
but that they have a special “talent” for collecting
iron, due not to any outstanding qualities but rather
to a combination of characters all possessed severally
by various other organisms, all of which are favourable
for the retention of iron. It is the combination of all
three in strong degree which has made the iron-bac-
teria pre-eminent among the iron-collecting organisms.



CHAPTER IX

THE IRON-BACTERIA IN RELATION TO WATER
RESERVOIRS AND THE CORROSION OF CON-
DUIT PIPES

LTHOUGH there are still many outstanding
A problems in connection with the iron-bacteria,
sufficient information has been gained with

regard to their developmental phases and their physio-
logical peculiarities to make the information at our
disposal of value when applied to practical problems.
Slimy Streamers.—One of the visible signs of the
development of iron-bacteria in conduit pipes is the
formation in these pipes of slimy masses suspended
in streamers from the walls of the pipes. Similar
streamers also appear on the walls and the bottom-—
if the water is shallow—of the storage reservoirs. In
these slimy masses ferric hydroxide collects and the
engineer’s choice of a remedy for its removal depends
on whether this substance has been derived from the
iron in the composition of the walls or from the iron
in solution in the water. Inasmuch as the streamers
form on protected as well as unprotected walls and on
stonework and woodwork, it is evident that the water
supplies at least a large percentage of the obstructing

ferric hydroxide. The growth of these streamers
141
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inside conduit pipes results in a serious diminution
in their carrying capacity if the streamers are allowed
to grow unchecked. Now the amount of iron that is
present in natural waters that are normally used for
the supply of rural and urban districts is, as a rule,
very small, as can be seen from the subjoined table
which gives the amount of iron that was found in a
few of the British sources of supply.

Oxides of iron expressed in parts per 100,000 :i—

Water from Elan Valley . -~ 0010,
= . Welsh Valley . . traces only.
i ,+ ~lreland " . . . 0'004.
" ., Lancashire : . traces only.
i Al ; : . traces only.
= ,,  Montgomeryshire . traces only.
iy , Rivington . : . ‘D'OL6.
i ., Loch Katrine . . 0'002.
3 ,, Dee (Aberdeenshire) . none.
s ,» Lake Vyrnwy . . 0'099.

In spite of this, however, the slimy streamers which
form in the conduits and which grow on protected
surfaces and on wood, stone, etc., must obviously
derive the large amount of ferric hydroxide that
collects on them and in their substance from the iron
in solution in the water, for, growing on substances
other than iron, they cannot obtain it in any other
way. [t must be borne in mind that although the
amount of iron in the water is so very small—about
one part in a million parts of water—and the amount



IN RELATION TO WATER RESERVOIRS 143

taken in by the organisms causing the streamers very
minute, still the process of absorbing iron and its
oxidation is going on continuously, and, when oxidised,
the slimy mucilage surrounding the iron-bacteria
affords facilities for the storage of the insoluble ferric
hydroxide, so that it is only a matter of time before
the total amount of ferric hydroxide hanging on to
the streamers is very considerable.

Another effect which follows the continued presence
of the slimy streamers in the water is the gradual ac-
cumulation of organic matter which must take place
after the death of the organisms covering the streamers.
This follows from the fact that in the absence of chloro-
phyll-containing organisms the dead bodies of the
iron-bacteria and those of any other organisms that
happen to have lived and died in the water tend to
accumulate, and after various changes become the
raw material of later generations of the same class of
organisms. Hence the continued growth of the iron-
bacteria must, in the absence of countervailing in-
fluences, tend to make a water steadily worse from the
point of view of the engineer, owing to the steady in-
crease which inevitably takes place in the organic con-
tent of the water. If alga or other coloured organisms
are also present, they exert a purifying effect on the
water by means of the oxygen which they abundantly
liberate. If, however, the conditions are unsuitable
for the growth of coloured organisms, in course of
time the percentage of organic matter will be so great
that the saprophytic soil and water-bacteria are able
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to multiply rapidly and the water is no longer to be
regarded as potable. Koch used to lay down the
rule that the test of a very good drinking water was
that it should not contain more than 100 bacteria per
cubic centimetre. It is found in practice that a water
in which these streamers are growing in abundance
contains often several thousands of bacteria to the
cubic centimetre, a sure sign that there is present far
too much organic matter, otherwise the water could
not have supported so many bacteria. When the
streamers form in storage water the danger of a rise
in the percentage of organic matter is always more or
less present, but in the case of conduits, the flow of
water is always sufficient to prevent the percentage
rising to a dangerous level. The streamers and the
black slimy lining in contact with the sides of tunnels,
conduits, and culverts may hence be regarded as being
injurious in three ways :—

1. They increase the amount of organic matter in
solution in the water.

2. They decrease the bore of the conduit pipes.

3. They cause a decrease in the velocity of flow of
the water.

In Campbell Brown's paper (1) analyses of the
slime are given. In the various analyses the percent-
age of ferric oxide varies from 28 to 42 per cent, a
considerable amount to take up from a water contain-
ing iron only to the extent of one in a million parts.
And not only iron but also a large percentage of man-

ganese in the form of manganese pﬁmxidt: and man-
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ganese oxide is found in the slime, reaching in some
cases to as much as 38 per cent.

When now the slime on the walls and the streamers
in the water are microscopically examined, they are
found to consist of huge masses of iron-bacteria. In
the conduit pipes which supply Liverpool from Lake
Vyrnwy the organism Gallionella (with probably
Spirophyllum) preponderates, as is evidenced by
Campbell Brown's figures, although he does not
himself refer to any bacteria by name. Their mode
of formation can be readily explained. The conidia
of these organisms are present in abundance in fer-
ruginous streams, and in growing become attached
to the walls of the pipes. This first growing point
becomes a focus of attraction, iron is absorbed, the
mucilaginous sheath retains the oxidised iron, and so
we have a thin thread thrust out into the stream,
attached by one end to the wall. This grows in
length and at the same time forms a mass of conidia,
each of which, under favourable circumstances, is
capable of developing into a new organism. Owing
to the mucilaginous sheath which each organism forms,
the daughter threads developed from the conidia do
not separate, the whole mass remaining as a single
large colony composed of a large number of organ-
isms, each surrounded by its own mucilaginous sheath.
To the naked eye this colony is visible as a single
streamer of slimy material attached by one end to the
wall, the other end waving free in the water. It can

readily be seen how a streamer of this kind, by the
1o
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further multiplication of the individuals composing it,
and by the accretion of organic and inorganic particles
which would be delivered up to it by the flowing
water, would grow in volume until it would ultimately
interfere with the free passage of the water.
Tubercular Incrustations.—Another familiar phe-
nomenon in the pipes is the formation of nodular
excrescences on the inner sides, where these are in
contact with the water. While the causal relationship
of the iron-bacteria to the formation of slime is beyond
question, it is still a matter of controversy whether the
iron-bacteria exert any influence on the formation of
the tubercles. These are limpet-shaped structures
that arise from the surface of the iron. In time the
surface becomes studded with these ‘““limpets,” just
as a ship’s bottom does with barnacles, and unless
cleared away they become confluent, the result being
a considerable decrease in the bore of the pipe and
the production of a softening effect on the iron, which
makes this material still more susceptible to the forces
of disintegration. Each incrustation consists of a
cone-like structure and grows by the addition of con-
centric layers. The central portion is black when
fresh and soft. It often contains a little sulphide of
iron and becomes red on exposure to the air. ‘The
middle layers are often orange-red, and are composed
of ferric oxide. Outside these layers are the outer-
most coverings arranged in concentric layers, and
composed for the main part of ferric oxide inter-
spersed with hard black layers of magnetic oxide of
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iron. Conflicting views are held with regard to the
mode of origin of the incrustations. In the first place,
there is no general agreement that the iron of the
incrustation comes entirely from the pipe, for some
excellent authorities hold that the surrounding water
also sends its contribution of iron. Again, while some
hold that the mode of formation is purely chemical,
others adduce facts to show that the iron-bacteria
influence the formation. It must be conceded at
once that the formation of tubercles may and does
take place in the complete absence of the iron-
bacteria or any other organisms. A simple experi-
ment carried out by Casagrandi (1) proves that such
is the case. This investigator passed water through
U-tubes containing bits of cast-iron or steel, and
found that if these were varnished, first of all blisters
appeared after a time on the varnish. Then each
blister ruptured and in its place a tubercle was formed.
If the bits of iron or steel were not varnished, the
formation of tubercles took place all the same, only
this was not preceded by vesiculation. In this ex-
periment it is evident that the formation of tubercles
1s a purely physical and chemical phenomenon, and
the tubercle owes its origin to a change in the sub-
stance of the iron, not by accretion of iron from the
surrounding water. The chemical changes involved
in the formation of tubercles under these circumstances
have been admirably worked out by Binaghi (1). We
shall consider these changes first and ascertain whether
they afford a complete explanation of the formation
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of tubercles under all circumstances. The iron in the
piping is attacked by the CO, in the water, forming
ferrous carbonate with evolution of H :—
Fe + H.OH + CO, = FeCO; + H, : L.
By the absorption of more CO, the ferrous carbonate
is changed to the bicarbonate :—
FeCO, + H.OH + CO, = Fe(H.COy), . ik
Then the bicarbonate is changed to ferrous hy-

droxide :(—

Fe(FICO,) = Few 07 ot 2CO, - LR

By oxidation the ferrous hydroxide becomes con-

verted into ferric hydroxide :—

OH
fﬁC'H + H, : iv.
NOH

Whether these reactions are absolutely or only par-
tially correct there can be little doubt that all the
constituents are present which are necessary for
the completion of the oxidation of iron into the
ferric hydroxide. Our main point, however, is to

zFe {gﬁ + 2H,0 = 2Fe

ascertain whether the process is affected by the
growth of ferruginous organisms In the substance of
the tubercles.

Casagrandi found that while some young tubercles
contained iron-bacteria in their substance, these organ-
isms were completely absent from others, and that,
further, some tubercles contained ferruginous diatoms
or other non-specific organisms. On the strength of
his observations Casagrandi came to the conclusion
that iron-bacteria do not exert any apgparent influence
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on the formation of tubercles. While conceding the
fact that the presence of ferruginous organisms is not
a sine qua non for the formation of tubercles, it must,
however, be stated that the probability of their aid in
helping on the growth of the tubercle when they do
happen to be present, is very great. One of the chief
facts brought to light by Binaghi's investigation (1)
was the dependence of the process on the presence of
carbonic acid. Now any ferruginous organisms which
may settle and develop on the tubercles will naturally
furnish a constant supply of this acid, with the result
that the change of iron into ferrous carbonate (No. 1.
reaction ) will be expedited by their presence. Further,
when, as a result of the changes outlined above, ferric
hydroxide is formed, the mucilaginous envelopes of
the iron-bacteria will prevent the escape of this sub-
stance, which will consequently begin to segregate
round the tubercle.

The action of the CO, is one of solution, for the
iron is actually eaten out of the pipe. This is seen
by the fact that water traverses all the tubercular
mass, and penetrates into the metal behind the mass.
That the iron is actually removed is obvious from the
fact that the tubercle contains only 70 per cent of iron.
Hence one cannot agree with Casagrandi’s conclu-
sion, for it expresses only a partial truth. The part
which the iron-bacteria play in the formation of
tubercles is probably a very subordinate one, but
such as it is, it expedites the change taking place
inside the tubercle by secreting carbonic acid,
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IroN IncrusTATION ON NON-FERRUGINOUS SURFACES

We may turn now to a third form of incrustation
which derives its iron wholly from the surrounding
water, thus differing essentially from the mode of
collection peculiar to the tubercular masses. The
rust layer of this type lies unequally thick on the
surface, showing large and small swellings, and, in
addition, finger-like extensions from the pipe into the
surrounding water. When wet this layer is dark-
brown, but when allowed to dry it assumes a rusty-
red or yellowish colour. This layer is easily de-
tached. 7he walls themselves are not corvoded. In
the case examined by Schorler (1)—pipes supplying
Dresden—the layer appeared on a length of piping
which had been coated with asphalt. On the removal
of the asphalt the walls of the piping appeared quite
intact. All the material for this layer must therefore
have been supplied entirely from the store of iron in
the surrounding water. In the course of examination
a very interesting and important discovery was made
by Schorler (1). The uppermost layer, which could
be easily washed away, contained organisms identified
by this investigator as Gallionella ferruginea. Under-
neath the uppermost layer was a firmer portion
which contained no trace of Gallionella ferruginea, but
there was in it an abundance of six-sided plates of a
crystal nature. Gallionella was found in the centre of
some of these, and Schorler came to the conclusion
that their formation was due to a process of crystal-
lization round Gallionella, We may therefore assume
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that the formation of these crystals takes place in
much the same way as the nodules inside coal, which
almost invariably contain at their centre a fragment
of organic matter which has served as a rallying-point
for the process of crystallization.  Schorler expressed
the opinion that the whole layer owed its forma-
tion to threads of Gallionella which settled on the
walls of the piping where they attracted ferrous
bicarbonate from the surrounding water, deriving
energy from the oxidation of this substance to ferric
hydroxide. While we cannot agree with this author
in the »aison d’étve ot the absorption of the bicarbon-
ate, knowing, as we now do, that the organism
derives its energy by the absorption and metabolism
of organic matter, and that the oxidation is effected
by the carbonic acid liberated during this process of
metabolism, we can agree with him in this, that the
organism was responsible for the accumulation of
ferric hydroxide on the walls of the piping.

[t is interesting to note that the same organism
was found by Schorler under similar conditions in the
conduit pipes which supply Bernberg, Essen, Frank-
furt, and Teplitz. The results obtained by Casa-
grandi (1) in his examination of the Cagliari and
other water supplies, appear at first to contradict the
statement that the iron in the formation of these
crusts and incrustations is derived from the water and
not from the piping. Casagrandi states that there
are hard waters which may contain ferruginous organ-
isms, but there is no visible sign of their activity on
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the pipes so long as the pipes are covered with a
calcareous deposit, but in the places where piping
coated with calcareous matter has been bared of this
deposit, ferruginous incrustations develop with rapiditv-
The inference drawn by Casagrandi was that the
ferruginous incrustation did not appear because the
iron in the piping had been covered by the calcareous
deposit, which seems to contradict Schorler's results.
He found an abundant growth of Gallionella on the
walls of pipes which had been coated with asphalt,
and a consequent abundant iron incrustation. The
contradiction, however, is only apparent. Schorler’s
results show that ferric hydroxide will collect on the
walls of iron piping in spite of the protection offered
to the piping by a coating of asphalt, and that Gal-
lionella is the active agent concerned in this act of
deposition. Casagrandi shows that without carbonic
acid in the surrounding water, deposition does not
take place. It is evident that the presence of the
calcareous deposit is an insuperable barrier to the
development of Gallionella, a barrier which is not
offered by asphalt. We need not enter here into the
biological effects exerted on the iron-bacteria by
calcareous substances, but there is no doubt as to
their deleterious influence on the growth of these
organisms. In the lime-lined walls, therefore, there
is a complete absence of any organic agent which can
draw the iron out of the water, and the pipe remains
clear. Again, quite apart from the absence of the
iron-bacteria the presence of lime has the effect of
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withdrawing carbonic acid from the water, and we
have seen that iron pipes do not form incrustations in
the absence of this gas. The whole body of evidence
thus seems to favour the view that in protected pipes
the ferruginous deposits there formed owe their origin
to two factors, viz. the presence of iron in the water
and the presence of ferruginous organisms which
liberate a gas (CO;) capable of transforming iron
compounds into the soluble bicarbonate.

Spongy Disease of Iron.—Mention must be made
of what is known as the spongy disease of cast iron.
This is due to the attacks of acids derived from the
water or from the soil, and is a process resulting 1n a
slow solution of the iron with which the acids come
into contact. In this operation the iron-bacteria
have no part. In connection with this disease it is
interesting to note that in essentials the gradual ex-
haustion of the iron is effected in the same manner as
when iron-bacteria are responsible, namely, by the
action of acids.

We may now conclude this section by summarising
the results so far as they concern the iron-bacteria :—

1. Slimy ferruginous streamers in the water owe
their existence entirely to the activities of iron-
bacteria and other organisms of a similar nature.

2. Ferruginous Tubercles.—Iron is derived chiefly
from the iron in the tubing, partly from the water
as the result of activity of the iron-bacteria which
effect local enrichments of CO, and thus facilitate the
change of the iron into the soluble ferrous bicarbonate,
FeH(CO;),
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3. Ferruginous Incrustations of a morve or less
Lumpy Nature.—This kind lies unequally thick on the
surface, is dark brown in colour, red on exposure, and
beset with finger-like processes extending into the
surrounding water. In such cases the walls are not
corroded. The iron-bacteria, with possible help from
other organisms, are responsible.

4 Change of the Iron into a Mass of a Spongy
Nature.—The iron-bacteria play no part in pro-
ducing this change.



CHAPTER X

THE TREATMENT OF WATER INFECTED BY
IRON-BACTERIA

ETHODS of 7reatment.—It is obvious that
the method of treatment will depend on the
nature of the deposition of the incrustation.

The engineer must first of all determine to which of
the four classes of incrustations his own particular
case belongs. We can here do no more than indicate
the principles which should be relied upon to deter-
mine the treatment of particular cases.

1. Spongy Disease of [ron.—If the deposit on the
iron is of a spongy nature (class 4 above), it is clear
that there can in most cases be no remedy except the
drastic one of taking away the pipes altogether and
replacing them by new ones. Owing to its porous
nature the iron has been dissolved out because acid-
containing water has soaked in. In tubes affected by
this disecase the amount of iron may sink down to
50 per cent and under. To render the iron immune
from further attack, either it must be made less porous
by being coated in such a way that the entrance of
water is not possible, or else the destructive agents,
namely, the acids in the soil or water, must be re-
moved altogether. The latter remedy is, of course,

135
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not possible on a large scale, but if a perfectly non-
porous coating can be laid on the piping, the softening
process will cease. [f, however, the coating has any
blemish, the arrest of the softening is merely tempo-
rary, for if there is a spot at which water can get in
it travels from the point of entry in all directions, and
the softening process proceeds anew over all the
parts. |

2. Removal of Shmy Streamers—With regard to
the slimy ferruginous streamers (class 1 above), the
question of their removal must be governed by our
knowledge of the physiology of the iron-bacteria. It
is evident that the complete removal of these organ-
isms is impracticable, for the finest gauze would not
prevent the passage of reproductive cells that are so
small that 100 of them drawn up in one row could
easily march through the eye of an ordinary needle.
Attempts must therefore be made to deprive the
organisms of their food or else prevent their using
the organic matter by changing the composition of the
latter in such a way that they are useless to the iron-
bacteria. For example, the oxidation of the organic
matter renders it unsuitable as food. The organic
matter which to some extent or other contaminates
all natural waters is removed by the following
agencies :—

1. Aeration of the water.

2. Growth of green plants, because oxygen is liber-
ated by such plants on exposure to light.

3. The nitrifying bacteria,
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4. Animals which feed on the organic matter on
the surface.

And the same methods, so far as they are applicable,
must be employed in the treatment of any large body
of water, which treatment has as its aim the removal
of organic matter. With the removal of organic
matter the formation of slimy streamers gradually
ceases to increase, and in time they disappear alto-
gether. Of these agencies the aeration of the water
is undoubtedly the one which is the most practicable,
and, where the conditions allow of it, should be
adopted. With regard to the second agency, the
growth of green plants, it is necessary to point out
that while these plants supply an abundance of oxygen
into the water during their lifetime, their bodies after
death add to the organic matter, so that caution must
be exercised in growing them, lest their dead bodies
accentuate the evil which the living plants were
intended to remedy. The action of the nitrifying
bacteria must be here explained. They exist in
shallow waters and near the surface of deep ones.
They get rid of organic matter by causing its oxi-
dation into compounds from which the iron-bacteria
and similar organisms can obtain no sustenance.
Hence the development of the nitrifying bacteria
must be encouraged. When water is filtered or
subjected to aeration in any other way, these bacteria
grow to enormous numbers on the filters. The treat-
ment of raw water by filtration is therefore to be recom-
mended for the elimination of the iron-bacteria. When
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sewage is subjected to filtration the main object in view
is the destruction of the organic matter, for it is only
in this way that the microbes can be kept down.
The precautions with regard to the cleansing of the
filters are the same when the aim is the destruction of
the iron-bacteria as when the aim is the destruction of
sewage. The skin which forms on the filters must be
removed at periodic intervals, otherwise the conditions
become too “rich” for the well-being of the nitrifying
bacteria, and they become replaced by bacteria that
work more harm than good. It is not necessary to
inoculate the filters with the nitrifying bacteria, for
they are present almost everywhere, and if the con-
ditions are good they will multiply fast enough.

In regard to the fourth agency, viz. the cleansing
operation of animals, particularly birds, which clear
the water of large solid organic detritus, decision must
be made as to whether these animals sweep away
more objectionable matter than they create by their
own filth. There can be little doubt that slimy
streamers cannot subsist in a water treated as de-
scribed above, for the organic content of a water of
this kind will be so altered as to have become unaccept-
able to the iron-bacteria.  This treatment may be
supplemented by another which will also introduce a
condition disastrous to the well-being of these organ-
isms. It has been stated that the iron-bacteria do not
thrive in water in which all trace of acidity has been re-
moved by the introduction of Zwmze or of soda. We may
recall Campbell Brown’s statement that satisfactory
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results were obtained experimentally by the intro-
duction of one or other of these two substances.
Also it may be recalled that Casagrandi produced the
same immunity by lining the inside of the pipes,
through which the water passed, with a calcareous
deposit. The exact mode of treatment for the re-
moval of slimy streamers must obviously vary accord-
ing to the particular circumstances under which they
arise, but in all cases treatment should consist of
methods which have the two following ends in view —

A. The removal of organic matter from the water.,

B. The rendering alkaline either of the water or of
the parts on which the iron-bacteria grow.

The proportions, etc., of the substances that should
be employed in the treatment of the water to secure
the disappearance of the organisms without overdoing
the treatment must obviously be carefully worked out
before the application of treatment. In this book
we are concerned only with the principles which
should regulate the control of any water which has
shown signs of having developed the objectionable
streamers in undue numbers. Unfortunately, the
organism that is mainly responsible for the develop-
ment of streamers is Gallionella ferruginea, which has
not hitherto been cultivated in an artificial medium,
and so it is not possible to state specifically the main
conditions of its growth. We can, however, feel
reasonably certain that these conditions differ in no
essential respects from those which must be imposed in
order to secure successful cultivations of Leptothrix
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ochracea. We may therefore regard it as reasonably
certain that Gallionella will not grow under conditions
which we know to be unsuitable for Leptothrix. The
nature of these conditions has been sufficiently indi-
cated in the above description.

Tubercular Incrustations.—The experiments which
have been carried out by Casagrandi have given
ample proof that the iron-bacteria play such a sub-
ordinate rdle in the formation of tubercular incrustations
that it is not worth while to take any special steps
towards eradicating these organisms.

Tron Incrustations on Non-Ferruginous Surfaces.—
As these incrustations are, according to Schorler,
entirely due to the abstraction by bacteria and other
organisms of iron from the surrounding water, it 1S
obvious that the problem of their removal must be
attacked in precisely the same way as when dealing
with the removal of slimy streamers. As in the case
of these streamers Gallionella is predominant, all
that has been said above with regard to the removal
of Gallionella from waters in which it formed slimy
streamers, applies with equal force to the question of
the removal of iron incrustations which appear on
non-ferruginous surfaces.

Sudden Visitations of Crenothrix Polyspora and
Cladothriz Dichotoma.— T he experience of past years
has been that the sudden visitations that occasionally
occur in water reservoirs have been due either wholly
to Crenothrix polyspora or to this organism in as-
sociation with Cladothrix dichotoma, the latter playing,
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in the trouble, a somewhat subordinate réle. We
have a large body of knowledge concerning the
conditions which determine the growth of Cladothrix
dichotoma, and it may be stated that we shall not be
far wrong in assuming that the same hold for Creno-
thrix. ~As these are similar to the conditions that
hold for Leptothrix, we may assume that the con-
ditions of growth that have been determined with
precision for Cladothrix and Leptothrix hold true for
Crenothrix and the remaining iron-bacteria. Knowing
these facts it is possible to speak with confidence
concerning the various ways that are open to us of
dealing with the calamity :—

1. The complete removal of the organism would, of
course, remove the trouble, but it is quite out of the
question. The removal of the reproductive cells and
the vegetative cells of Crenothrix and Cladothrix
from a reservoir would not be possible without
employing means that would practically annihilate all
organic life in the water, The sterilisation of the
water as a practical measure is impossible, and even
if it could be accomplished the good effects would not
be permanent, for the reproductive cells of various
organisms, and among them those of the iron-bacteria,
would once more penetrate into the water from all
sides. There is no known specific which singles out
the reproductive cells of the iron-bacteria for de-
struction and is relatively harmless to similar bodies
belonging to other organisms.  This method must

therefore be eliminated as a practical measure,
11
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2. Another method of attacking the problem is by
ascertaining whether it is possible, not so much to
destroy the reproductive cells as to prevent their
germination. As has been repeatedly stated already,
the two facts in connection with their growth which,
from a practical standpoint, are of extreme importance
are, first, their need of organic matter, and secondly,
their abhorrence of an alkaline medium. If the
methods delineated above for the removal of slimy
streamers are applicable to the body of water under
consideration, they should be employed. The engineer
must set himself to the destruction of organic matter
and the removal of all traces of acidity. The prin-
ciples which underlie the methods by which these
desirable results are brought about have been
mentioned above in dealing with the treatment
applicable to the removal of the streamers.

3. A third method of treatment consists in allowing
the organism full scope for the short time when its
growth is in full swing. This is on the principle of
giving it enough rope to hang itself with. It is not
perhaps sufficiently realised that when the multipli-
cation of Crenothrix is in full swing during a
«yisitation,” it is performing during this period an
operation that should be the duty of the water
engineer during normal times, namely, the destruction
of the organic contamination which supplies the
Crenothrix with the “sinews of war”. So far as can
be ascertained Crenothrix itself does not liberate toxic
products that are a danger to the public health when
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present in drinking-water. Inthe case of Cheltenham,
which is the severest case of a Crenothrix calamity
recorded in this country, the water was not particularly
harmful in spite of the extraordinary growth of
Crenothrix which had taken place. The growth of
Crenothrix was incidentally instrumental in trans-
forming a large amount of potentially dangerous
organic matter into innocuous compounds. This was
the raw material for the growth of Crenothrix. Its
place was taken by a certain amount of debris due to
the dead bodies of the defunct Crenothrix individuals.
It is evident in the case of Cheltenham that the change
wrought in the constitution of the water by the de-
velopment of Crenothrix was not altogether of a
harmful character, for, with the cessation of its active
growth, which took place after a few weeks, the water
assumed a refreshing appearance of greenness, which,
of course, must have been due to the development in
very large numbers of chlorophyll-containing organ-
isms. These latter organisms liberate oxygen into the
water, and use up carbonic acid, and purify the water
by their growth. It can safely be asserted that in the
case of Cheltenham, the water in the reservoir was in
a far purer condition in respect to the needs of man
after Crenothrix had ceased its active growth than at
the time when this organism began its rapid multipli-
cation. The excessive growth of an organism that
does not produce toxic products and yet uses up
organic matter cannot be regarded as an unmixed
evil, even although its temporary effects are somewhat
disquieting.
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4. As a fourth alternative, or supplementary treat-
ment, must be considered the possibility of getting
rid of that portion of the supply which is known to
contain the organic matter which supplies the food.
It has been shown in the previous pages that a
calamity growth of Crenothrix has been associated
with a supply, the water of which previous to storage
has flowed over a moorland or a boggy country from
which it has received that particular form of organic
matter which was especially suitable for the needs of
the iron-bacteria. If, therefore, the water supply of
any urban district is drawn from different sources it
becomes expedient to inquire whether the water from
these sources may not possess different values in
respect of their organic content. The determination
of these values is a matter for a bacteriological, rather
than for a chemical examination. The latter method
is too gross to admit of that fineness of discrimination
which is afforded by the analysis of the number and
the character of the organisms which exist in the
water. If the sources of supply are not all of the
same character, it is well to know which are most
likely to cause further trouble in the future. If it be
found that such differences exist, and the water en-
gineer draws his water from several sources, it would
become incumbent upon him, at certain periods of
the year, particularly during early summer, to cut
off his reservoir from receiving its supply from the
suspected area.



CHAPTER XI

THE TRON.-BACTERIA IN RELATION TO THE
FORMATION OF GEOLOGICAL STRATA

N interesting scientific problem arises in the
A consideration of the question whether the
iron-bacteria have played any part in the
formation of geological strata, similar, for example,
to the part played by foraminifera in the formation
of limestone, or by vegetable remains in the formation
of coal. On 4 priori grounds we should expect to find
fossil remains of the iron-bacteria, for although their
membranes are not composed of hard material, there
is, judging by the appearance of the beds of iron-
waters, a good deal of resistance to decomposition on
the part of these membranes when they have been
saturated throughout with ferric hydroxide. It is
evident by the large deposits of the membranes of
dead iron-bacteria in waters in which active multipli-
cation of the iron-bacteria is very small, that their
accumulation has been very gradual, and that years
have elapsed in the case of many of them since these
membranes enclosed living matter. That their pre-
servation is possible over many years is a fact which

cannot be called into question, but that the extension
165
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in time can be stretched so as to penetrate into re-
mote geological epochs is, on d priori grounds a more
doubtful matter.

We find the first mention of iron-bacteria in connec-
tion with rock formation in the writings of Ehrenberg
(1). At the bottom of peat-mosses there is sometimes
found a cake of oxide of iron. This is the familiar
bog iron-ore. Ehrenberg had observed in the marshes
near Berlin a substance of a deep ochre-yellow passing
into red, which, on microscopical examination proved
to be composed almost entirely of Gallionella fer-
ruginea. He regarded this organism as a diatom,
and both Ehrenberg and Lyell regarded bog iron-ore
as composed of an aggregate of millions of these
organic bodies invisible to the naked eye. The
organic bodies here referred to were the remains of
organisms which compose the ochre-beds of ferruginous
streams, which remains, are not, of course, in a fossil-
ised condition. That bog iron-ore should have been
formed from such beds is not remarkable, neither
would be the fact—if true—that the Gallionella mem-
branes were found in bog iron-ore, for not only does
the ferric oxide lend a resistance to the membranes,
but also it is a well-attested fact that even organisms
of delicate texture, buried in peat, may resist decay
for untold generations. Ehrenberg, however, did not
do more than surmise the agency of Gallionella and
its allies, in the formation of ferruginous rocks, and
the same may be said of the contribution to this
subject made by Winogradsky. The next gleam of
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light on the subject came from Molisch who carefully
examined thirty-four iron-ores which he had obtained
from various continental museums. He found the
remains of iron-bacteria in three of these. Of these
specimens two were derived from Siberia, while the
third was of Prussian origin. The results of the
examination are given by Molisch in some detail.

1. A Bog Iron from Stberta.— This broke easily into
a fine ochre-coloured powder, and, while some parts of
the powder were composed entirely of empty sheaths
of the iron-bacteria, other portions were quite free
from them. Further, all grades of condition were
found between those two extremes.

2. A Bog Iron-ore from Siberia.—This ore was
covered in parts by an ochre-brown thin layer which
was made up entirely of the empty sheaths of iron-
bacteria. The inner mass of the ore was completely
free of organisms.

3. A Bog Iron from Prussia.—A few iron-bacteria
were found and along with them were the remains
of certain alge belonging to the Chroococcacea or
Palmellacez.

There can, therefore, be no question that many of
the bog iron-ores owe their formation largely to the
activities of the iron-bacteria. Molisch’s results are
interesting because they confirm what could be con-
jectured to be the case from an examination of the
ochre-beds of present-day ferruginous waters. The
same investigator extended his examination of fer-
ruginous rocks, and in 1910 (Molisch (2)) gave the
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results of the examination of twenty-seven more
specimens of iron-stones. He obtained a positive
result only from a limonite of the class known as
Raseneisenstein.  Concerning this Molisch writes
that the greater part showed no traces of iron-bac-
teria, but that here and there, inside holes, ochre
masses were found, made up almost entirely of frag-
ments of the sheaths of Leptothrix ochracea. Molisch's
investigations have proved that in certain cases the
threads of Gallionella ferruginea and of Leptothrix
ochracea may persist for long periods. As the iron-
bacteria are often active agents in the formation of
the ochre beds of ferruginous waters, and as bog ore
deposits are formed from such beds, these organisms
must be regarded as rock builders. A more interest-
ing point, however, is the question whether the iron-
bacteria have contributed to the formation of older
rocks than the comparatively modern bog-iron rocks.
What, for example, has become of the bog iron-ores
of the periods preceding the present? There can be
little doubt that such rocks were formed and that
their formation was expedited by the activities of the
iron-bacteria. Mr. Tyrrell, of Glasgow University, is
of the opinion that the Clayband Ironstone is the bog
iron-ore of the Carboniferous period. If so it is not
improbable that remains of the iron-bacteria would be
found on careful examination of such rocks. Hitherto,
however, no structures recognisable as the fossilised
remains of iron-bacteria have been discovered in
rocks of older date than bog iron-ores. In connection
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with these ores it must be borne in mind that modern
bog ore sediments do not always contain iron-bacteria,
for the reason that the oxidatien of ferruginous com-
pounds is, in many cases, accomplished by purely phy-
sical and chemical agencies in which the iron-bacteria
play no part. Further, as Schorler has conclusively
demonstrated, it is possible for the iron-bacteria, which
have been largely instrumental in the formation of
modern incrustations inside iron pipes, to be altogether
destroyed very shortly after the completion of their
activities.  As, therefore, there are cases among
modern deposits and incrustations of ferric hydroxide
in which there is no trace of the organisms which
have been partly instrumental in their formation, so
we may conjecture that the evidence of their organic
origin will have been destroyed in a still larger number
of cases among the rocks of to-day which have been
evolved from the bog ore sediments of former geo-
logical epochs.

We may turn now to another line of attack in
which it is sought to prove that iron organisms have,
by their activities, influenced the percentage of iron
in the constitution of various ferruginous rocks. The
currently accepted opinion with regard to the origin
of iron in iron-ores is that this metal was introduced
by the injection into various strata, under huge dynamic
influences, of molten ferruginous matter. In the case
of the majority of the iron-ores there can be little doubt
that the iron in them has been so derived. It is
urged, however, that cases are in evidence in which
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the probability is very great that a portion of the
contained iron has been derived from other sources.
The writer has made a study of ferruginous rocks in
which organic fragments were found plentifully dis-
tributed, in order to ascertain whether evidence would
be forthcoming which would shed some light on this
question. It seemed advisable to approach the matter
from a biological standpoint in order to supplement
the evidence adduced from researches on the geo-
logical side. To this end the organic fragments in
which certain ferruginous ores are plentifully distri-
buted were submitted to a microscopical examination
in order to ascertain whether they contained any
micro-organisms.  If they did it was considered
probable that these would show indications of the
nature of the medium in which they lived. Through
the kindness of Mr. W. Thorneycroft I have been
able to examine a large number of thin slides of iron-
ore from various parts of the country where the ore
is worked on a commercial scale, and have subjected
these to examination. Itis not to be expected that
all the organic fragments that are seen in the ores
were, when engulfed, free from the ravages of the
micro-organisms that attack organic matter. Some
must have been in a state of decomposition when en-
gulfed, and decomposition implies an organic agent of
decomposition.  Further, it was not unreasonable to
expect to see traces of the micro-organism which was
the agent of decomposition. Among the rocks under
observation a successful result followed the examina-



FORMATION OF GEOLOGICAL STRATA 171

tion of the Frodingham Ironstone, which is a fer-
ruginous, fossiliferous, limestone with distinct oolitic
structure.,

The bulk of this ore is a hydrated peroxide or
limonite, and, according to Kendall (1), not very rich
in iron. The ore is distinctly bedded, and this is
decidedly increased by the occurrence of calcareous
bands which are of a much lighter colour. These
bands, which graduate on both sides into the ore,
_contain numerous fossils, and so does the ore itself,
the same species being found in both. A search in
these fossils revealed the presence, not of iron-bacteria,
but of an iron-secreting thread fungus which has been
described elsewhere in detail (Ellis (9)).

The point to note in the present connection is the
fact that the mould, which has been engaged in the
decomposition of the numerous organic fragments of
this ore, showed a deposit of iron on its membrane,
and it is possible to come to a decision on biological
considerations as to whether or not this deposition
was laid down during the lifetime of the organism.
The reason for this lies in the fact that the deposition
on the membranes of modern iron-bacteria shows
certain characteristics, the nature of which is deter-
mined by the age of the organism and the length of
time that has elapsed since the deposition was laid
down. In the fossil mould Zke deposit of itvon on its
membranes showed the same variation n the nature of
the deposit. This indicates that this fossil mould had
collected the iron on its membrane in precisely the
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same way as do the iron-bacteria to-day. That is to
say, it must have lived in a ferruginous medium, and
the iron in it was collected during its lifetime.

[f the iron on the membrane of this ferruginous
mould had been placed there by subsequent infiltra-
tion, the deposition would have been of a uniform
character on all the threads of the mould. We are
therefore driven to the conclusion that the waters in
which throve the organisms whose fossilised remains
are found in the ironstone were highly ferruginous
—although not so highly ferruginous as to make
organic life impossible—and that the first stage in the
process of fossilisation had resulted in the formation
of a bed that was distinctly ferruginous in character.
There can be little doubt that the bulk of the iron in
this rock was formed as the result of the injections of
molten metal that have subsequently been forced into
it. The point that is emphasised, however, is that the
rock was already ferruginous when this subsequent in-
jection took place, for without this assumption it is
not possible to account for the facts of the case. We
may conjecture from the state of the mould the nature
of the conditions which prevailed at the spot where
the Frodingham Ironstone was laid down. The
water was shallow, boggy, and of a highly ferrugin-
ous and organic nature. Although ferruginous, this
water was not so highly charged with iron as to inhibit
the growth and multiplication of other organisms
which had no attraction for iron. After their death
the remains of the organisms which lived in this water
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sank to the bottom of the shallow water, and the same
bed would also be the resting-place for the remains
of the larger land animals that lived in bogs of this
character. The organic matter in the bed would
undergo decomposition, and amongst the agents of
decomposition is to be included a ferruginous mould,
on the membranes of which is found a coating of iron
of the same character as that found in modern iron-
bacteria.

Sorley (1) advances as an argument in favour of
his general theory—which is not here in dispute—that
numerous living organisms could not have existed in
waters charged with iron to such a degree as is found
in the iron-ores of the Secondary Rocks which contain
fossils.  This argument, if true, would of course
militate against the view that any organic influences
had been brought to bear on the formation of any
iron-ore. But the argument is obviously untenable
because it is not the water in which the organisms
thrive which is fossilised, but the bed on which the
water rests. The water in which the iron-bacteria
live contains, roughly, one part of iron to a million
parts of water, but the bed underneath may contain
iron to the extent of 60 or 70 per cent. It is this bed
which becomes bog iron-ore, and not the water above
it. As explained, the organisms first live in the
water, and then after death sink to the bottom.

The same problem has been attacked from still an-
other angle by Herdsman (1). This investigator has
sought to prove the organic origin of the sedimentary
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ores of iron by drawing attention to the phosphoric
nature of all these rocks. While the phosphorus in
ore is of organic origin, this does not necessarily indicate
an organic origin for the ore itself. It does, however,
constitute a sufficient basis for the prosecution of an
investigation as to the extent to which organisms have
contributed to the formation of ferruginous rocks.
The following observation by Herdsman is worthy
of note because of its bearing on the subject. An
iron-ore placed on a shelf in a coach-house became
coated with the organism Merulius lacrymans—
familiarly known as “dry-rot”. This assumed a red
hue and threw off spores. [ can vouch for the
identity of this species and the red hue mentioned by
the author, as the specimen was sent to me by Mr.
Herdsman for identification. Theassay of the spores,
according to this writer, possessed the same iron
contents as the ore itself. He does not say whether
the quality or the quantity was the same, but it is
biologically a remarkable phenomenon that such in-
tense absorption, out-rivalling the iron-bacteria, of
ferric oxide should have taken place on the part of
this organism. As chemiotactic irritability for certain
specific substances is a common phenomenon among
the lower organisms, there is no reason to doubt the
substantial accuracy of Herdsman'’s observation. This
writer’s position with regard to the origin of the iron-
ores of Swedish Lapland is not apparently accepted
by the majority of other investigators, but there can
be little doubt the line of investigation traversed by
him is one which deserves careful consideration.
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We may now summarise the points in favour of
organisms having influenced the formation of iron-
ore by their activities during life, and by the accumu-
lation of their bodies after death.

1. Molisch has found four bog iron-ores which, either
in parts of, or on the whole of, the surface, or, in the case
of one ore, throughout its substance, contained abund-
ant remains of Gallionella ferruginea and Leptothrix
ochracea, two of the best known of the iron-bacteria.

2. The formation of iron-incrustations on iron-
surfaces exposed to water is indubitably influenced by
the activities of the iron-bacteria.

3. The formation of ferruginous sediments in boggy
places is indubitably partly due to the same organisms,
and the difference between such a sediment and bog
iron-ore is one of degree and not of kind.

4. Schorler has shown that in certain cases in
the formation of iron-incrustations, the causative
organism, namely, Gallionella ferruginea, is present
in abundance in the form of its dead sheaths on the
surface layers, but that these sheaths disappear entirely
a little below the surface,

5. My investigations have shown that one micro-
organism found inside organic fragments from the
Frodingham Ironstone possessed iron on its mem-
branes, so disposed that it was possible to conclude
that this iron was laid down during the lifetime of
the organism. This proves that the waters, the
deposited material of which laid the foundations of
the Frodingham Ironstone, were highly ferruginous.
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6. Herdsman calls attention to the greedy activity
with which Merulius lacrymans absorbs iron.

7. Many iron-ores are highly phosphoric. ~ This
phosphorus must of necessity be organic in origin,
and the possibility that a certain portion of it was
derived from the remains of organisms which pos-
sessed the same physiological attributes as the iron-
bacteria is not altogether excluded.

8. At the present day the iron-bacteria are respon-
sible for the formation of ferruginous sediments which
probably form themselves by slow degrees into iron-
ores. Our present knowledge is still somewhat
meagre, and it is not possible to come to definite
conclusions as to the exact extent to which organisms
have taken part in the building up of ferruginous
ores. Enough has been shown, however, to make
us beware of assuming that in no case have organisms
played any part in the foundation of ferruginous ores.
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Sicily. With 234 Illustrations, a Map, and
o Table of the Railway System of Sicily.
Second Edition, Revised. Cr. Boo. 735 Gd.
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Stxth Edition. Frap. 8ve. 25, nel.

S8tevenson (R. L.). THE LETTERS OF
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'r.r:}t-ed. Second Edilion. Feap. bvo. 75 6d.
met,

JORROCKS'S JAUNTS AND JOLLI-
TIES. [Illustrated. Sixdk Edition. Feap.
8pe. 65, mel.
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Fourth Edition.

EncrisH SEaLs.  J. Harvey Bloom.

Fork-Lore as ax HisToricAL SciENCE.
Sir G, L. Gomme.

Gieps awn CoMmpawies ofF Lowpoow, THE
George Unwin.

HErMITS AND ANCHORITES oF ENGLAND.
TreE. Rotha Mary Clay.

Manor anp MaworialL KEecorps, THE.

MNathaniel J. Hone, Secend Edition.

MepreEvaL Hosritals oF ExcrLaxp, ThHE.
Rotha Mary Clay.

Cll_i} F‘:Nﬂ[.lﬁr InsTRUMENTS oF Music
F. W. Galpin. Second Edition.

OLp EncrisH Linraries. Ernest A. Savage.

Ore SeErvice Books oF THE ExcLisa
CuurcH. Christopher Wordsworth, and
Henry Littlehales. Second Eaifion.

Parist LirE 1N MEDLEVAL ENGLAND.
Cardinal Gasquet. Fowrth Edition.

Pamisn RecisTERS oF ENGLAMD,
J. C. Cox.

Femains oF THE PrEWISTORIC AGE IN
EncrLanp, Sir B. C. A, Windle. Second
Faition.

Tur.

Roman Era v BriTaiw, Tue. J. Ward.

Romano-Brimise BuiLpings awp EarTH-
works. J. Ward.

R%an Forests oF EncrLanp, Tue. J. C.
OX.

ScHools oF MenEvar Ewcrawn, THE
A, F. Leach. Secend Edition.

SuriNEs oF BriTisH Samts. J. C. Wall

The Arden Shakespeare
General Editor—R. H. CASE

Demy 8vo. 6s. net each volume

An edition of Shakespeare in Single Plays; each edited with a full Introduction,
Textual Notes, and a Commentary at the foot of the page

Arc's WeLr TuaT Exps WeLL.

AnToNY AND CLEOPATRA. Third Edition.
Az You Lake IT.
CYMRELINE. Third Edition.

Comeny oF Errors, THE.
HAMLET. Fourth Edriton.

TurLius Cansan. Secomd Edition.
Kixc Hexnry 1v. ProL

King Henry v. Second Edition.
Kineg Heney vi. Pr. 1

Kivc HExry vi. P1. 1L

King Hexry vi. PT. 1L

King Hexgy viil.

K LEaR. Second Edifion.

King RicHARD 11,

Kixg RicHaArD 111, Thivd Edifion.
Lire anp Death oF King Jouwm, THE.
Love's Lanour's Lost. Secoma’ Edifion.

MacerETH. Second Edition.
Measure ror MEASURE.

MercHANT oF VENICE, THE. Fourik Ediiion.
Merry Wives or Winnsor, THE.
MinsyMmMER NIGHT'S DREAM, A.
OTHELLO. Second Edition.
PERICLES.

RoMED AND JULIET. Secomd Edition,
SoNNETS AND A LoveERr's COMPLAINT.
TaMinG oF THE SHREW, THE.
TesmresT, THE. Second Ediiion,
Timon oF ATHENS.

TiTus ANDRONICUS

TroLUs AxD CRESSIDA.

TweLrTH MiGgaT. Third Edition.
Two GENTLEMEN OF VERONA, THE.
VENUS AND ADONIS.

WinteEr's TaLg, THE.
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METHUEN AND COMPANY LIMITED

Classics of Art
Edited by Dr. J. H. W. LAING

H5th numerous Hlustrations,

ArTt orF THE GrEEKS, THE. H. B. Walters.
155. el

Art oF THE Romans, Tue. H. B. Walters.
165, el

Cuarpin. H. E. A. Furst. 155, mef.
Maud Cruttwell. 16s. mef.

FLorENTINE SCULPTORS OF THE RENAISs-
sance. Wilhelm Bode. Translated by
Jessie Haynes. 1g5s. mef.

Arthur B. Chamberlain.

DoNATELLO.

GEORGE RoMMNEY.

155, med.
GHirLANDAIO. Gerald 5. Davies. Second
Editien. 155 el

Wide Royal 8vo

Lawrewce. Sir Walter Armstrong. 255, sel.

MicHELANGELO. Gerald S. Davies. 1zs.
nel.

FarHaEL. A. P. Oppé. 155 med
RemeranpT’s Ertcmines. A. M. Hind.
Two Yolumes, =255 mef.

Rupens. Edward Dillon. 308 mef.
TintoreTTO. Ewelyn March Phillips. 165

Hels
TrTian. Charles Ricketts, 16s mef.

Tuvrner's SkETCHES AND Drawings. A J.
Finberg. Second Edifion. 155 mel.

VELAZQUEZ. A, de Beruete. 155 mef.

The ‘Complete’ Series
Fully lllustrated. Demy Bve

CoMrLETE AMATEUR Boxer, Tue. J. G.
Bohun Lynch. 1o 64, mef.

CoMPLETE AssocIATION Foorparrer, THE.
B. 5. Evers and C. E. Hughes-Davies.
ros. 6al. nel.

CompLETE ATHLETIC TrAINER, THE. 5. A,
Mussabini. 10s 64, mef.

CoMrLETE Brrriarp PLavEr, Tue. Charles

Roberts. 125 6d. mel.
ComrLETE Coox, Tugm, Lilian Whitling.
108, 6. mel.

ComrLETE Crickerer, THE. Albert E.

Knight. Second Edition. 101 6d, nel.
CompLETE FoxHUNTER, TuE. Charles Rich-

ardson. Second Edition. 165 nef.
CoumrLETE GoLFER, THE. Harry Vardon.

Fifteenth Edition, Revised. 125 6d. nel.

ComrrLeTE Hockev-PLAVER, THE. Eustace
E. White. Second Edition. 10s. 6d. mel,

ComrLETE HoRsEman, The. W. Scarth
Dixon. Second Edifion. 128 6d. net.

ComrLETE JuniTsuan, Tue, W. H. Garrud.
104, 6d. nel,

ComprLETE Lawn Tewnwmis Pravem, Tue
A, Wallis Myers. Fourth Edition. 125 64,
nel.

CompLETE MoTorisT, THE. Filson Young
and W. G. Aston. Revied Edifion.
1of. G mel.

ComprLETE MounTainerr, TR G. I
Abraham. Second Editien. 165 nel.

ComrreTE OARSMAN, THE. R. C. Lehmann.

128 G mel.

ComrLETE PHoTOGRAFHER, Tue. R. Child
Bayley. JFifik Edifion, Revised. 125 6d.
nel,

CoMPLETE RuGeY FOOTRALLER, ON THE NEW
ZEALAND S¥vsTEM, Tur. D. Gallaher and
W. J. Stead. Second Edifion. 125 64 nef,

ComprLETE SHoT, ThHe. G. T. Teasdale-
Buckell. Third Editien. 161 net,

CompLETE SwiMMER, THE. F. Sachs. 1or, 64,
nel.

ComprLETE YAcHTSMAN, Tue. B. Heckstall-
Smith and E. du Boulay. Secomd Edifion,
Revised. 164 net,
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The Connoisseur’s Library

HAtE numerous Tllusirations.

Ewxcrisn CoLovrepn Booxs. Martin Hardie.

EwncLisH FurmiTure. F. 5. Robinson.

Second Edifion.

ErcHiNGs. Sir F. Wedmore. Second Edition.

EvrorgaN Enamers. Henry H. Cunyng-
hame.

Fine Booxs. A.W. Pollard.

GrLass. Edward Dillon.

GoLDSMITHS AND SiLveErsMiTHS' WoRk.
Nelson Dawson. Second Ediffon.

Wide Royal Bve.

258, mef cach volume

ILLuMINATED MAanuscriFrs. J. A. HerberL
Secomd Edition.

Ivorigs. Alfred Maskell.

JewerLery. H. Cliford Smith. Second
Edition.

MgezzoTinTts. Cyril Davenport.

MixtatTuregs. Dudley Heath,

PorceLamw. Edward Dillon.

Sears. Walter de Gray Birch.

Woop ScurrTure.  Alfred Maskell

Handbooks of English Church History

Edited by J. H. BURN. Crown 8vo.

55. mel each volume

FounpaTioNs oF THE Excrisu Ciurce, THe. | RErorMaTION PERton, Tue, Henry Gee

J. H. Maude.

Saxon CHurcH AND THE NorMAN CoNQUEST,
Tur. C.T. Cruttwell

StruccLE WITH PuriTArisM, THE. DBruce
Blaxland,

Mepievar Cuurch ANp THE Paracy, THeE | CHUrcH oF ENoLAND 1IN THE EIGHTEENTH

A, C, Jeonings.

Cextuny, The. Alfred Plummer.

Handbooks of Theology
Demy Buo

DocTrINE oF THE IncarwaTion, The. E. L.
Outley. Fifth Edition. 1545 sed,

History oF EArLy CHRISTIAN DoCTRINE, A,
J. F. Bethune-Baker. 155 nef.

InTRODUCTION TO THE HisTory or RELIGION,
An. F. B. Jevons. Sevenih Edifion. 125, 6d.
nel.

InTropUcTION To THE HISTORY OF THE
CreEps, An. A. E. Burn., 125 64, mel.
Privosoruy oF RELIGION IN ENGLAND AND
AmeRrica, THE. Alfred Caldecott. 12s 64.

mel,

KXHIX ArTicLes or THE CHurch oF Enc-
LAND, THe. Edited by E. C, 5. Gibson.
Ninth Edition. 155. nel,

Health Series

Feap, Buvo.
Banv, Tum. Arthur Saunders.
Carg oF THE Booy, Tue. F. Cavanagh.
Care or THE TeEETH, THE. A, T. Pitts.

Eves oF our CHiLomrew, Tue. N. Bishep
Harman.

HearTH ror THE MiDDLE-AGED., Seymour
Taylor. Third Edition.

HearTH orF A Womax, Tue, R. Murmay
Leslie.

Heacts oF Thr SkiN, Tue. George Pernet.

== s 2o s E————

25, bd, net
How to Live Lonc. J. Walter Carr.

PrevenTion or THE Common Corp, ThE.
0. K. Williamson.

Staving THE Pracue. N. Bishop Harman.

Turoar aAxp Ear TrousLes. Macleod
Yearsley. Third Edifion.

TueerRcULosis, Clive Riviere.

HeaLtH oF THE CHitp, Tue 0. Hilton.
Second Edition. 21 nel.
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The ‘Home Life’ Series

Fiustrated. Demy 8vo. 79s. 6d. met {0 125, 6d. net

Home Lire v America. Katherine G. | Home Lirr 1w Itary. Lina Duff Gordon.
Bushey. Second Edition. Third Edition.
Home Lire 18 Caiva. L Taylor Headland. | Homeg Lire 1v Norway. H. K. Daniels.
Home Lire 1w Frawce. Miss PBetham- Second Edition.
Edwards. Sixth Edition. Home LiFe 15 Russia. A. 5. Rappoport.

Home LiFe in GErmany. Mrs A. Sidgwick.
Thivd Edition. Home LiFe v Spamn. 5. L. Bensusan.

Houz Lirk v Horrawn. D. S. Meldram, | Seo#d Hdition.
Second Edition. Bavganw Home Lire Lucy M. J. Garnett.

Leaders of Religion
Edited by H. C. BEECHING. Witk Portrasts

Crown 8vo. 35. nel eack volume

CarpiNaL Newsmaw. R, H. Hutton. Joun Keere, Walter Lock, Sewenth Edition.
Jounw Westev. J. H, Overton. THoMas CHALMERS. Mrs. Oliphant. Second
Edition.

Bisnor WiLneErrorce. G. W. Daniell. Lawceror Anprewes. R.L.Ottley. Second

Carpinal Manning. A. W. Hutton. Secomd Edition.

Edition. AvcusTiNg oF CANTERBURY. E. L. Cutts.
CuarLEs SiMeon. H. C. G. Moule. Wievianm Lavp. W. H. Hutton, Fourik
Ediiron.

Jouw Knox. F. MacCunn., Second Edifion.
Jouw Howe. R. F. Horton.

Trom RANMER, . J- M :
Tuomas Ken, F. A, Clarke, A= B SA Y Auson

GeorGe Fox, THE Quaker. T. Hodgkin. SATIMER: She BL and A, 7. Ghslsih;
Third Edition. Bisnor ButLer. W. A Spooner.

Jouu Doxxe. Augustus Jessop.

The Library of Devotion

With Introductions and (where necessary) Notes

Small Fott 8vo, cloth, 35. net; also some volumes in leather,
35. Od. net eack volume

ConrFEssions oF S5T. AvcusTIHE, THE. | TemrLe, Tue. Second Edition.
Ninth Edition. (35 6d. nell)

ImiTaTION OF CHRIST, THE. Eichth Edifion.

Boox or DevoTions, A. Second Edition.

SErtovs Carr To A DeEvour anp Howy
CHRrISTIAN YEAR, THE. Fifth Edition. Lire, A, Fifith Edition.

Lyra InnocenTiuM, Third Edition. Guipe To ETERMITY, A.
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The Library of Devotion—continued

Inner Wav, Tue., Third Edifion.

On T Love or Gob.

PsaLms oF Davip, THE

Lyra APOSTOLICA.

Sonc oF SonGs, THE.

THoucHTS oF Pascal, THE. Second Edition.

Manvar oF CONSOLATION FROM THE SAINTS
AND FATHERS, A.

DEVOTIONS FROM THE AFPOCRYPHA.
SrirtTUAL CompaT, THE,

Devorions orF St. AnserM, THE.
Bisnor WILSON'S SACRA PRIVATA.

GRACE ABOUNDING TO THE CHIEF OF SIN-
HNEHRS.

Lyea Sacra. A Book of Sacred Verse.
Second Edidion.

Dav Book FROM THE SAINTS AND FATHERS,
A.

Litrie Boox or HeEavewnLy Wispom, A.
A Selection from the English Mystics.

LicuT, Lire, and Love. A Selection from
the German Mystics.

InTrRopuvcTion To THE DeEvour Lire, An,
DEATH AND IMMORTALITY.
SririTuaL Guine, Tug. Third Edition.

Devorions For Every Dav v THE WEEK
AND THE GREAT FESTIVALS.

PreEcES PRIVATAE.

Horae MvsTicae, A Day Book from the
Writings of Mystics of Many Nations.

Little Books on Art

Witk many llustrations.

Demy 16mo.

55, met eack volume

Each volume consists of about 200 pages, and contains from 3o to 40 Illustrations
including a Frontispiece in Photogravure

AvrsrecHt Ditlrer. L. J. Allen.

Arts oF Jaraw, Tue. E, Dillon. Third
Edition.

BookrLaTes. E. Almack.

BorticerLr. Mary L. Bonnor.

Burne-Joxgs. F.de Lisle. Third Edition.

CerLixi. R. H. H. Cust.

CurisTiax Symporiss. Mrs. H. Jenner.
CurisT 18 ArT. Mrs. H. Jenner.

Cravpe. E. Dillon.

CownstapLe, H. W. Tompkins. Second
Edition.

Corot. A. Pollard and E. Birnstingl.

Earry EncrisH Water-Corovr. C. E.
Hughes

Enamers. Mrs. N. Dawson. Second Edifion.
Frepermic LEicuton. A. Corkran.
GrorcE RoMxey. G. Paston.

Greex ArT. H. B. Walters. Fi/tk Edition.
Grruze anp Boucuer. E. F. Pollard,
Hoveein. Mrs. G. Fortescue,

JeweLiLErY., C. Davenport. Secomd Edifion.
Jous Horener. H. P. K. Skipton.

Sk JosHua REeEvnorps. J. Sime. Second
Editiorn.

Mirrer. M. Peacock. Second Edition.
MixiaTures. C. Davenport. Second Edi-
fion.

Our Lapy ix ArT. Mrs. H. Jenner.

FarnagL. A. R. Drvhurst.  Second Ediffon.
Ropiy. Muriel Ciolkowska.

Turner. F. Tyrrell-Gill.

Vanovck. M. G. Smallwood.

VeLazovez, W. Wilberforce and A. E.
Gilbert.

WaTTs. R. E, DI, Sketchley. Second
Edition.
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METHUEN AND COMPANY LIMITED

The Little Guides
With many Illustrations by E. H. NEW and other artists, and from photographs

Semall Poit Boo.

45.

reld zach volume

The main features of these Guides are (1) a handy and charming form; (2)
illustrations from photographs and by well-known artists ; (3) good plans and
maps; (4) an adequate but compact presentation of everything that is interest-
ing in the natural features, history, archaology, and architecture of the town or

district treated.

CampripGE AND 1T8 CoLLEGES. A. H.
Thompson. Feusth Edition, Revised.

CuaxkeL IsLanps, Tux. E. E. Bicknell.
Encrisw Laxes, Tug. F. G. Brabant
IsLe or WiGnT, Tur. G. Clinch.
Lowpon. G, Clinch.

MaLvErn Couwstry, THE. Sir B. C. A.
Windle. Second Edition.

Nort Wares. A. T. Story.

Oxrorp AMD 175 COLLEGES.
lenih Edition.

St. Pavr's CATHEDRAL. G. Clinch.
B. C. A

J. Wells.

SHAKESFEARE'S CounNTrY. Siz
Windle. Fifth Edifion.

SouTH WaLes. G. W.and J. H. Wade.
TemrLr, Tug. H. H. L. Bellot,

WesTMIiNsTER ABBEY. G. E. Troutheck,
Second Edition,

BeprorpsHIRE AND HUNTINGDOMSHIRE.

H. W. Macklin.
Berksuire. F. G. Brabant,

BuckingHAMsHIrE, K. 5. Roscoe. Third
Editten, Revised,

CamBrIDGESHIRE. J. C. Cox.

CHEsHire. W. M. Gallichan.

Cornwarr. A. L. Salmon. Third Edition.

DereysHIRE. J. C. Cox. Second Edition.
Devon, 5. Baring-Gould. Fourth Edition.
DorseT. F. R. Heath. Fifth Edition.
Duruaum. J. E, Hodgkin.

Essex. J. C. Cox. Second Edifion.

GrLoucesTERSHIRE. J. . Cox.
Edition.

HamrsHIRE. J. C. Cox. Third Edition.
HererorpsHIRE, G. W. and J. H. Wade.
Herrrorpsuire. H. W. Tompkins.

Second

Kenr. J. C. Cox. Second Edition, Re-
wrtiden.
EKermny. C. P. Crane. Second Edifion.

LeicesTerSHIRE AND RuTLAND. A. Harvey
and V. B, Crowther-BEeynon.

LimcoLnsmire. J. C. Cox.
MiopLesex. J. B. Firth.
MonmouTHsHIER. G. W. and J. H. Wade,

NorroLk., W. A. Dutt. Fourth Edition,
Revised.

NorTHAMPTONSHIRE. W. Dry. Second

Edition, Revised,
NorTuumeerLAND., J. E. Morris. 1. net.

NorTingeamsHIRE. L. Guilford.

OxrorpsHirs. F. G. Brabant. Secomd
Fdrtton.

SHrorsHIRE., J. E. Auden, Second Edition,

SomerseT. G. W. and J. H. Wade. Fourth
Edition,

STaFrForDsHIRE. . Masefield.  Second
Editron.

Svrrork. W. A. Dutt. Second Edifion.

Surrey. J. C. Cox. Third Edition, Re-
writien.

SussEx. F. G. Brabant. Fifth Edition.

WarwicksHire. J. C. Cox.

Wirrsmire., F. B. Heath. Tkird Edition.

Yorksuire, ThHE East Rining.
Morris.

YorksHire, The Norte Rinmive. J. E
Morris.

YorksHirg, Tue West Rioive. J. E.
Morris. 55 mel.

J. E.

Erirrany., 5 Baring-Gould., Second Edition,
Normawny, C. Scudamore. Second Edifion.
Rome. C. G. Ellaby.

Sicicy, F. H. Jackson.
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The Little Library

With Introduction, Notes, and Photogravure Frontispieces

Small Pott 8ve. Each Volume, cloth, 25. 6d. net; also some volumes
in leather at 3s5. 6d. net

Anon. A LITTLE BOOE OF ENGLISH | Elnglake (A. W.h. EOTHEMN. Second
LYRICS. Secomd Edition. Edition.

Austen (Jane). PRIDE AND PRE]U- Locker (F.). LONDON LYRICS.
DA NGk 55k Marrsl (adeaw THE POENS o

ANDREW MAERVELL.
Bacon (Francls). THE ESSAYS OF John). THE MINOR POEMS OF

LORD BACON. JOHI} MILTON.
Parnett (Annis). A LITTLE BOOK OF | Moir(D. M., MANSIE WAUCH.

ENGLISH PROSE. Third Edition. Nichols (Bowyer R AR
), THE HISTORY | ENGLIS NNETS.
OF THE CALIPH VATHEK. Smith (Horace and James). REJECTED
e (William). SELECTIONS FROM | ADDRESSES.
THE WORKS OF WILLIAM BLAKE. | Sterne (Laurence). A SENTIMENTAL

OURNEY
Browning (Robert).  SELECTIONS | J .
FROM THE EARLY POEMS OF un Alfred, Lord). THE EARLY
ROBERT BROWNING. EHH F ALFRED, LORD TENNY-
Canning (George). SELECTIONS FROM | v MEMORIAM
THE ANTI-JACOBIN : With some later ‘
Poems . v GrorGE CANNING. ':II:%;’RIHCESS.
Cowley (Abraham). THE ESSAYS OF S
), THE POEMS OF
ABRAHAM COWLEY. ﬁlfl-l-ﬂ @AﬁH

Crabbe (Ga SELECTIONS FROM

THE PDEEE lgp GEURGE CRAEBBE. | Waterhouse {Blimblth} A LITTLE
BOOK OF LIFE AND DEATH.
Crashaw THE ENGLISH Taventieth Edition.

POEMS OF RICHARD CRASHAW. Wordsworth (W.). SELECTIONS FROM

Danta Alighierl,. PURGATORY. THE POEMS OF WILLIAM WORDS-

PARADISE. WORTH.

m:rlu (Geor SELECTIONS FROM | Wordsworth {W.}Jnnd Coleridge (8. T.).
POE ﬂF GEORGE DARLEY. LYRICAL BALLADS. Third Edition

The Little Quarto Shakespeare
Edited by W. J. CRAIG. With Introductions and Notes
Pott 16mo. 40 Volumes. Leather, price 15, od. net eack Volume,

Miniature Library
Demy 32mo. Leather, 35, 6d. net each Volume
Evpuranor: A Dialogue on Youth. Edward | Poronius; or, Wise Saws and Modern In-

FitzGerald. stances. Edward FitzGerald,
Tuz RusaivAt oF Omar Kuavvim. Edward FitzGerald., Fifth Edition. Clotk, 15. net.
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Alr avp Heart, Ronald C. Mache. Second
Ldition., 108 64, nel.

Care or THE Bopy, Tue. F. Cavanagh.
Second Edition. 105 64, mel.

CriLorex or THE Nation, THE. The Right
Heon. Sir John Gorst. Second Edifion.

o, G, mel,

Diseases or OccuraTion. Sir Thos. Oliver.
Third Editfon. 155, netf,

DruGs anp THE Deye Hasir, H. Sains-
bury. 1os. 64, ned,

BranMs. Second

Edriion.

J. A Fuller-Maitland,

Fllustrated, Feap. 8ve.

Daxte Auguierl, Paget Toynbee. Fifth

Edition.

GiroLamo Savoxarora. E. L. S. Horsburgh.
Srxih KEdriion,

Jouw Howarp, E, C. 5. Gibson,

Nine
Feap, Svo.

Across THE BorpEr. Beulah Marie Dix.

Hoxevmoon, Tue. A Comedy in Three Acts.

| Arnold Bennett. Third Eairion.

GreaT ApvenTurg, Tee. A Playof Fancy in
Four Acts. Arnold Bennett. Fourdh Edition.

MicesTonrks. Arnold Bennett and Edward
Knoblock. Erghth Edition.

Ipear Hussanp, An. Oscar Wilde, Acting
Edition.

METHUEN AND COMPANY LIMITED

The New Library of Medicine
Edited by C. W. SALEEBY,

Lemy Buvo

Fukctionar Merve Diseases. A, T. Scho.
field. 10s. 64 ner,

HvciEne or Minp, Tue., Sir T. 5. Clouston.
Stxih Edition. 105 64, net.

InFanT MorTALITY. Sir George Newman.
105, 64 nel,

PrevenTion of Tusercurosis (Consump-
TION), THE. Arthur Newsholme. Second
Edition. 135 64 ner.

The New Library of Musie
Edited by ERNEST NEWMAN. Zlustrated. Deny Svo.

10s5. 6d. se!
Hawper. R. A. Steatfeild. Secomd Edition,
Hugo WoLr. Ernest Newman,

Oxford Biographies

Eack volume, cloth, 4s. net ;
alio some in leather, 55, net

Sik WaLTeER RaLeicH. I A. Taylor,
Erasmus. E. F. H. Capey,
CHaTHAM. A. S. McDowall.
Canxing. W. Alison Phillips.

Plays

35. Od. net

Kismer. Edward Knoblock, Third Edi-

fion,

TyrHoow, A F']aE- in Four Acts. Melchior
Lengyel. English Version by Laurence
Ieving, Second Edition.

Ware Case, Tue. George Pleydell,

GeneraL Post. J. E. Harold Terry. Second

Edrtion.
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Sport Series
Tllustrated. Feap. Sve. 25, net

Frving, ALl ApouT. Gertrude Bacon. Govring  Swing, THE. Burnham Hare,
GoLr Do's axp Dont's. *Stancliffe.’ Sizth| Fourth Edition.
Edition. How to Swim. H. K, Austin,

WeresTLinG. P. Longhursi.

The States of Italy

Edited by E. ARMSTRONG and R. LANGTON DOUGLAS
iustrated, Demy 8vo

MILAN UNDER THE Srorza, A History oF. | VErona, A History or. A. M. Allen.
Cecilia M. Ady. 125 Gd. mef. 155, mel

Pervucia, A History or. W. Heywood. 155 mef,

The Westminster Commentaries

General Editor, WALTER LOCK
Demy Bvo

AcTts oF THE ArosTLES, THE. R. B. Fack- ; Isatan. G. W. Wade, 16s sef,
ham. Seventh Edition. 16s. net. Jeremian. By L. E. Binns.

Amos. E. A. Edghill. 8. 6. net. JoB, E. C. S. Gibson. Second Edition.
CorminrHians I, H, L. Goudge. Fourth e, 64, net.

Edition. Bs. 6d. ""”" PastoraL Ermsties, THe. E. F. Brown.
Exopvs. A. H. M'Neile. Second Edition. Bs. 6. mel.

154, net. PuiLiepians, THE. Maurice Jones. 81 6d.
Ezexier. H. A. Redpath. ras 64 met. net,
Gewesis. S. R. Driver. Tenth Edition. | ST. James, R. J. Knowling. Second Edi-
163, met. fiom. Bs. 6d, nel.
Hegprews. E. C. Wickham. 85 64, mei. S7. Marrnew. P. A. Micklem. 155 mef.

The ‘Young’ Series
lllustrated. Crown Bvo

Youn Borawsist, THE. W. P, Westell and | Younc Ewxcinvger, Twe. Hammond Hall

C. 5. Cooper. 05, mel. Thivd Edition. 63 nel.
Youwc CarrENTER, THE. Cyril Hall. 6és | Young NaturarLisT, Tur. W. P. Westell.
HEl. 75 Od med.

Younc Evecrrician, Tae. Hammond Hall | Younc OrniTHoLoGisT, Tne. W. P. Westell.
Second Editfon. 063, mel. 65, mel.
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Methuen’s Cheap Library

Feap. 8vo.

ALL Trings ConsipErep. . K. Chesterton.
Best or Lams, Tug. Edited by E. V. Lucas,
Brur Birp, Tue. Maurice Maeterlinck.
CrarLes Dickens. G. K. Chesterton,

CHARMIDES, AND oTHER PomEMs. Oscar
Wilde,

CurtrAL. The Story of a Minor Siege. Sir
G. 5. Robertson.

Customs or OLp Engrawp, Tum. F. J.
Snell.

D ProFunpis. Oscar Wilde.
Famous Wirs, A Book or. W. Jerrold,

From MiosHIPMAN To FIELD-MARSHAL
Sir Evelyn Wood, F.M., V.C.

HarvesT Home. E. V. Lucas,
Hirs AnD THE SEa. Hilaire Belloc,

HomMe Lire 1N Frawce. M. RBetham-
Edwards.

Ipear Huseanp, An. Oscar Wilde,

ImrorTANCE OF BEING EArnesT, THE,
Oscar Wilde,

IntENTIONS. Oscar Wilde,

Janm AvusTEN A¥D mER Tiums. G. E.
Mitton.

Lapy WinpeErmere's Fan. Oscar Wilde,

LETTERS FROM A SELF-MADE MERCHANT
TO HIS 508, George Horace Lorimer,

Lire or Joun Roskin, Tre. W. G. Colling-
wood,

Lire or Roserr Louis Stevewson, THE.
Graham Balfour.

Lirrie oF EvERVTHING, A. E. V. Lucas.

Lorp ARTHUR SAVILE'S CRIME. Oscar Wilde.

Lore or tue Howev-Bee, Thm. Tickner
Edwardes.

Man anp THE Universe. Sir Oliver Lodge.

Marvy MacpaLENE. Maurice Maeterlinck.

Mirror or THE SEa. ], Conrad.

Mopern ProsrEMs. Sir Oliver Lodge.

25, net

My CriLonoop anp Bovioon. Leo Tolstoy.
My Youru. Leo Tolstoy.
Ovp Country Lirm. S. Baring-Gould.

Owp Time Parson, Tum. P. H. Ditch-
field.

On EvErvTHiNG, Hilaire Belloe
On Noruing. Hilaire Belloc.
On SomerHing. Hilaire Belloc,

Oscar WiLpe: A Critieal Study.
Ransome.

Pickep Company, A. Hilaire Belloc.
REAsoN anD BerLier. Sir Oliver Lodge.
E. L. 5. Francis Watt.

SciENCE FroM AN Easy Cuamr. Sir Ray
Lankester.

SeLECTED Pomms, Oscar Wilde.

SELECTED Prosg. Oscar Wilde.

SuernErn's Lire, A. W. H. Hudson.

SuiLLivg ror My THougHTs, A. G. K.
Chesterton.

Sociar EviLs AND THEIR REMEDY,
Tolstoy.

Some LeTTERs OF R. L. STEVENSON. Selected
by Lloyd Osbourne.

Susstance or Farth, THr. Sir Oliver

Arthur

Leo

Lodge.
SurvivaL or Maw, Tue. Sir Oliver Lodge.
Temwvson. A, C. Benson,
THomas Hewmy Huxicey., P. Chalmers
Mitchell.

Tower or Loxpow, Tue. R. Davey.

Two Apmirars. Admiral John Moresby.

UnpEr Five Reigns. Lady Dorothy Nevill.

VarLima Lerters. Robert Louis Stevenson.

VarieTy Lane. E. V. Lucas.

Vicar or Morwenstow, Tur. S. Baring-
Gould.

Woman orF no ImporTaNcE, A. Oscar
Wilde.

A Selection only.
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Books for Travellers

Crowrn Szo.

Bs. 6d. net cach

Each volume contains a number of Illustrations in Colour

Avon aND SuaxesrEare's CoustrY, THE.
A, G. Bradley. Second Edition,

Bracxk Forest, A Boox or THE. C. E.
Hughes.

Cities or Lomparny, Tue, Edward Hutton.

Cirizs oF RomMaGHA AND THE MARCHES,
Thg. Edward Hutton.

Citmes oF Srain, TrE., Edward Hutton.
Fifth Edition.

Cities or Umpria, THE.
Fifth Edition.

Ecvrr, By THE WATERS oOF.
Third Edition.

FLoRENCE AMD NorRTHERN TUSCANY, WITH
Genoa. Edward Huotton., Third Edition.

Lawp or Parpons, Tue (Brittany).  Anatole

Edward Hutton.

M. Lorimer.

Le Braz. fourth Edition.

Lowpox RevitiTED. E. V. Lucas. Third
Edition.

NarLes. Arthur H. Norway., Fowrth
Edition.

NMarLEE AND SouTHERN ITALy, Edward

Hutton.
MNarLes Rivizra, Tue. H. M. Vaughan.
Second Edition.

New Forepst, Tue. Horace G. Hutchinson.
Fourth Edilien.

Norway anp 1Ts Fjorns. M. A. Wyllie.
Ruine, A Booxk or THE. 5. Baring-Gould.
Rome. Edward Hutton. Third Edition.

Rovnp Apour Wintsmire. A. G. Bradley.
Thivd Edition.

ScotLanp oF To-pay. T.F. Henderson and
Francis Watt, Third Edrition.

SieNA AND SouTHErRN Tuscawv.
Hutton. Second Edition.

SkirTs oF THE GreEatr City, THE.
G, Bell. Secomd Edition.

VenicE AND VENETIA. Edward Hutton.

WainNDERER IN FrLorEncE, A. E. V. Lucas.
Sixih Edition.

WanDERER 1IN HoLrawnp, A.
Sixteenth Edition.

WaspeErer 18 Lowpow, A. E. V. Lucas,
Eiphteenth Edition,

Wanperer 18 Paris, A. E. V. Lucas.
Thiricenth Edition,

WanpErRer 18 Venice, A. E. V. Lucas
Second Edition.

Edward

Mrs.

E. V. Lucas.

Some Books on Art

ArT, ANCIENT AND MzpDievar. M. H.
Bulley. Illustrated. Crewn Spe, 75 64,
sel.

BriTisH Scuoot, TaE. An Anecdotal Guide
to the British Painters and Paintings in the
National Gallery. E. V. Lucas, Illus-
trated. Feap, 8vo. 65 med.

DrecoraTive Iron Work. From the xith
to the xvirith Century. Charles J. floulkes.
IMustrated. Royal gfo. L3, 25 nel.

FRAWCESCO (GUARDI, 1713-1793. G0 A
Simonson.  Illustrated.  JTweperdal  yoo,
£a 25 net.

ILLusTRATIONS oF THE Book orF Josb
William Blake. Qwarfe. L1, 15 nef.

ITALIAN ScULPTORS. W. G. Waters.
trated. Crowsn Bve. 75, Gd, mel.

1lius-

OLp PasTe. A. Beresford Ryley. Illustrated.
Royal 4to. L2, 25 nel.

Owe HunorED MASTERPIECES OF SCULPTURE,.
With an Introduction by G. F. Hill, Illus-
trated. Despy Svo. 128 64, met.

BovaL AcapEMY LECTURES onN PainTING

George Clausen. [Illustrated. Cremwn Bro.
75. 6. el

SamnTs 1w ArT, TuE. Margaret E. Tabor.
Illustrated. Third Edifion. Feap. Bvo.
&r. wri.

Scuoors or Panmivc. Mary Innes.  Illuos-
trated. Secomd Fdition Cr Broe. 78 64l
sel.

Cerric ArT 1N Pagan AND CHRISTIAN TIMES.
J. R. Allen. Illustrated. Second Edition.
Dewpy 8o, 108, 64, nel.
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PARTIII.—A SELECTION OF WORKS OF Fiction

Albanesi (E. Maria) I KNOW A
MAIDEN. Third Fdition. Cr. Boo. 75
nel.

THE GLAD HEART.

Fifth Edtfon. Cr.
Bro. g5 mel.

Aumonier (Stacy). OLGA BARDEL.

. Bve.  7s mel.
Bagot (Richard) THE HOUSE OF
SERRAVALLE., Thkird Edition. Cr.

g, 78 mel.

Bailey (H. C.). THE SEA CAPTAIN.
Third Edition. Cr. 8ve. 75 mei.

THE HIGHWAYMAN. Thkird Edition
Cr. Bvo. g5 el

THE GAMESTERS. Second Edition. Cr.
Svo. 75 mel,

THE YOUNG LOVERS. Second Edition.
Cr. Bovo. 95, mel.

THE PILLAR OF FIRE. Cr, 8vo. 6s.
nel.

Barl.%g-uﬁul
SQUIRE. INustrated,

Cr. Bow. 75 mel,

Barr (Robert).
ALARMS,
mel.

THE COUNTESS TEKLA. Fifth Edition.
Cr. Bro. g1, mel.

THE MUTABLE MANY. Third Edition.
Cr. Bro. 91 nel,

Boghie (Harold). THE CURIOUS AND
DIVERTING ADVENTURES OF SIE
g.ﬂHN SPARROW, BarT.: or, THE

ROGRESS OF AN OPEN MinD. Seromd
Edition. Cr. Bve. =75 nef.

Belloc (H). EMMANUEL BURDEN,
MERCHANT. Illustrated. Second Eali-
tion. Cr. Bvo. 7s. el

Bennett (Arnold) CLAYHANGER.
Trwelfth Edition. Cr, Bvo. 7s. mef.

HILDA LESSWAYS., Eighthk Edition.
Cr. Bve. 75 mek

d (8) THE BROOM-

Fifth  Edition.

IN THE
Thivd Ediiion.

MIDST OF
Cr. 8re. g1

THESE TWAIN.

Bvw. 71, mel,

THE CARD. Fourteenth Edition. Cr. 8ra,
78, Nel,

THE REGENT: A Five Towxs Story oF
ApventTure 1w Lonpos, Firth Edidion.
Cr. 8vo. 5. met.

THE PRICE OF LOVE. Fourth Edition,
Cr. Bro. 95, mef.

BURIED ALIVE. Nintk Edition. Cr.
Bro. 75 mel.

A MAN FROM THE NORTH. Third
Edition. Cr. Bpo, 71, net.

THE MATADOR OF THE FIVE TOWNS,
Second Edition. Cr. Bpo. as., wel,

WHOM GOD HATH JOINED. 4 New
Edition. Cr, 8vo. 75, met.

A GREAT MAN: A Frouw, Seventh
Edition. Cr.Bvo. 75 met.

Fourth Editiom. Cr.

Benson (E. F.). DODO : A Deram o THE

Dav. Seventeenth Edition. Cr. Bro, 7L
nel,
Birmingham (George A.). SPANISH

GOLD. Seventcent
el

THE SEARCH PARTY. Eleventh Edition.
Cr. Bro. 75 mel,

LALAGE'S LOVERS. Thivd Edition, Cr.
Bra. 75, met.

THE ADVENTURES OF DR. WHITTY.
Fourth Edition. Cr. 8vo. 71 net.

GOSSAMER. Fourth Edition. Cr, Bue. 74,
#el.

THE ISLAND MYSTERY. Second Edi-
ffom. Cr. 8ve. 75 mef.

Edition. Cr. Bve, 7s.

Bowen (Marjorie). I WILL MAINTAIN.
Nimth Edition. Cr. Bve, 7. mel.

DEFENDER OF THE FAITH.
Edition. Cr. Bro. 73 mel,

WILLIAM, BY THE GRACE OF GOD.
Secomd Edition. Cr. Bve. 7s. net.

Serenil
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GOD AND THE KING.
Cr. Boe. gs. nel.

PRINCE AND HERETIC. Third Edition,
Cr. Bowe. 775 meld

A KNIGHT OF SPAIN. Third Edition.
Cr. Bro. 235, mel.

THE QUEST OF GLORY. Third Edition.
Cr. Bz, 71, mel.

THE GOVERNOR OF ENGLAND. Third
Edition. Cr. Bvo. 71 net.

THE CARNIVAL OF FLORENCE. Firek
Edifion. Cr. Boo. 95 mef.

MR. WASHINGTON. Third Edition. Cr
Bvo. 75 met,

‘BECAUSE OF THESE THINGS. .. .'
Third Edition. Cr.Bve. 71 net.

THE THIRD ESTATE. Second Edition.
Cr. Bve. 7:i. mel.

KINGS AT ARMS. Cr. 8ve. 75, mef.

Stxth Edition.

Burroughs (Edgar Rice). TARZAN OF
THE AFES., Feap. Bro. as. mef.

THE RETURN OF TARZAN. Feap. tve.

25, Hel

THE BEASTS OF TARZAN. C»r Eza,
G5, mel.

THE SON OF TARZAN. Cr. 8o, 75 net.

Castle | es and Egerton) THE
GOLDEN BARRIER.  Third Edition.
Cr. ve. 75 net.

Conrad (Joseph). ASET OF S1X. Feurik
Edition. Cr. 8vo. 75 ner.

VICTORY : Aw Istawo Tare Fifih
Edition. Cr. Boo. gs mel.

Conyers (Dorothea). SANDY MARRIED.
Fifth Edition. Cr. Bpo. 95 mel.

0[.]:: ANDY. Fourth Edition. Cr. Bvo. 7s.
el

THE BLIGHTING OF BARTRAM. Third
Edifion. Cr. Bve. 7s. nel.

B. E. N. Cr. 8ve. 75 mel,

Corelll (Marie), A ROMANCE OF TWO
WORLDS, Thirty-sixth Edition. Cr. Bvo,
75. 6, nel,

VENDETTA: or, THE STorv oF Ong Fogr-
GOTTEN. Nhirty-fiftk Edition. Cr, 8po.
B med.
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THELMA: A NomweGiaN Princess.
Forty-ninth Edition. Cr. Bve. 7s. nel.

ARDATH: Tue Storv oF A DEAD SELP.
Twenty fourth Edition. Cr. Svo. 7s. 64.
net.

THE SOUL OF LILITH.
Ldition. Cr. Bvo. 75, nel.

WORMWOOD: A Drama oF Pagis.
Twenmiy-secomd Eaition, Cr. Sve. Bs mel.

BARABBAS: A Dream or THER WORLD'S
TrAGERLY., Fiftieth Edition. Cr.Bve. Bs.
ner,

Tuvremtieth

THE SORROWS OF SATAN. Sirty-third
Edition. Cr. Bvo. 33, net.

THE MASTER-CHRISTIAN. Eighteenth
Edition. 184¢k Thousand, Cr.Bpo. 85 6d.
nel,

TEMPORAL POWER: A Stopy I

SuprEmAcY.  Second Editionm. 150tk
FThousand, Cr Bro. 65 net,
GOD'S GOOD MAN: A SimrLe Love

STorY. Twendy-first Edition. 161s¢ Thou-
sand. Cr Bro.  Bs G nel,

HOLY OERDERS: THE TrAGEDY oF a

WET Lire. Fourth Editlen. 140th
Thowsand. Cr. Bve. 81 6d. net,
THE MIGHTY ATOM. Thiriy-seventh

Edition. Cr.B8po. 7s. 6d. nef,

BOY: A Sxercu. Tuwentysirst Edition.

Cr. Bva. 71 64 mel.
CAMEOS. Fiffeenth Edition. Cr. Buo.
G5, met,

THE LIFE EVERLASTING. Nimik Edi-
tion. Cr. Buve. 75 6. nel,

Crockett (8. R.). LOCHINVAR. Illus-
trated. Fik Edition. Cr. Bre. 75 nel.

THE STANDARD BEARER. Second
Edition. Cr. Bro. 75 nef,

Doyle (8ir A. Conan). ROUND THE
EED LAMP. Twelfth Edition. Cwr Bro.
75, Hel.

Dudeney (Mrs. H.), THIS WAY OUT.
Cr. Bve. 715 mef

Fry (B.and C. B.). A MOTHER'S 50N.
Fifth Edition. Crown Bvo, 75 mel.

Harraden (Beatrice) THE GUIDING
THREAD. Second Edition. Cr. B,
75 Hel,
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Hichens (Robert). THE PROPHET OF
RERKELEY SQUARE, Second Edition.
Crowine Boe. 8. Hel.

TONGUES OF CONSCIENWCE. Fourii
Edition. Cr. Boe. 5. net.

FELIX : THREE YEARS 1N A LIFE. Sevenih
Edition. Cr. o, 75 nel.

THE WOMAN WITH THE FAN. Eiglkth
Edition. Cr.8vo. 75 kel

BYEWAYS. Cr. Bve. 78 sgh

THE GARDEN OF ALLAH. Twenly-
sirth Edition, Ilustrated. Cr. Bpo. Bs 64.
el

THE CALL OF THE RLOOD. Niafk
Edition, Cr. Boe. 83 6d. mel.

BARBARY SHEEP. Second Edition. Cr.
Boo. bs mel.

THE DWELLERONTHETHRESHOLD.
Cr. Bue. 74 Hel.

THE WAY OF AMBITION. Fifth Edi.
tion. Cr. Bvo. g5 mel.

IN THE WILDERNESS. Third Edifien.
Cr. Boe. 75 mel.

Hope (Anthony). A CHANGE OF AlIR.
Sixdh Edition. Cr Buve. 75 mel,

A MAN OF MARK. Sevenih Edition.
Bme. 78 mel.

THE CHRONICLES OF COUNT AN-
TOMNIO. Sirthk Edittem. Cr. 800, 75
#et.

PHEOSO. Ilustrated. Ninth Edition. Cr.
Boa, 78 mel.

SIMON DALE. Ilustrated. Minfh Eariion.
Cr. Bpg. 75 nel.

THE KING'S MIREOER.
Cr. Bowo. 75 mel.

QUISANTE. Fourth Edition. Cr. 3v0. 75,
nel.

THE DOLLY DIALOGUES. Cr. Bve.
nel.

TALES OF TWO PEOPLE. Third Edi-

fion. Cr Boo. 78 mel.

O

Fifth Editien.

75

A SERVANT OF THE PUBLIC. Illus-
trated. FMowrdk Ediiton. Cr. Bro. 75 mel.
THE GREAT MISS DRIVER. Fourth

Edition. Cr. 820, 75 2l
MRS, MAXTON PROTESTS. Third Edi-
fion, Cr. Q0o 75 el

AYOUNG MAN'S YEAR. Second Edition.
Cr, Bro. 75, mel,

METHUEN AND COMPANY LIMITED

H?m (C. J. Cuteliffe). MR. HORROCKS,
]

RSER. Fifth Editien Cr. 8w, 75
el
FIREMEN HOT. Faurtk Edifion. Cr
Bod. 745 Rel.

CAPTAIN KETTLE ON THE WAR.-
PATH. Third Edition. Cr. Bvo. 75 mel.

EED HERRINGS. Cr Bmo. 61 mef

Jacobs (W. W.. MANY CARGOES.
Thivip-third Edition. Cr. Boo. 55 2el.
Alse Cr. Bve, 25, 6d. nel.

SEA URCHINS. Niweleenih Edition. Cr.

Bop. &5 mel
Alse Cr. Bro. 25 6d. #el,

A MASTER OF CRAFT. Illustrated.
Eleventh Edition. Cr. Svo. 55 mel

LIGHT FREIGHTS. Illustrated. Fiffeenth
Edition. Cr Bvoe. 55 nels

THE SKIPPER'S WOOING.
Edition. Cr Bpo. . 51. nel.

AT SUNWICH PORT. Illustrated. Eleventh
Edition. Cr. Bro. 58 mel

DIALSTONE LANE. Ilustrated. Eighth
Edition. C». 8vo. 55 mel.

OnD CRAFT. Ilustrated. Fifdk Edifion.
Cr. Bro. 55 #el.

THE LADY OF THE BARGE. Illustrated.
Tenth Edition. Cr» Sve.  os #el.

SALTHAVEN. Illustrated. Fonsith Edition.

Trelith

Cr. 8vo. 55 nel.
SAILORS' KNOTS. [Illustrated. Sivth
Fdigion, Cr. Boo, 55 mel.

SHORT CRUISES.
3ro. 55 Ml

Third Edition. Cr.

King (Basil). THE LIFTED VEIL. Cr

Bowr. 75 mel.

Lethbridge (Sybil C.). ONE WOMAN'S
HERQ. C» 8ve. 75 nel.

London (Jack). WHITE FANG. Ninfh
Edition, Cr.Boo. 75 mel,

THE LODGER.
75, el

Lowndes (Mra. Belloc).
Third Edition. Cr. Boe.

LISTENER'S LURE: An

Lucas (E. V.).
Faelfth Fdifion,

OBLIGUE NARRATION.
Feap. Bve. 6. nel.
OVERE BEMERTON'S: Anw EAsy-GOING
CuroNicLE. Sevenfeenih Edition. Ffeap.

oo, Br mel.
MRE. INGLESIDE.
feap, Bve.  Gr. med.

Thirfeenth Edilion
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LONDON LAVENDER. Twelfdh Edition.
Feap, Bow. 65 nel.

LANDMARKS. Fifth Edition. Cr. Bre
75 mel.
Adse Frap, Bro. 65, nel.

THE VERMILION BOX.

Fifth Edition.
Crw, Boo. 75, mel.

Lyall (Edna). DERRICK VAUGHAWN,
NOVELIST. 44th Thousand. Cr. Spa,
55, mek.

McEenna (Stephen). SONIA: BeETwEEN

Two WorLps., Eigphteenth Editien. Cr.
dze.  Br mel

NINETY-SIX HOURS' LEAVE. Sirtk
Edition. Cr. 8ve. 75, net,

THE SIXTH SENSE,
C» Bow. 6. nel.

MIDAS & SON.

Seventh Edition.
Cr. Boo. B3, mef.

Macnaughtan (8.). PETER AND JANE.
frourth Edition. Cr. Bpo, 75, net.

Malet (Lucag). THE HISTORY OF SIR
RICHARDD CALMADY: A RoMmANCE.
Seventh Edition. Cr. 8vo. 71 nel.

THE WAGES OF SIN. Sixfeentk Edition.
Cr. Brro. 75, met.
THE CARISSIMA.

Boo. 75 mef.

THE GATELESS BARRIER. Fiftk Ed.
tion. Cw 8ma. 75 mel.

DEADHAM HARD. Cr. 8rve

Fifth Edition, Cr.

Mason (A. E. W.). CLEMENTINA.
Hlusctrated. Nrmth Editfon. Cr 8ve. 71,
#el.

Maxwell (W. B.). VIVIEN. Thiricenth
Edition., (v 8ve. 75 mel.

THE GUARDED FLAME.
fion. Cw Boo. g5 seef.
ODD LENGTHS. Second Edition. Cr. Boa.

75. met.
HILL RISE. Fourth Edition. Cr. 8vo. n9s.

mel.

THE REST CURE. Fowurth Ediiion,
Boe. 75 mef,

Seventh Edf.

Cr.

Milne(A. A.). THE DAY'S PLAY. Seventh
LEdition. Cr. 8ve. g5 mel.

THE HOLIDAY ROUND. Second Edition.
Lr. Boe. 75 el

ONCE A WEEK. Cr. 800 75 mef.

Morrizon (Arthur). TALES OF MEA™N
STHEETS. Serenth Edrtion. Cr. Bro. 75,
#nel,

A CHILD OF THE JAGQ. Sivéh Edition.
Cr. Bz, 75 mef,

THE HOLE IN THE WALL. Fourth
Edition. 8ve. 75 nel.

DIVERS VANITIES. Cr. 8vo. gs el
Oppenheim (E. Phillipg). MASTER OF
MEN. /Fifth Editien. Cr. 8po. 75 nel.
THE MISS5ING DELORA. INustrated.

Fowrth Edition. Cr, Bve. 75 nef.
THE DOUELE LIFE OF ME. ALFRED

BURTON. Second Edition. Cr. 8p0. 75
Hel.
A PEOPLE'S MAN,

B 75, med,

ME. GREX OF MONTE CARLO.
Edrtion. Cr. 8vo. 74, nel.

THE VANISHED MESSENGER. Second
Edition. Cwr, Svo. 75 nef.
THE HILLMAN. Cr 8zo0. 71 mel.

Oxenham (Johm). A WEAVER OF
WEBS, Ilustrated. Fik Eaition. Cr.
B, 7s. mef.

PROFIT AND LOSS. Siveth Edition.
Cr. Bve. 75 nel

THE SONG OF HYACINTH, anvp OrTHER

Third Edition. Cr.

Third

STORIES. Necond Fdition. Cr. Bvo. 9s.
el
MY LADY OF SHADOWS, Fonrth

Edition. Cr. Bro. 75 mel.
LAURISTONS. Fousth Edition. Cr. 8Bvo.

5. nel.
THE COIL OF CAERNE.
Cr. Boo. 73, ael.
THE QUEST OF THE GOLDEN-ROSE.
Fourth Edition. Cr. 8vo. 75, mef.
MARY ALL-ALONE. Third Edition. Cr.
B, 7. mel.
BROKEN SHACKLES.
Cr. Boo, 75 mel.
1914 ¢ Thivd Edidion. Cr. 8pe. 75 nef.
Parker (8ir Gilbert). PIERRE AND

Siv & Edition,

Fourth Editien,

HI5 PEOPLE. Seventh ELdition. Cr
Bpo, 5. med.

MRES5. FALCHION. Fiftk Edition. Cr.
Bore. o8 mel.

THE TRANSLATION OF A SAVAGE.

Fowrith Edition. Cr. 8vo. 75 nel.
THE TRAIL OF THE SWORD. [llus-
trated. Temth Edilion. Cr. 8o, 75 mel.

WHENVALMONDCAME TO PONTIAC:
TuE SToRYOF A LosT NAroLron. Nevesadh
Edition. COr. Bro. g5 nel.
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AN ADVENTURER OF THE NORTH:
Tueg lL.asT ApvEnTURES oOF °‘PRETTY
Pizrre.' Fiftk Edition. Cr.Bve. 75 nel

THE SEATS OF THE MIGHTY. Illus.
trated. Twemdieth Edifion. Cr 8ve. 7a

net,

THE BATTLE OF THE STRONG: A
Romance oF Two Kincooms. Illustrated.
Seventh Edition. Cr. Bra. 75 mel.

THE POMP OF THE LAVILETTES.
Third BEdition, Cr. Bve. 74, Rel,

NORTHERN LIGHTS. Fourth Edition.
Cr. Bre. 75 mel.

Perrin (Alice). THE CHARM. Fi#k
Edition. Cr. Bve. 75 net.

Fh tts (Eden). CHILDEEN OF THE
MI15T. Sixik Editfon. Cr. Brve. 78 nei.

THE HUMAN BOY. With a Frontispiece.
Seventh Edition. Cr. Bzve. 71 nel.

SONS OF THE MORNING. Second Edi.

tiom. Cr. Boo. 75 mel.
THE RIVER. FSowrth Ediiron. Cr. Boo.
74, med.

THE AMERICAN PRISONER. Foewrth
Edition. Cr. Bre. 75 mel.

DEMETER'S DAUGHTER. Third Edi-
tiom. Cr. Bvo. 75 mel.

THE HUMAN BOY AND THE WAR.
Tkhird Editien. Cr. Bve. 75 nel,

Plekthall (Marmaduke) SAID, THE
FISHERMAN. Tenth Edition. Cr. Bve.

78 nel.

Ri (W. Patth, A 50N OF THE
g‘l‘q:i‘IE Third Edition. Cr. Bve. 71
nel.

THE REMINGTON SENTENCE. Third
Edition. Cr. 8ve. 75 nel.

MADAME PRINCE. Second Edition.
B, g8 meel.

TOP SPEED. Second Editien. Cr. Boe.
78, el

Cr.

SPECIAL PERFORMANCES. Cr. Boo
G6s. net,

THE BUSTLING HOURS. Cr. Bpo. 7.
nél.

Rohmer (8ax). THE DEVIL DOCTOR.
Third Edition. Cr. Bve, 75 net,

THE 51-FAN MYSTERIES. Second Edi-
from, Cr.Bpo. 745 mel.

THE ORCHARD OF TEARS.
b5, mel.

TALES OF SECRET EGYPT. Cr. Boe.
Gs. mel.

Cr. fpo.

METHUEN AND COMPANY LIMITED

S8winnerton(F.). SHOPS AND HOUSES.
Third Edition. Cr. Bve. 75 nel.

THE HAPPY FAMILY. Cr. 8za. 75 snel.
ON THE S3TAIRCASE. Cr. 8mo. g5 mel.

Wells (H. G.). BEALBY. FiAk Edition.
Cr. Boo. 75 mel,

Weyman (Stanley). UNDEE THE RED
BOBE. Illustrated. Thirireth Edition.
Cr. Boo, Gs. nef,

Williamson (C. N. and A. M.). THE
LIGHTNING CONDUCTOR: Tue
STRANGE ADVENTURES oF A MoTor Cak
Ilustrated. Tuwwniy-second Edition. Cr.
Beo. 71 mel.

THE PRINCESS PASSES: A RoMANCE
oF A MoTor. [llustrated. Nemih Ediiion.
Cr. 8oe. 75 met.

LADY BETTY ACROSS THE WATER.,
Nineteenth Edition. Cr. Bvo. 75 net.

THE CAR OF DESTINY. Illustrated.
Seventh Edition. Cr. Bve. 71 nel.

SCARLET RUNNER. Illustrated. Fousrth
Edition. Cr. Bve. 5. naf.

LORD LOVELAND DISCOVERS
AMERICA. Illustrated. Second Edition.
Cr. Bve. g1, mef.

THE GOLDEN SILENCE. Illustrated.
Eighth Editien. Cr. Bro. 75 net.

THE GUESTS OF HERCULES. [Illus-
trated. Fourth Edifion. Cr. Bve. s mel.

THE HEATHER MOON. [Illustrated.
Fiﬂk E‘!‘-ﬁ‘ﬂﬂ l‘:"'r WE ?J'r h‘-ff-

IT HAFPPENED IN EGYPT. Illustrated.
Seventh Edition. Cr. 8ve. 71 mel.

A SOLDIER OF THE LEGION. Secomd
Editien. Cr. Bvo. 71 mel.

THE SHOP GIRL. Cr Bro. 75 mel.

THE LIGHTNING CONDUCTRESS.
Third Edition. Cr. Boe. 7. net

SECRET HISTORY. Cr. Boo. 975 mel.

THE LOVE PIRATE. Illustrated. Ihird
Edition. Cr.8vo. 75, mek,
Ailseo Cr. 8o, 35 6. nel,

THE COWBOY COUNTESS. Cr Boe.
38. Od. mel.

LORD JOHN IN NEW YORK. Cr. 8ra.
35, Od. mef.

CRUCIFIX CORNER. Cr Bro. Gr. mef.

Wilson (Romer). MARTIN SCHULER.

Cr. Bve. 73, mel,
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Books for Boys and Girls

Lllustrated, Crown 8veo.

GerTivng WeLL or Dorotay, The. Mrs.
W. K. Clifford.

Girl. oF THE Prorrr, A, L. T. Meade,
HonovrABLE Miss, Tue. L. T. Meade.

MasTER RoCKAFELLAR'S Vovace. W. Clark
Russell.

Bi. mel

OnLy & Guarp-Room Dos.  Edith E.

Cuthell.

Fen Grance, Tue. Mrs. Moleswarth.

THERE WAS ONCE A PRINCE.

Mary E.
Mann.

Methuen’s Cheap Novels

Feap. Bovo.

ApverTUrEs oF Dr. WhiTTY, THE. George
A, Birmingham.

Ancro-Inprans, Tug. Alice Perrin,

ANNA oF THE Five Towns. Arncld Bennett.

AnTHONY CuTHeerT. Richard Bagot.

Ais THE SIGN OF THE JAck 0 LANTERN.
Myrtle Feed.

Bapes 184 THE Woopn. B. M. Croker.
Bap Times, TuE. George A. Birmingham.
Barniry SHEEPF. Robert Hichens.

Becauvse oF Tuese THings . . .
Bowen.

BeLoveD Exemy, Tue. E. Maria Albanesi.

Boror Cuareron, Tee. C. N. and A. M.
Williamson.

EBov. Marie Corelli.

BrRANDED PrincE, TuE. Weatherby Chesney,
BrOKEN SHACKLES. John Oxenham,
Broos Squirg, THE. 5. Baring-Gould,
Buriep Avive. Arnold BEennett.

Evewavs. FRobert Hichens.

CarL oF THE BLoop, Tue. Robert Hichens.
Cameos. Marie Corelli.

Carp, THe. Arncld Bennett.

CHancE. Joseph Conrad.

CHANGE 18 THE CamineTr, A, Hilaire Belloc.

CHINK I1¥ THE ARMOUR, THR. Mrs. Belloc
Lowndes,

Curis oF ALL SomTs. 5. Baring-Gould.

CHrowicLES OF A GErMAnN Town. The
Author of ' Marcia in Germany.'

Marjorie

25, nel.

CoiL oF Carne, Tue. John Oxenham.
CowverT, Tue. Elizabeth Robins.
CounsEL oF PerrFecTion, A, Lucas Malet.
Crookep Way, Tue. William Le Queux.

Dan Russer THE Fox. E. (E. Somerville
and Martin Foss.

DarneELEY Prace. Richard Bagot,

Deap Men TeELL Mo TarLes. E. W. Hor-
nung.

Deuox, Tee. C. N. and A. M. Williamson.
DemeTEr's DAucHTER. Eden Phillpotts.
DesgrT TraiL, THE. Dane Coolidge.
DeviL Doctor, THE. Sax Rohmer.
Devoren Srarkes, W. Petr Ridge.

Dovere Lire or Mr. ALFrEp BurTon,
THE. E. Phillips Oppenheim.

Duke's Motrto, Tur. J. H. M'Carthy.
Emmanvier Burpen. Hilaire Belloc,

Exp or Her Howevmoon, THe. DMrs.
Belloc Lowndes.

FamiLy, Tue. Elinor Mordaunt.

Fire v StuseLe. Baroness Orery.
FiemEn Hot. C. J. Cutcliffe Hyne
Frower oFr THE Dusk. Myrtle Reed.
(aTE oF THE DESERT, THE. John Oxenham.
Gates oF Wratn, Tur. Arncld Bennett.

GENTLEMAN ADpveEnTUrEr, The. H. C.
Bailey.

Grap Heart, Tue. E, Maria Albanesi.

GoLoey Barrier, THE. Agoes and Egerton
Castle,

GoLpex CENTIFEDE, THE. Louise Gerard.
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Methuen’s Cheap Novels—continued

GoLpEN SILENCE, ThE. C. N. and A. M.

Williamsan.
Gossamer. George A. Birmingham.
Governor oF EncLaxp, THE,
Bowen.

GrEAT Man, A. Armocld Bennett.

GrEAT SKENE MystERY, THE
Capes.

Guarpep Frame, Tug. W. B. Maxwell,

Guining Tureap, Tug, Beatrice Harraden,

Havro, Tue. Baroness von Hutten.

Harey HusTivg Grounp, ThHe.  Alice
Perrin.

Harry VaLLey, Tue. B. M. Croker.

HearT oF H15 HEarr, E. Maria Albanesi.

Hearr oF THE Ancient Woop, THE
Charles G. ID. Roberts.

HeaTner Moow, T, C. N. and A. M.
Williamson.

HeriTacE or PeriL, A, A. W. Marchmont.

Hicuwayman, Tue. H. C. Bailey.

HiLrman, Tux. E. Phillips Oppenbeim,

Hivn Bass. W. B. Maxwell.

His Iscanp Priscess. W. Clark Russell,

House ofF SeErRavallg, Tuge. Richard
Bagot.

Hviena oF Karwy, Tue, Louise Gerard.

Jack's Faruer. W. E. Nois.

Jame. Marie Corelli.

Jonanna., B. M. Croker.

Josern. Frank Danby.

Josuua Davibson, CoMMUNIST
Linton.

Kinsman, THE.
Kroor Bripe, THE.
KuiguT oF Sean, A. Marjorie Bowen.

Lapy BeETTY AcrOsS THE Warer. C. N.
and A. M. Williamson.

Lataces LoveErs. George A. Birmingham.

LanTErn Bearers, THE. Mrs. Alfred Sidg-
wick.

LavrisTons. John Oxenham.

LavespEr AND Orp Lace. Myrtle Reed.
Licur Freicurs. W. W. Jacobs.
Loocer, TuE., DMrs. Belloc Lowndes.
Lowng Foap, Tue. John Oxenham.

Marjorie

Bernard

E. Lynn

Mrs. Alfred Sidgwick.
Ernest Glanville.

Love Pirate, Tus. C. N. and A. M.

Willlamson.
Magry Arp-Avoxg.  John Oxenbam.
MasTER oF THE VINEvARD., Myrtle Reed.
MasTER's VioLik, THE. Myrtle Reed.
Max Carrapos. Ernest Bramah.
Mavor oFr Trov, Tue. ‘.
Megss Deck, ThHe. 'W. F. Shannon.
MicaTy Atom, THE. Marie Corelli.
Mirace. E. Temple Thurston.

Missing DELora, THE. E. Phillips Oppen-
heim.

Mr. GrEx oF MowTE CarLo. E. Phillips
O ppenheim.,

Mr. WasningTon. Marjorie Bowen.

Mgrs. Maxow ProTEsTts. Anthony Hope,

Mrs. PErer Howarp, Mary E. Mann.

My IDIdanisH SWEETHEART. W. Clark
Fauszsell.

Mv Frigwp THE CHAUFFEUR. C. N. and
A. M. Williamson.

My Huspanp axp I. Leo Tolstoy.

My Lany oF Swapows. John Oxenham.

MysTERY oF Dr. Fu-Marnchu, THE. Sax
Rohmer,

MysTERY oF THE GREEN
Max Pemberton.

MvsTeERY OF THE MopoaT, THE.
Sergeant.

Nimne Davs! Wonner, A. B. M. Croker.
Nimg To Six-TuHirTv. W. Pett Ridge.
Ocear SceurH, THE. Maurice Drake.

Heart, THE.

Adeline

OLp Rosg axp Sinver. Myrtle Recd.

FPatHs oF THE Prupewt, ThHE. J. 5
Fletcher.

Paruway or THE Proxeer, Tue. Dolf
Wyllarde.

Peccy oF THE BarTons. B. M. Croker.

PeorLe's Man, A. E. Phillips Oppenheim.
Perenr anNp Jane. S. Macnaughtan.
Quest oF Grory, THE

(JuesT oF THE GoLoeEn Fosg, Tue. Jobn
Oxenbam.

EecenT, THE. Arnold Bennett.

REMINGTON SENTENCE, THE
Fidge.

Marjorie Bowen.

W. Pett




FiCcTION

Methuen’s Cheap Novels—continued

W. B. Maxwell.
Edgar Rice Bur-

Rest Curg, THE.

Rerurn o Tarzax, THE.
roughs.

RovxptHe REp Lamp. Sir A. Conan Doyle.

FovaL Georcie. 5. Baring-Gould.

Salp, THE FISHERMAN.
thall.

SALLY-

Sawving of a Derevicr, THE.
Dirake.

Sanny Marrien. Dorothea Conyers.

Sea Caprain, Tue. H. C. Bailey.

Sea Lapy, Tue., H. G. Wells.

SparcH PArTY, THE. George A. Birmingham.
SecrET AceEsT, THE. Joseph Conrad.
Secerer History. C. M. and A. M. William-

S011.
SecRET Woman, THE. Eden Phillpotts.

Sgprow Siwver. C. M. and A, M. William-
SO

SEVASTOPOL, AND OTHER STORIES.
Tolstoy.
Severins, Tur. Mrs. Alfred Sidgwick.
Suort Crulses. W. W. Jacobs,
Si-Fan MysTERIES, THE. 3ax Eohmer.
SpamisH Gorp. George A, Birmingham.
SPINKER 1N THE Sun, A, Myrile Heed.
STaTE SECRET, A. B. M. Croker.
STREET CALLED STrAIGHT, THE.
King.
SurrEME CriME, THE. Dorothea Gerard.
TaLes oF MEA STREETS., Arthur Morrison,

Tarzaw oF THE Ares. Edgar Rice Bur-
roughs.

Dorothea Conyers.
Maurice

Leo

Basil

Marmaduke Pick- |

TExEsSA OF WATLING STrEET. Arncld

Bennett.
ThERE was A CrookED Man, Dolf Wyllarde,
Two Marys, Tre. Mrs Oliphant.
Two Wonen, MMax Pemberton.
Tyraxt, Tue. Wrs. Henry de la Pasture.
| Unper THE REp Rose. Stanley J. Weyman.
Uwnper WeEsTERN Eves. Joseph Conrad,
Unorricial. Hoxgvuoon, THE Diolf
Wyllarde.

VaLLEy oF THE Sxapow, The. William
Le Queux.

Vexcrance 15 Mixg. Andrew Balfour.
Vircixia Perrect. Pepgy Welbling.
WaLLET oF Ka1 Lusc. Ernest Bramah,
Ware Casg, Tue. George Pleydell.

Wan Wepmng, Tee. C. M. and A, M.
Williamson,

Wav Home, Tee. Basil King.

Wav orF TursE Women, THE.
Oppenheim.

WeavEr oF Dreams, A. Myrile Reed.

Weavier oF WEss, A, John Oxenham.

Wepmine Day, The. C. N. and A. M.
Williamson.

WiiTe Fanc. Jack London.

Wi Ouve, Tue. Basil King.

Woman wiTH THE Fan, THE.

| Hichens.

| WO Maurice Drake.

WonpeEr oF Love, Tug. E. Maria Albanesi.

YeiLow Craw, Tur. Sax Rohmer.

YeELLow Diamonp, THE. Adeline Sergeant.

E. Phillips

Robert

Methuen’s One and Threepenny Novels

Feap. Swvo.
By Stroke oF Sworp. Andrew Balfour.
Hovse or Wwaisrers, ThHE. Willam Le

(Juesux,
[nca's Treasurg, THE. E. Glanville.

KATHERINE THE ARrOGANT. Mrs. B. M.
Croker.

15, 3d. mei

MoTHeR's Sow, A. B. and C. B. Fry.

Pomr oF THE LaviLETTEs, TuE. Sir Gilbert
Parker.

ProriT avo Loss. John Oxenham.
Eep Derevier, Tue. Bertram Mitford,

FRINTED BY MOKRISON AND GIBB LTD., EUVINBUVRGH



THE POETICAL WORKS OF

RUDYARD KIPLING

Barrack-Room Ballads 197th Thousand
The Seven Seas 1520d Thousand
The Five Nations 120th Thousand
Departmental Ditties 94th Thousand
The Years Between
In Buckram. Crown 8vo. 78. 6d. net each volume
In Cloth. Feap. 8vo. 68. 0d. net each volume
In Leather. Do. 78, 6d. net each volume

In Cloth, Service Edition. Square Feap. 8vo.
Each work in 2 vols. (ten in all) 38. Od. net each volume.

Twenty Poems from Rudyard Kipling
15. net. 350th Thousand.

A selection by Mr. Kipling from his volumes of verse, and
in addition three poems which have never been published
before in book form.

CHARMING ILLUMINATED EDITIONS
OF

RUDYARD KIPLING'S SPLENDID POEMS
Recessional
Hymn before Action

In special envelopes. 18, 6d. net each

METHUEN & CO. LTD.
36 ESSEX STREET, LONDON, W.C.2
















