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EREHAGE.

TuE absence of any text-book in the English language
treating at all fully of the Physiology of Plants, so as
to meet the requirements of advanced students, sug-
gested to me, at an early stage in my career as a
teacher of the subject, that I should publish my own
lecture-notes just sufficiently expanded to make them
readable. Of this suggestion, this volume is the out-
come. The work of preparation began in 1877, but,
on account of the pressure of other duties, it was not
until 1882 that it had proceeded far enough to warrant
going to press. I hoped at that time to have com-
pleted the Lectures within a twelvemonth at longest,
but failing health and increasing demands upon my
time have extended the period to four years. In con-
sequence of this delay, it will be found that in the
earlier Lectures the most recent researches have not
been noticed. There will, I hope, be an opportunity
to remedy this defect in a subsequent edition.

There is one point to which I would especially
draw the attention of the reader, namely, to the use of
the terms ““dorsal” and “ventral” in speaking of the
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2 LECTURE L

on account of its universal presence in living organisms, it
has been described as the physical basis of life. It usually
occurs, as in these cases, in the form of minute individualised
masses, each such mass being termed a ¢/l The membrane
which surrounds the protoplasm of the larger zoospores is
the cell-wall, and it.may be shewn by appropriate tests that
it consists-of a substance known as celfulose : an investing
membrane of this kind is present in the great majority of
plant-cells, its presence is, in fact, the general rule, but it is
not absolutely essential. The essential part of a living cell is
its protoplasm, the cell-wall being a secondary formation, a
product of the vital activity of the protoplasm. This relation
between protoplasm and cell-wall can be well made out by
observing the subsequent changes which these zoospores
undergo. After moving actively for a time they come to
rest, lose their cilia, acquire a spherical form, and the proto-
plasm surrounds itself with a firm cellulose membrane,
each such non-motile cell constituting a Haematococcus plant
(Fig. 1. B). After a time, if the external conditions are
favourable, the protoplasm divides into a larger or smaller
number of segments, the cell-wall is ruptured, and the seg-
‘ments of protoplasm are set free as actively moving ciliated
cells (zoospores), destitute of a cell-wall, that is, as primordial
cells. It is during their motile period that the larger zoospores
clothe themselves with a cell-wall as described above.

In considering the life-history of Hamatococcus we ob-
serve that it maintains itself, that it reproduces its kind, and
that at one period of its life it is endowed with the power
of active motion; phenomena which necessarily imply that
‘the organism 's constantly obtaining supplies of matter and
of energy from without. The organism exhibits these phe-
nomena, or rather it performs certain functions of which the
phenomena are the outward and visible sign, in virtue of
certain fundamental properties with which its protoplasm is
endowed, properties which are possessed likewise, some in a
higher some in a lower degree, by the protoplasm of all living
plant-cells. It is necessary therefore, in commencing the
study of the Physiology of Plants, the study, that is, of their
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functions, to ascertain what are the fundamental properties
of their protoplasm.

An acquaintance with the fundamental properties of
protoplasm in virtue of which the processes of nutrition are
effected may be perhaps most readily acquired by making a
series of observations upon some small simple plant which
can be obtained in quantity and of which the structure is
known. The Yeast-plant (Saccharomyces Cerevisie) may be
conveniently taken for this purpose. A drop of yeast placed
under the microscope will be found to contain a great number
of minute, more or less oval cells (Fig. 2, @), to the presence

FiG. 2. a, A Yeast-cell: 4, a Yeast-cell budding.

of which the turbidity of the liquid is due. In its structure
a yeast-cell resembles a resting Hamatococcus-cell, but the
yeast-cell is much smaller and is uncoloured. If now a drop
of yeast be added to a quantity of a liquid known as Pasteur's
solution, which consists of distilled water holding a small
percentage of certain inorganic salts and a larger percentage
of certain organic substances in solution, it will be found
that the Pasteur’s solution, which is clear at first, becomes
turbid, if allowed to stand for a few hours in a warm place.
A drop of it examined under the microscope will be seen to
contain a great number of yeast-cells, and it will also be
seen that the cells are actively multiplying by the formation
of small outgrowths (Fig. 2, &), which gradually enlarge until
they attain nearly to the size of the parent-cell, when they
become detached and constitute new individuals. It is
evident that an enormous multiplication of the yeast-cells
originally introduced into the Pasteur’s solution has taken
place, and this necessarily implies that a considerable quantity
of protoplasm and of cell-wall has been formed. If, in a

I—2



4 LECTURE 1.

second experiment, a drop of yeast be added to a quantity
of pure distilled water, the liquid will not become turbid,
that is, there will be no indication of any increase in the
number of yeast-cells present; and not only so, but it will
be found, after a time, that their protoplasmic contents have
perceptibly diminished, so that an actual loss of substance
has taken place.

The inferences to be drawn from the observations are
(1) that the substances contained in the Pasteur’s solution
are of such a nature as to supply the yeast-cells with the
materials necessary for the formation of protoplasm and of
cell-wall, that is, to serve as food to the plant; (2) that the
yeast-cell is capable of absorbing these substances and of
elaborating from them protoplasm and cell-wall, and that
it does so to such an extent as not only to provide for its
own maintenance but also for the formation of new yeast-
cells ; and (3) that there are processes going on in the yeast-
cell which tend to diminish its substance.

The protoplasm of the yeast-cell, and this is true of every
living organism, is the seat of active chemical processes which
are inseparably associated with the vital activity of the
protoplasm. These collectively may be termed the mefa-
bolisin of the organism. We may conveniently distinguish
-as constructively metabolic those processes which tend to form
more and more complex compounds in the organism, and as
destructively metabolic those processes which tend to break
down the complex compounds with the formation of others
of simpler composition. Some of the products of destructive
metabolism are such that they cannot enter into the construc-
tive metabolism of the organism; they are accordingly thrown
off, and so, just as constructive metabolism is connected with -
the absorption of comparatively simple chemical compounds
which constitute the food of the organism, destructive metabo-
lism is connected with the elimination of comparatively simple
chemical compounds which are the excreta of the organism.

The accumulation and dissipation of matter arc not,
however, the only results of the metabolic activity of the
protoplasm of the yeast-cell. Ifa drop of yeast be dried and
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the solid residue burned, a small but definite amount of heat
will be evolved. But if a similar drop of yeast be added to
a quantity of Pasteur's solution, and after having been left
for some time, the turbid liquid be evaporated to dryness
and the solid residue of yeast-cells burned, the amount of
heat evolved will be considerable. In virtue of their con-
structive metabolic activity the cells contained in the drop
of yeast added to the Pasteur’s solution have formed a number
of new cells, or, in other words, a considerable quantity of
protoplasm and of cell-wall, and in the process of building
up the complex chemical molecules of the substances which
constitute protoplasm and of cellulose a considerable amount
of energy has been accumulated. The heat given off when
the dried yeast is burned is due simply to the conversion
of this accumulated energy from the pofential into the Einetic
condition. The processes of destructive metabolism, on the
other hand, involving as they do the breaking-up of complex
chemical molecules into others of simpler composition, are
accompanied by a conversion of potential into kinetic energy.
That this is the case can be readily ascertained by comparing
the temperature of a large quantity of Pasteur’s solution in
which the yeast is actively growing with that of the sur-
rounding air; it will be found that the former is several
degrees higher than the latter.

The results of the constructive metabolism of the yeast-
cell are then an accumulation of organic matter and of
energy, the results of its destructive metabolism are a dimi-
nution of organic matter and a dissipation of energy. Inas-
much as in the experiment before us we have found that
a large quantity of yeast is formed from a small quantity,
we learn that the constructive metabolism of the yeast-cell
considerably exceeds its destructive metabolism, the weight
of the dried yeast at the end of the experiment and the amount
of heat given off when it is burned being the measure of the
excess,

We are now in a position to make some definite statements
as to the fundamental properties with which the protoplasm
of the Yeast-plant is endowed :
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[. it is absorptive, in that it is capable of taking up into
‘tself the substances which constitute its food :

5. it is metabolic, in that it is capable of building up from
the relatively simple chemical molecules of its food the com-
plex chemical molecules of the organic substances present
in the cell; and in that it is capable of decomposing the
complex molecules of these substances into others of simpler
composition :

3. it is ewcretory, in that it gives off certain of the pro-
ducts of its destructive metabolism :

i Witlis reproductive, 1n that portions of it can become
separate from the remainder and lead an independent ex-
istence as distinct individuals.

These are, however, by no means all the fundamental
properties with which the protoplasm of plants may be
endowed. The observation of the zoospores of Hematococcus
naturally suggests that their motility is due to some peculiar
property possessed by their protoplasm, and this is in fact
the case. When a zoospore is actively moving, its pointed
hyaline end bearing the cilia is directed forwards, and at the
same time the cell revolves round its long axis, so that, it
advances in a screw-like manner. The movement is entirely
due to the cilia. So long as the organism is in motion, the
cilia are vibrating so rapidly that it is difficult to see them.
The lashing movement of the cilium is probably effected by
the alternate rapid shortening of cach longitudinal half. To
this rapid shortening the term contraction has been applied,
and the body exhibiting it is said to be contractile. Since
the cilia are merely specialised portions of it, we may at-
tribute to the protoplasm of these cells the fundamental
property of contractility. It is obvious that the movements
of the zoospores involve the performance of a certain amount
of work ; the necessary energy is obtained from the destruc-
tive metabolism going on in the organism, which, as we have
seen, is necessarily accompanied by a conversion of potential
into kinetic energy.

Further, it appears that the movements of the cilia origi-
nate independently of any external conditions which might
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act as exciting causes or s#zmuli : this being so, it must be
concluded that the movements are the result of exciting
causes existing within the organism itself, and therefore the
protoplasm is to be regarded as being awifomatic, that is, as
giving rise to the internal stimuli which cause the contraction
of the cilia.

Although there is no reason to believe that stimuli acting
from without cause the movement of the zoospores, yet there
is evidence to shew that they may modify it. It has been
found by various observers that the movement of the zoo-
spores is affected by light: when exposed to light, the
zoospores arrange themselves so that their long axes are
parallel to the incident ray, and they move either towards
or away from the source of light according to circumstances.
It is evident, therefore, that the protoplasm is sensitive to the
action of this stimulus, and it will be shewn hereafter that
other external stimuli may also affect the protoplasm of the
cells of plants, This sensitiveness to the action of external
stimuli may be expressed in a general form by attributing
to the protoplasm the fundamental property of trritability.

The protoplasm of the zoospore of Haematococcus is en-
dowed, then, with the following fundamental properties, in
addition to those which have been already enumerated with
reference to the Yeast-plant :

5. it is contractile, as evidenced by the movements of the .
cilia :

6. it is automatic, in that the exciting cause or stimulus
which produces the contraction originates in the organism
itself :

7. it is irritable, inasmuch as the movements of the or-
ganism may be modified by the action of external stimuli.

These are, so far as can be ascertained, the fundamental
properties with which the protoplasm of the cells of plants
may be endowed, and in virtue of which it performs the func-
tions which together make up its life. Of these properties,
some, such as those of absorption, metabolism, and excretion,
are found to be possessed by the protoplasm of all living cells,
whereas the others do not appear to be so universally dis-
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tributed. It occurs comparatively rarely that, as in the case
of the zoospore of Hematococcus, all these properties are
exhibited by the protoplasm of one cell.

Haematococcus and Saccharomyces are good examples of
those lowly-organised plantsin which the individual consists of
a single cell; and yet, simple as is their structure, they present
a distinction of parts, in other words, they exhibit differentia-
tion. In the resting HaEmatococcus and in Saccharomyces
we can distinguish between protoplasm and cell-wall, and in
the Hamatococcus-zoospore between the part of the proto-
plasm which is granular and coloured green and that which is
hyaline and is produced into the cilia. It is possible, there-
fore, to imagine that still simpler forms might be met with,
forms entirely undifferentiated, and this is in fact the case.
In certain Fungi (Myxomycetes), for example, cells occur
which consist merely of a minute mass of colourless and ap-
parently homogeneous protoplasm. We are forced to conclude
that in such an undifferentiated unicellular individual, all its
functions are performed by all parts of its protoplasm alike,
for there is no indication that any one part of it is especially
charged with the performance of any one particular function.
In a differentiated unicellular plant, however, there is an
adaptation of certain parts of the protoplasm to the perform-
ance of certain functions; thus in Hzematococeus and in
Saccharomyces the peripheral layer of the protoplasm is espe-
cially concerned in the formation of the cell-wall, and in the
zoospore of Hamatococcus the cilia are the parts of the proto-
plasm which effect the movement of the organism. In the
more highly organised unicellular plants, such as Vaucheria
and its allies, the differentiation is carried still further: in those
which are green, for instance, the colouring-matter is not dis-
tributed throughout the protoplasm but is associated with
certain specialised parts of it forming with them the chloro-
phyll-corpuscles; further, we find that in many cases the func-
tion of reproduction is performed by certain parts of the cell
only. In ascending, then, from the lowest to the highest
anicellular plants we find that whereas in the simplest forms
all parts of the cell appear to be equally concerned in all the
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functions of its life, in the higher forms there is a gradually
increasing distinction of the functions and a localisation of
them in certain parts of the cell, in other words, there are
indications of differentiation of function and of physiological

division of labour. il
In highly organised unicellular plants we also find indica-

tions of a differentiation of another sort, of a differentiation of
form or morphological differentiation. The simplest expres-
sion of this is the distinction of two regions in the body of
the plant, both lying in the line marking the direction of most
active growth, the dase and the aper. In some forms this
morphological differentiation goes so far as to indicate that
marking-out of the plant-body into members, which, as we
shall soon learn, finds its full expression in the higher plants :
this is well seen in such forms as Caulerpa and Bryopsis.

In the majority of instances plants consist of a number of
cells connected together. Some multicellular plants consist
of cells which appear to be all exactly alike, and, although
they are connected together, it seems that each cell, the proto-
plasm of which is usually highly differentiated, performs all
the functions of its life independently of the others ; this is
the case, for example, in the Confervacez and Ulvacew. The
functional or physiological differentiation of such multicellular
plants cannot, therefore, be considered to be higher than that
of a differentiated unicellular plant such as Hamatococcus,
- In most multicellular plants, however, it is readily seen
that the constituent cells are by no means all alike, and
further that each different kind of cell is connected with the
performance of some particular function ; thus, in such a
plant, there are cells which are especially charged with the
absorption of the food, others in which the constructive meta-
bolism of the plant is especially performed, others again
which are reproductive in function, and so on. Further, it is
usually the case that cells of some one kind are characteristic
of some particular part of the plant ; that part is then said to
be the organ for the performance of the function for which
the cells in question are especially adapted, a term which is
also applied to any part of the protoplasm of a differentiated
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unicellular plant which has a particular function to discharge ;
thus the cilia of the zoospore of Hamatococcus are its motile
organs.

In these plants, in which, as we have seen, the physiologi-
cal division of labour finds its fullest expression, there is
necessarily a mutual dependence between the various organs;
no one organ can discharge its function unless the others
discharge theirs in an adequate manner. It is important
therefore that there should be some means by which the
organs, which are often widely separated, may be placed in
direct communication with each other, and we find accordingly
that certain cells are especially adapted for this purpose, such
as the laticiferous cells and vessels which are present in many
plants, and the cells constituting the fibro-vascular tissue, and
it is further effected by the intercellular spaces.

We will now briefly consider the mode in which these
different kinds of cells are developed. In these differentiated
multicellular plants the formation of new cells is confined to
certain definite regions, and at first the cells are very similar
to each other. A group of cells in this stage corresponds to
an undifferentiated multicellular plant, but important differ-
ences soon make themselves apparent. In the first place, it
becomes evident that the growth of each of the constituent
cells of the group does not proceed independently, but that it
exhibits a certain correlation with that of the others; such a
group of cells we term a sissue. Secondly, the cells in their
growth come to differ more or less widely from each other,
the form assumed by each cell bearing a definite relation to
the function which it is destined to perform in the economy of
the plant. Of the various forms which the cells assume, those
which resemble each other are connected together, so that
several Zissue-systems can be distinguished in the body of the
plant. The plant is then said to exhibit differentiation of
tissues or histological differentiation, and this is the expression
of the adaptation in different directions which the originally
similar cells have undergone for the due performance of the
various functions of the plant.

It is in the multicellular plants also that the highest
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degree of morphological differentiation is attained. In the
simplest forms, such as the Confervaceae and Ulvacez, the
plant-body consists merely of a filament of cells in the one
case and of a flattened expansion in the other. As we ascend
we come first to forms, such as Oedogonium, in which, although
the plant is a cellular filament, there is a distinction of base and
apex ; then to forms such as the Charace® and many of the
Floridez in which the body consists of an axis bearing lateral
appendages; finally to forms, such as the Ferns and the Flower-
ing Plants, in which the body of the plant consists of parts
which stand in definite and constant relation to each other:
these parts are distinguished as stem, leaf, and root, and are
termed the members of the plant.

Having now acquired some elementary general notions of
the structure and physiology of plants, we may proceed to the
detailed study of each of the functions. Before doing so,
however, it will be well to become thoroughly acquainted with
the structure of the living plant-cell such as we shall most
frequently meet with, as well as with the properties of each of
its constituent parts. This, therefore, will form the subject of
the next lecture.
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THE PLANT-CELL, 13

granular body, the nuclens; and finally, that the protc-pla?m
and the nucleus do not completely occupy the whole cavity

FIG. 3 (after Hanstein), 4, A parenchymatous cell; at the exterior is the cell-
wall (shaded) ; within this is the primordial utricle consisting of two layers,
the ectoplasm (left clear) and the endoplasm which is granular and containg
chlorophyll-corpuscles ; the endoplasmic layer is connected by means of
bridles which traverse the vacuole, with a central mass of endoplasm in which
the nucleus, containing a nucleolus, is embedded. The arrows indicate the
direction of currents in the protoplasm. 5. A portion of the cell-wall and
primordial utricle more highly magnified : 1, 2, the common cell-wall of two
adjacent cells ; 3, the hyaline ectoplasmic layer; 4, the granular endoplasmie
layer, containing chlorophyll-corpuscles, of the primordial utricle.

of the cell, but that there is a large space, the wacuole, which

is filled with watery fluid, the cell-sap. Let us now study each
of these parts in detail,
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The Cell-wall.

The wall of a parenchymatous cell such as that shewn in
Fig. 3 will be seen to be a thin and apparently homogeneous
membrane. If it be treated with solution of iodine it will
assume a yellow colour, and if a drop of strong sulphuric acid
be added the yellow will be replaced by a deep-blue colour.
This reaction is characteristic of cellulose, and we may there-
fore conclude that the cell-wall consists, principally at least,
of this substance which belongs to the group of the carbohy-
drates and to which the formula xC,H O, has been assigned.

In the cell-wall, as in all organised structures—structures,
that is, which have been formed by living organisms—a
certain proportion of water is contained holding small quan-
tities of wvarious substances in solution. It has been found
that the proportion of this water may be made to vary within
certain limits without injury, but if these limits be overstepped
disintegration of the cell-wall is the result. The variation in
the amount of water present produces a corresponding varia-
tion in the volume of the cell-wall; hence the absorption of

F1G. 4 (after Dippel). Cell of Equisetum teolated and in transyerse section, viewed

with crossed Nicols.
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water or zmoibition by the cell-wall has come to be termed its
“swelling-up.”

The cell-wall possesses, further, well-defined optical pro-
perties. When examined with polarised light it is found to
be doubly refractive, and, as von Mohl pointed out, its refrac-
tion is negative (Figs. 4 and 3).

Fig. &, Frg. 6.

¥'IG. 5 (after Dippel). Transverse section of a tracheide of Pisus sylvestris viewed
with crossed Nicols.

F1G. 6 (after Richter), Cystolith of Ruellia picta viewed with crossed MNicaols,
. & ' g

Accepting for the present this brief statement of the
chemical and physical properties of the cell-wall in its simplest
form without explanation, we may pass on to consider firstly
its formation, and secondly its growth and the chemical
and physical changes which may accompany it.

With regard to the first formation of the cell-wall, it is
usually considered that the cellulose is secreted by the proto-
plasm in the form of a membrane either over its whole surface,
as in the case of isolated cells, or in the plane of division,
as in the case of cells forming part of a tissue. Schmitz
and Strasburger, however, are of opinion that the cell-wall is
formed by the actual conversion of a layer of protoplasm into
cellulose. Further details must be reserved until we have
become acquainted with the structure of protoplasm.

The growth in surface of cell-walls is considered by Naegel;
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accounted for these appearances by ascribing them to an
unequal distribution of water and of solid matter in the cell-
wall, some parts containing a larger proportion of solid
matter, others a larger proportion of water, On this view the
strizz mentioned above are the expression of the alternation
of more and less dense layers in planes inclined to its long
axis, and the concentric layers of the alternation of more or
less dense layers from within outwards. Dippel and Stras-
- burger explain these appearances in altogether a different
way. They have come to the conclusion that a cell-wall, or
rather each of the concentric layers of a thickened cell-wall,
consists of a number of spirally-wound bands, and that the
striz of the cell-wall are the planes of contact of these
bands. With regard to the stratification, if the growth in
thickness of the cell-wall by apposition be assumed, the con-
centric layers correspond to successive laminz.,

It may be stated generally that the growth in thickness
of cell-walls is accompanied by changes in their physical
properties, or in their chemical composition, or in both. The
formation of mucilage and of gum, for instance, depends
upon an alteration of the cell-wall which increases its capacity
for absorbing water, and this is so great in certain cases that
the cell-wall becomes actually soluble: but this modification
of its physical properties is not accompanied by any change
in the ultimate chemical composition of cellulose, though
doubtless by an alteration in its molecular constitution.

It must not be assumed, however, that a cell-wall always consists of
cellulose at its first formation ; it may consist from the beginning of a
substance other than cellulose. This may be observed, for instance, in
the extine of some pollen-grains, the exospore of spores, which give from
the first the reactions of cuticle.

Mucilage is found in various parts of plants ; in seeds, notably in those
of the Quince and in Linseed; in the roots of the Marsh-Mallow: in the
fruits, stems, and leaves of various plants. In seeds it is derived from
the middle layers of the thickened walls of the epidermal cells. The
various kinds of Gum are produced by the alteration of the whole wall
of the parenchymatous cells which form the pith and medullary rays of
certain plants, most of which belong to the Leguminosa and Rosacez.

Frank considers that mucilage is not a definite chemical substance,
but in some cases a form of cellulose, in others a form of gum; he is

V. 2
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the cells have lost their protoplasmic contents: but it must be
borne in mind that their formation can only take place in a
living plant.

The epidermal cells of leaves afford good examples of
cuticularisation. If a section of a coriaceous leaf be treated
with iodine and sulphuric acid, it will be found that the thick-
ened external walls of the epidermal cells present a series of
layers which have assumed a blue colour, the colour being
- most intense in the most internal layer, and becoming gradu-
ally less evident towards the free surface, the external layers
shewing it scarcely at all. From this it appears that the pro-
portion of suberin to cellulose gradually increases from the
internal to the external layers. The cuticularised external
layers of the walls of adjacent cells may be easily peeled off
over considerable areas of the epidermis as a continuous
membrane, interrupted only by the stomata; to this the name
of cuticle is given. Cork also consists of cells the walls of
which have undergone cuticularisation ; but here the whole
extent of the cell-wall is affected, and not merely a part of it
as in the epidermal cells. In the case of cork cells which are
in contact with other cells on all sides, the most external
layer of the cell-wall is lignified to form the middle lamelia,
The effect of cuticularisation is to make the cell-walls more
resistent both chemically and physically ; thus the cuticle and
the walls of old cork-cells are not affected by treatment with
mineral acids, nor are they soluble in ammoniacal solution of
cupric oxide; their double refraction is well marked, and,
instead of being negative like that of unaltered cell-walls, it is
positive ; they are more elastic than ordinary cell-walls; their
capacity for taking up water is very small, so small, in fact,
that they ‘may be regarded as almost impermeable to water,
This impermeability to water doubtless depends to some
extent upon the presence of wax or of resinous substances
which prevent direct contact between the membrane and the
fluid.

Frémy isolated the cuticle of various leaves; after he had removed
foreign bodies as far as possible, a substance remained to which he gave
the name of Cutin. Von Héhnel has recently found that the walls of

2—2






THE PLANT-CELL. 21

mixture ; the intermediate layer is affected to some extent by
both these reagents. The effect of lignification is to make
the cell-wall harder and more elastic, and to diminish its
capacity for absorbing water, without, however, rendering it
impermeable: on the contrary, it is a characteristic property
of a lignified cell-wall, as Sachs has shewn, that water readily
traverses it. The importance of this property will become
apparent hereafter when we are discussing the movement of
- water in plants.

Lignin cannot be regarded as a definite chemical compound : the
name includes probably a number of different substances which are
formed by the gradual alteration of cellulose in the process of lignifica-
tion. Since treatment with solution of potash or with nitric acid does
not disorganise the lignified cell-wall although it removes about one-tenth
of its substance, there is reason to believe that the lignin substances are
chemically combined with the cellulose. It has been suggested that
cellulides are present, that is, compounds of cellulose with aromatic
bodies: and since treatment of the cell-walls with hydrochloric acid or
with chlorine sets free a substance which reduces cupric oxide, it seems
probable that glucosides may be present also. Erdmann considers that
he has obtained from pine-wood a definite substance to which he gives

the name of Glycolignose. When boiled with dilute hydrochloric acid it
1s decomposed according to the equation

cng,Dgi + EHED = ECEHI_':DE + CwHﬁUu [:LigrlﬂSE} :

and when lignose is decomposed by long-continued boiling with dilute
nitric acid the following change is effected :

CusHyxOy + O = 2C,H,,0, (Cellulose) + C,H,0, (Pyrocatechin) :
thus glycolignose appears to be a glucoside, and lignose a cellulide.

The inorganic, or rather the mineral substances which are
found deposited in cell-walls are principally silica and salts of
calcium; iron, manganese, aluminium have also been detected.
Cell-walls which contain these substances, leave, after com-
| bustion, a considerable ash; in some cases the ash forms a
| complete skeleton of the tissue,

Silica especially occurs in the cuticularised walls of epi-
| dermal cells, but, as we have already seen, it is not confined
| to them. The amount present is often very large; thus

Struve found that it constitutes 99 per cent. of the dry
epidermis of Calamius Rotang.
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The exact form in which silicon is present in cell-walls is not yet
ascertained ; that'is, whether it is present as particles of silica deposited
between those of the organic substance, or whether it enters into the
chemical composition of the organic substance, forming possibly a silicon
cellulose. The silica may be removed from the cell-wall by treatment
with hydrofiuoric acid, without disorganising it.

The salts of calcium which are found in cell-walls are the
oxalate and the carbonate. Calcium oxalate occurs either in
the form of minute granules or as distinct crystals, in various
parts of a great number of plants; for instance, in the walls
of the epidermal cells of many Conifers and of species of
Sempervivum and Mesembryanthemum, in the bast-fibres of
many Taxinez and Cupressine®, in the cortex of many
Gymnosperms and species of Acer, Fagus, Salix, and in all
parts of Welwitschia and other Gnetacex (SﬂlmsaLaubach}.
Calcium carbonate is frequently present in the walls of hairs,
but it is more especially deposited in the ingrowths of the
cell-wall, known as cystoliths, which are found in the epidermal
cells of the Urticace® and in Almost all the tissues of the
Acanthace ; it occurs either as granules or as small crystals.

It is still an open question whether calcium carbonate in cystoliths
exists in an amorphous or a crystalline form. Weiss, and more recently
Richter (see Fig. 6), have found that cystoliths are doubly refractive, and
they conclude that the calcium carbonate is present in the crystalline form ;
but this observation has not heen confirmed by other observers, such as
Sachs and Melnikoff. i

Calcium carbonate is often found as an incrustation on the
surface of plants. In some Cases it is evident that the incrus-
tation has been formed by the evaporation of water, holding
the salt in solution, which had been excreted by the plant:
in the cases of submerged plants, it is possible that the calcium
carbonate may be deposited on the surface in consequence of
the absorption of carbonic acid from the water by the plant.

We have assumed, so far, that the cell-wall is a closed
membrane, which shuts off the contents of one cell from
those of adjoining cells; but this is by no means always the
case. The sieve-tubes, for instance, consist of cells placed end
to end, the transverse walls of which are perforated so that a
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continuity of the protoplasm of the cells of the row can be
readily observed ; in the case of the vessels of the wood and
of the laticiferous vessels, the separating walls have been
entirely absorbed, so that these structures are spoken of as
cell-fusions. Even in parenchymatous cells a communication
of the protoplasm of adjoining cells has been observed ; by
Tangl, for instance, in the endosperm of certain seeds, by
Gardiner, in the contractile organ at the base of the petiole
of Mimosa, and by Frommann in epidermal cells. It is
probable that this is the case far more commonly than is
usually supposed, for the walls of most parenchymatous cells,
when treated with appropriate reagents (potash or Schultz’s
solution), shew what are apparently thinner areas. (pits)
through which the protoplasmic filaments might be supposed
to pass,

The Protoplasm,

The protoplasm of the cell under consideration (Fig. 3)
forms, as has already been pointed out, a layer, formerly
termed the primordial utricle, which closely lines the cell-wall,
and which is connected by means of bridles with a mass
towards the middle of the cell in which the nucleus is im-
bedded. Careful examination of the peripheral layer shews
that it consists of two layers, an outer hyaline and firm, in
close contact with the cell-wall, an inner granular and some-
what fluid ; the former may be distinguished as the ectoplasm
(kautschicht), the latter as the endoplasm. The granular ap-
pearance of the endoplasm is due to the presence of minute
solid particles of organic and inorganic substances, drops of
oil, etc,, which may be distinguished from the protoplasm itself
as metaplasm (Hanstein), and also to the presence of minute
corpuscles, termed microsomata, which are probably to be
regarded as part of the protoplasm. Very commonly the
endoplasm is bounded towards the vacuole by a hyaline firm
layer resembling the ectoplasm which bounds it towards the
cell-wall,

This distinction of layers is all that can be made out as to
the structure of the protoplasm when the cell is examined
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under ordinary circumstances. Frommann, Schmitz, Stras-
burger and others have succeeded, however, by carefully
hardening the tissue and staining the sections, in detecting
2 more intimate structure. In a young parenchymatous cell,
for instance, which is entirely filled with protoplasm, the
endoplasm, after hardening and staining, presents a deeply-
stained fibrillar network, the meshes being occupied by an
unstained more fluid substance ; the ectoplasm presents, not
4 reticulate but a finely punctated appearance. As the cell
increases in size, lacuna are formed in the endoplasm which
coalesce to form the vacuole, and the protoplasm (Fig. 3) con-
stitutes the primordial utricle and the bridles, as mentioned
above. The reticulate structure has, at this stage, almost
entirely disappeared, but it may sometimes be observed in the
endoplasmic layer of the primordial utricle; the more delicate
‘bridles appear to be quite homogeneous, whereas the stouter
ones present a finely punctated appearance.

The general conception of the structure of protoplasm
which these observations enable us to form is this; that it
consists of a reticulum of fibrille, enclosing a more fluid sub-
stance in its meshes, and that its consistency varies with the
size of the meshes, that is, with the proportion of solid and
fluid substance of which it is made up. It is probable that all
actively living protoplasm pOSSESSES this structure.

With regard to its physical properties, protoplasm, like
other organised bodies, is capable of swelling-up, but it has no
effect upon polarised light.

Chemically considered, protoplasm, apart from the meta-
plasm and from the substances which are held in solution in
the water which saturates it, consists of a mixture of sub-
stances which are known as profeids. If a cell which con-
tains abundant protoplasm be treated with a dilute solution
of potash, it will be found that a considerable quantity of the
protoplasm has been dissolved, leaving a firm framework or
reticulum behind, which is dissolved on boiling in strong
potash. We may thus distinguish two groups of proteids in
the protoplasm, namely, those which are and those which are
not soluble in dilute potash. To the second of these two groups
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belongs the substance (or mixture of substances) to which
Reinke has given the name of plastin,; to the first belong
the proteids termed glodulins (Hoppe-Seyler), which are also
soluble in solutions of common salt, and the peptones, which
are also soluble in water and are not precipitated from their
solution on boiling. These proteids all consist of Carbon,
Hydrogen, Nitrogen, Oxygen, and Sulphur, and, according to
Reinke, plastin contains Phosphorus in addition.

Reinke studied the composition and properties of plastin obtained
from the plasmodium of /Ethalium, a myxomycetous Fungus. The pro-
bable presence of phosphorus in its molecule is of interest, in that it
suggests a relation between the plastin of the protoplasm and the nuclein
(see #nfra) of the nucleus, Globulins have been obtained by Hoppe-
Seyler from buds and young shoots of plants, and they are especially
abundant in seeds. Peptones have not been found in quantity in any
parts excepting seeds, in which they are always present and are usually
abundant.

This chemical analysis of the protoplasm in the cell
throws some light also upon the physiological relation of the
various proteids to each other. We find that whereas in a
young growing cell the quantity of proteids present is con-
siderable, it gradually diminishes as the cell grows older,
until, when the cell has ceased to grow, the protoplasm con-
sists of little more than the plastin-framework. The cell
shewn in fig. 3 has reached this stage. It appears probable,
therefore, that the plastin-framework is the actual living proto-
plasm, the organised proteid of the cell, whereas the globulins
(and peptones, if present) are dead or unorganised proteid,
the enchylema of Hanstein. Reinke found in his researches
on Athalium that the unorganised proteid could be ex-
tracted from the plasmodium by simply squeezing it. A
mechanical analysis of this kind takes place in the ripening
of seeds. In a cell of a ripe seed it is found that the glo-
bulins and peptones are deposited in the form of granules
(aleurone-grains) in the meshes of the plastin-framework.

In addition to the protoplasm, as described above, the
cells of the higher plants commonly contain differentiated
protoplasmic bodies, which may contain a colouring matter
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(chlorophyll or etiolin) or may be colourless ; the former are
termed chlorophyll- (or etiolin-) corpuscles, the latter starch-
Sforming-corpuscles or amyloplasts. Their structure and general
chemical composition are probably the same as those of the
protoplasm.

A few words may be added here with reference to the microsomata.
These are minute particles of an irregularly rounded or somewhat
elongated form; they stain readily, and are evidently of a protoplasmic
nature. As already mentioned, they occur especially in the endoplasm,
but they are to be found occasionally in the ectoplasm. Schmitz has
observed that in protoplasm, which presents a distinct fibrillar reticulum,
the microsomata appear to be attached to the fibrillze: he compares them
to the chromatin-granules of the nucleus (see infra)., They play an
important part in connexion with the formation of the cell-wall. When a
mass of protoplasm is about to surround itself with a cell-wall, the ecto-
plasm becomes filled with microsomata, and similarly in cell-division the
cell-plate, from which the wall is formed, is made up of microsomata.
The microsomata coalesce laterally and become altered into cellulose.
This is clearly shewn in the case of cell-walls which present oblique
striation. Strasburger observed in the finely striated cells of Pinus syi-
westris that the microsomata are arranged in spiral rows, corresponding
to the planes of striation seen in the cell-wall, and it appears that, in the
formation of a layer of the cell-wall, the microsomata of each row
coalesce to form a spiral band of cellulose; in more coarsely striated
cell-walls, several adjacent rows of microsomata coalesce laterally to form
a single spiral band.

The Nucleus.

The nucleus (Fig. 3) is a body of a somewhat oval form
which can be readily distinguished, on account of its being
more highly refractive, from the protoplasm by which it is
surrounded. Its outline is definitely marked owing to its
structure being more firm towards the periphery, In the
interior of the nucleus there is a distinct rounded body the
nucleolus ; it frequently happens that two or more nucleoli
are present. Besides this, the ground-substance of the
nucleus usually contains a number of granules, but in some
cases it can be made out that it is traversed in all directions
by trabecular fibres, which form a reticular frame-work within
it, the meshes of which are larger towards the centre and
smaller towards the periphery.
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Flemming considers that isolated granules are never to be f'mmld in
nuclei: he regards the apparent granules as being the transverse sections
of the trabecular fibres. Strasburger is of opinion that the recticulum is
in reality a single convoluted fibre, consisting of protoplasm (nucleo-
plasma) in which microsomata are imbedded ; the nucleoli are large
microsomata,

Chemically considered the nucleus appears to consist,
principally at least, of a substance termed nuclein, which is
allied to the proteids, but differing from them in that it
contains phosphorus but no sulphur. Miescher ascribes to it
the formula C,HN,P,O...

Flemming finds that there is a substance present in the nucleolus
and in the frame-work which stains readily when treated with various
colouring-matters (h@matoxylin, safranin, nigrosin) ; to this he gives the
name of chromatin, the substance which does not stain being termed
achromatin. These substances, or at any rate chromatin, may be bodies
of definite chemical constitution.

According to Zacharias, the more solid parts of the nucleus consist of
plastin and of nuclein; the nuclein he considers to be the chromatin of
Flemming,

The fact that a nucleus has now been found in almost
all living cells seems to shew that the presence of such a
body is of importance to the life of the cell, but it is not yet
possible to ascribe to it any definite function. Tt is the
general rule that, in the process of cell-division, the division
of the nucleus precedes that of the protoplasm, and this,
together with the fact that the granules in the protoplasm
may frequently be seen to be arranged in lines radiating from
the nucleus, would seem to indicate that the nucleus, is the
centre of the molecular forces of the cell, Strasburger and
Schmitz have however come to the conclusion that the proto-
plasm is the active agent in cell-division, and that the division
of the nucleus is induced by that of the protoplasm, It has
been suggested that the nucleus is of importance in con-
nexion with the nutrition of the cell, a view which is sup-
ported by the fact that when cells attain a very great size
(e Vaucheria-filaments, hypha of Fungi, laticiferous cells)
they become multinucleate. Strasburger is of opinion that
it is especially connected with the formation of proteid-matter
in the cell (see Lecture IX.).
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The Vacuole and the Cell-Sap.

In a very young cell the protoplasm and the nucleus
fill the whole cavity so that no vacuole is apparent. At
an early period lacuna containing watery fluid make their
appearance in the protoplasm ; then, inasmuch as the growth
of the protoplasm does not keep pace with that of the cell-wall
and inasmuch as the peripheral portion of the protoplasm
always remains in direct contact with the cell-wall, these
lacunz become larger and fuse so as to form one continuous
vacuole which is traversed here and there by bands of proto-
plasm which connect the peripheral layer (primordial utricle)
with a more or less centrally placed mass. It occurs, not
uncommonly, that ultimately the whole of the protoplasm is
required toform the primordial utricle, and in such a case
the nucleus is parietal.

The cell-sap, the watery fluid which saturates the proto-
plasm and the cell-wall and occupies the vacuole, consists
of water holding in solution a number of both organic and
inorganic substances, which have either been formed and
thrown off by the protoplasm, or have yet to be absorbed
and elaborated by it. The principal organic substances are
the following; a substance which reduces alkaline cupric
solutions, to which the general term “ sugar”’ may be applied ;
organic acids, either free or in the form of acid salts, for the
cell-sap reddens litmus-paper : colouring matters, in the cell-
sap of many cells: crystallisable nitrogenous bodies, such as
asparagin, leucin, tyrosin, especially in organs in which meta-
bolism is active. The inorganic substances are probably
salts of potassium and sodium, chiefly nitrates, chlorides
and sulphates.

The principal forms of sugar and its allied bodies (carbohydrates)
which occur in the cell-sap are: came-sugar (sucrose or saccharose),
CuHaOy), which reduces the alkaline cupric solution only after prolonged
boiling: mannite (C;HyuOg) and inudin (CoHyOs) which do not reduce the
alkaline cupric solution; inulin is deposited on treating the tissues with
alcohol, in the form of spheerocrystals : glycogen (C,Hy,0;), which forms
an opalescent aqueous solution, and does not reduce the cupric solution
on boiling: glucose (CHuOd), which readily reduces the alkaline cupric




———

THE PLANT-CELL, 29

solution on boiling; of this there are two varieties, devtrose or grape-
sugar, which rotates the plane of polarisation to the right, and levulose,
which rotates it to the left.

Of the colouring-matters of plants some, such as the green (chloro-
phyll) and the yellow, are deposited in corpuscles of a protoplasmic
nature, whereas the others, especially the red and blue, are dissolved in
the cell-sap. It is to the presence of colouring-matters in solution in
the cell-sap that the colours of petals etc. are principally due.

It has been found that the organic acid which is most commonly
present in solution in the cell-sap is malic acid: tartaric and citric acids
frequently occur.

Solid bodies are also commonly present in the vacuole
for instance, starch-grains, aleurone-grains (in seeds), and
crystals of calcium carbonate or oxalate, Calcium oxalate
frequently occurs in the form of a bundle of acicular crystals
which have been termed raphides.
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LECTURE III,

THE STRUCTURE AND PROPERTIES OF THE PLANT-CELL
(continued ).

L The Molecular Structure of Organised Bodies.

WE learned, in the preceding lecture, that cell-wall,
protoplasm and nucleus all present indications of structure;
the cell-wall in its stratification and striation, the protoplasm
and the nucleus in their fibrillar network. But they possess
beyond this a molecular structure which cannot indeed
be detected with the microscope, but which can be inferred
from their properties. As a conception of this molecular
structure is of some importance in assisting us rightly to
comprehend many of the phenomena which we shall meet
with in the study of living plants, we will enter upon a some-
what detailed consideration of it.

In speaking of the properties of organised bodies the first
and most conspicuous was their capacity of absorbing water,
their power of “swelling-up” or imbibition as we termed it.
When this was first observed it was thought to be peculiar
to organised bodies, to bodies, that is, which had been formed
by a living organism. It has been subsequently discovered,
however, that bodies which had not been formed by a living
organism possessed this property, such, for instance, as the
acrylcolloid of Wagner and T ollens, and membranes of
precipitation of cupric ferrocyanide, of ferric hydrate, etc.
In order to include these bodies the meaning of the term
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“organised " was extended, so as to include all bodies capable
of swelling-up.

Now as to the explanation of this phenomenon. According
to Naegeli it is the expression of the taking up of a number
of particles of water between the solid particles (termed by
him micell@) of the organised body. That the absorption of
water is not effected by capillarity is inferred from the fact
that organised bodies are not porous. A perfectly dry cell-
wall, for example, is transparent, and this could not be the
case if any capillary interspaces existed between its micelle,
for, in the dry state of the wall, such interspaces would neces-
sarily be filled with air, and the wall would therefore be
opaque. In a dry cell-wall, then, the micelle are in contact
on all sides. When it takes up water, the water does not
enter into already existing spaces between the micelle, for
there are none; it must therefore penetrate between the
micelle, forcing them apart against the opposing force of
cohesion which tends to hold them together.

These micelle of Naegeli’s must by no means be con-
founded with chemical molecules; they are aggregates of
larger or smaller numbers of chemical molecules. It must
also be pointed out that in a case of ordinary swelling-up,
the water does not penetrate into the micelle : when this
takes place the result is, as we shall find hereafter, that the
micellar structure is disintegrated.

Upon these facts Naegeli founded a general theory of the
structure of organised bodies. He conceives them as con-
sisting of solid micellz, each of which is, under ordinary
circumstances, surrounded by a layer of water, the micella®
with their watery envelopes being held together by the fol-
lowing forces : (a) the attraction of the micella for each other,
4 force which varies inversely as the square of the distance
between them; (6) the attraction of each micella for the
water which surrounds it, a force which varies inversely as
some higher power of the distance ; and (¢) the force which
holds together the ultimate chemical molecules of which each
micella consists.

From the fact that the swelling-up of organised bodies
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does not take place equally in all three dimensions of space
and from their double refraction Naegeli inferred the form
of the micelle. The unequal swelling-up, he considered,
indicated that the micell&2 were anisometric, the direction
of least expansion corresponding to the direction of the
longest axis of the micelle, for it is in this direction that
their attraction for each other would be greatest and for
water least. As to the double refraction, he found that when
the bodies exhibiting it (starch-grains, cell-walls, crystalloids),
were subjected to strain or torsion, or were made to swell-up,
they did not lose it. He argued that, since the optical pro-
perties of these organised structures are apparently not de-
pendent, like those of a crystal or of a piece of glass, upon the
relative position of their constituent particles, they must be in-
herent in the particles themselves. Each micella, then, possesses
the optical properties of an anisotropic crystal. Naegeli
concluded, therefore, that the micella are crystals, and from
the interference colours observed with the polariscope, he
inferred that they must be biaxial crystals, and assigned
to them, as a probable form, that of parallelopipedal prisms
with rectangular or rhomboid bases.

Such is, very briefly, the “ micellar theory ” of the struc-
ture of organised bodies developed by Naegeli from his
observations on cell-walls, starch-grains, and on the proteid
crystalloids which are found more especially in seeds, He
was unable, however, to apply it in its entirety to protoplasm,
for the optical properties of protoplasm are not such as to
indicate that its micelle are crystalline.

Strasburger has given an altogether different account of
the various phenomena described above. In the first place
he rejects the idea of the aggregation of the chemical mole-
cules into micelle. He is of opinion that the force which
binds together the molecules is of a chemical as opposed
to a physical nature, that they are held together not by
cohesion but by chemical affinity : he regards them as being
linked together, probably by means of multivalent atoms,
into molecular networks, the water present being retained
in the meshes by intermolecular capillarity.

V. 3
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Let us now see how imbibition can be explained from
this point of view. Strasburger points out that there is
reason to believe that the feeble diffusibility of all colloids
is due to the connexion of their molecules in the manner
described above. Some colloids, such as the acrylcolloid
mentioned above, gum, gelatine and others, are capable,
whereas others, such as gelatinous silicic acid, are incapable
of swelling up. The conclusion from this is that the molecu-
lar network is in some Cases extensible, in others inextensible,
that is, that the molecules may or may not be mobile about
their position of equilibrium. Inasmuch as the proportion
of water in a colloidal substance depends upon the size of
the intermolecular meshes, swelling-up, that is, the absorption
of water, must be due to the increase in size of the meshes
of an extensible molecular network. The limit of swelling-up
s reached when the capillary attraction is equal to the chemical
affinity ; when the former exceeds the latter the molecules
become dissociated and the organised structure is destroyed.

But certain facts yet remain to be explained. How are
we to account, from this point of view, for the fact that
different parts of an organised body contain different pro-
portions of water, and for the fact that the swelling-up of
such a body is unequal in different directions? With regard
to the first of these, Strasburger points out that the amount
of water which a colloid which does not swell up, such as
silicic acid, can absorb, is just that which it contained at its
first formation; in other words, that the size of the meshes
of the molecular reticulum is determined by the amount
of water present in them when the reticulum is formed.
Thus the unequal distribution of water in an organised body
may be ascribed to the unequal size of the intermolecular
‘meshes in different parts. This affords also some expla-
nation of the unequal swelling-up of organised bodies, but
not a complete one. The important feature in the swelling-
up of organised bodies to which Strasburger draws attention,
a feature which distinguishes these bodies which have been
formed by living protoplasm from the unorganised colloids
which are capable of swelling, is that it bears a definite
relation to their anatomical structure. This relation is that
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the direction of greatest swelling is at right angles to the
indications of structure: thus, in a starch-grain or in a cell-
wall, the direction of greatest swelling is at right angles to the
layers of stratification.

Before leaving this part of the subject it will be well to
say a few words concerning the proteid crystalloids which
have been already mentioned more than once, These are
true crystals which differ from other crystals only in that they
are capable of swelling-up. They are usually considered
to be organised bodies, but it appears from the researches
of Van Tieghem on the Mucorini that they are not formed
by the organising activity of living protoplasm, but by simple
crystallisation, and Schimper has shewn that their swelling-up
is regulated by the same laws which govern the expansion of
other crystals when heated,

We will now turn to Strasburger’s explanation of the
optical properties of organised bodies, He points out that,
on the micellar theory, organised structures such as cell-walls
and starch-grains should not lose their optical properties
when their organisation is destroyed, for the particles of the
disintegrated micelle would, like particles of broken crystals,
still retain their double refraction, and they would there-
fore also continue to exert a depolarising effect, But this
is not the case. Organised structures cease to be doubly
refractive at the moment when their organisation is destroyed,
Naegeli himself states that when starch-grains and cell-walls are
made to swell excessively by treatment with acids or alkalies,
or by heating, they soon completely lose their double refraction,

It appears, then, that the optical properties of organised
structures are dependent upon their organisation. They may
be chemically altered by treatment with reagents, their form
may be changed by physical forces, but their optical properties
remain, provided that their organisation is not affected, Stras-
burger's account of the nature of this organisation is to the
following effect. Cell-walls and starch-grains consist of suc-
cessive lamellee which are in different states of tension and
are firmly adherent; and Just as a piece of glass becomes
doubly refractive when differences of tension are set up within

3—2
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consider protoplasm. Of all organised bodies protoplasm is
the one which most nearly approaches a fluid, as is shewn by
the fact that it tends to assume a spherical form when in a
state of equilibrium. But it is, nevertheless, not a fluid ; it is
a semi-fluid. We may define such a body, as Pfaundler has
done, by saying that it consists of an intermixture of groups
of solid and of fluid molecules. Assuming Strasburger’s
theory of the molecular structure of organised bodies, we
must regard the molecular structure of protoplasm as capable
of undergoing constant modification, the grouping of the
molecules being in a state of perpetual change, the result
of this molecular activity being the phenomena which we
term vital, and which distinguish protoplasm, as living, from
all other organised bodies.

Il The swelling-up of Organised Bodies (Lmbibition).

We have already become familiar with this phenomenon,
and we have discussed in detail the explanations of it which
have been offered. We will now briefly consider its broader
features which are independent of any theory as to the actual
mode in which it is effected,

The force with which water is thus absorbed js very con-
siderable ; it is not only sufficiently great to overcome the
elastic resistance which is offered by the molecules of the body
itself, but it can overcome a great external pressure in addi-
tion. This is well shewn by an experiment of Hales, He
filled an iron pot nearly full with peas and water, and placed
on the peas a leaden cover bearing a weight of 184 Ibs.; as
the peas began to swell, they raised the cover and the weight.

The absorption of water by an organised body has been
found to be accompanied by an evolution of heat. This fact
appears to have been first definitely stated by Pouillet, but it
has since been observed by many investigators. Naegeli
found, for instance, that when 40 grmes. of perfectly dry
wheat-starch were mixed with an equal weight of water, the
temperature rose from 22° C. to 32'5°C. This evolution of heat
indicates that the absorption of water is accompanied by con-
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densation, and this has been found to be the case, Reinke
ascertained that the thallus of Laminaria absorbed 230 per
cent. by weight of water, and that the water underwent a con-
densation of 02 per cent.

The maximum amount of water which a cell-wall may
absorb varies with the constitution of the membrane and with
various external conditions. Naegeli found that the gelatin-
ous cell-walls of Nostocace® and Palmellacee may contain
as much as 200 parts of water to I of solid substance ; on the
other hand Sachs has estimated the amount of water which
100 ¢ cm. (136 grm.) of dry wood of Pinus sylvestris may
take up to be about 50 c.cm. Temperature has an important
influence ; the amount of water absorbed in a given time is
greater at a higher than at a lower temperature. Further, the
presence of a <ubstance in solution in the water may affect
absorption, Thus Reinke found that peas placed in distilled
water for three hours increased 432 per cent. in volume,
whereas when placed in a mixture of 100 parts of water and
30 of alcohol the gain was only 22°5 per cent.: in another
experiment some peas placed for 2} hours in water increased
545 per cent. in volume, and others in a solution of 2o parts
of calcium chloride in 100 of water increased only 19'T per
cent. On the other hand it is well known that the presence
of acids or alkalies in the water increases the swelling-up of
organised bodies. If, however, the acid or the alkali be
present in large proportion so that the solution is tolerably
concentrated (and this is also true in many cases of the action
of water at a high temperature), the swelling-up becomes eX-
cessive, and the body cannot be restored, as it can under
ordinary circumstances, to its normal size by washing out the
acid or the alkali. Evidently some permanent alteration in
its constitution has been effected, for if it be dried, and be
then placed in water, it will not again swell up. It has lost
the power of absorbing water as well as any special optical
properties which it may have possessed. Its organised struc-
ture has been destroyed.

We may note here two facts which will be found useful
hereafter in discussing the movement of water in plants.
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Reinke has ascertained, firstly, that the amount of evaporation
from an organised structure depends upon the degree of its
saturation ; it is greatest when the body is fully saturated :
secondly, that the pressure which is necessary to force water
out of an organised body is at its minimum when the body is
at its maximum degree of saturation or imbibition.

ITI. The Osmotic Properties of the Cell.

It has been already pointed out in the case of Yeast, that
the cell is capable of absorbing water containing various sub-
stances in solution, and, now that we have learned something
as to the structure of the cell, we are in a position to study
this process in detail. If a section of a succulent stem,
mounted in distilled water, be examined under the microscope,
it will be seen that the parenchymatous cells are fully ex-
panded, that they evidently contain as much water as they

I " 3 "

Fic. g9 {faﬂer de Vries). Young parenchymatous cell from the peduncle of Cepha-
far.:c; lencantha: 1, Turgid cell ; 2, the same cell in 4 per cent. nitre solution ;
3) in 6 per cent. solution; 4, In 10 per cent. solution, shewing complete
plasmolysis : A, cell-wall i 2, primordial utricle ; %, nucleus: e, chlorophyll-
corpuscles ; s, cell-sap ; ¢, nitre solution which has entered the cell.

possibly can. Cells in this condition are said to be furgid.
If_' fIOW a 4 per cent. solution of nitre be substituted for the
distilled water, it will be observed that the cells become
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smaller without, however, undergoing any other perceptible
change (Fig. 9, 2). This diminution in size can only mean
that water has been withdrawn from the cells, the withdrawal
being accompanied by an elastic contraction of the cell-wall.
The nitre solution has withdrawn water until its attraction for
water has come to be equal to that of the cell-sap, and this
state of equilibrium having been reached, the withdrawal has
ceased. On replacing the nitre solution by distilled water,
the cells will regain their original size. From these very
simple experiments we learn that the cell is capable of
absorbing water in such quantity as to cause considerable
stretching of the cell-wall and of the primordial utricle, that
is, to set up a considerable hydrostatic pressure in the cell.
This state of tension between the hydrostatic pressure on the
one hand and the elasticity of the cell-wall on the other is
designated as turgidity.

The diffusion of liquids through membranes is termed
osmosis, and we may now enquire into the conditions of its
accomplishment. They are briefly these. When two different
liquids are separated by a membrane which they are both
capable of wetting, currents are set up between the two liquids
which traverse the membrane. Thus when an ordinary osmo-
meter (the membrane of which consists of a piece of 0ox-
bladder with the muscular coats removed) containing a liquid,
is placed in @ vessel containing another liquid, currents pass
through the membrane into and out of the osmometer, the
former being termed the endosmotic the latter the exosmotic
current. ‘The quantity of the liquids conveyed in each of
these directions may be the same, of they may differ very
considerably, for it has been ascertained that that liquid
traverses the membrane in greatest quantity which wets it
“most readily, and further, that the chemical nature of the
liquids is of great importance in the process. Thus Graham
observed that when an osmometer, with a bladder-membrane,
containing alcohol was introduced into a vessel containing
distilled water, the level of the liquid in the osmometer-tube
rose rapidly in consequence of the endosmose of water, where-
as, when a film of collodion was substituted for the bladder
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the contrary tock place; and again, that when an osmometer
containing a 1 per cent. solution of potassium chloride was
placed in distilled water the liquid in the tube rose 18 mm.,,
whereas when a 1 per cent. solution of potassium carbonate
was used, it rose 439 mm,

The absorption of water by the cell is doubtless subject to
the same conditions as those which we have found to deter-
mine the osmosis in the osmometer, the cell-sap corresponding
to the fluid contained in the osmometer. The question now
arises as to the determination of the osmotically active sub-
stance. It must be borne in mind that the concentration of
the cell-sap is slight, its specific gravity being but little higher
than that of distilled water; the osmotically active substances
which it contains must therefore possess a strong affinity for
water. That sugar is not the substance which is active in the
process is evident; for, inasmuch as its affinity for water is
comparatively slight, a much larger quantity of it would have
to be present than can be inferred from the concentration of
the cell-sap, in order to account for the amount of water
absorbed. This objection applies also to the other organic
substances present which have only a slight affinity for water,
The mineral salts in the cell-sap have a much greater affinity
for water than sugar has, and they are doubtless osmotically
active. It must be remembered, however, that these salts are
not produced in the cell, but are absorbed from without ;
hence there is a limit to their osmotic activity. The osmoti-
cally active substances which we seek must be such as have a
great affinity for water and are constantly being produced in
the metabolism of the cell. De Vries has pointed out that the
organic acids and acid salts fulfil these requirements. They
are present in all living cells which are capable of becoming
turgid, their formation is doubtless a necessary part of the me-
tabolism of the cell, and their affinity for water is considerable,

Assuming then that the organic acids and acid salts are
the substances which bring about the absorption of water by
the cell, we may go on to enquire into the conditions upon
which the turgidity of the cell depends. A closed bladder
containing syrup will soon become turgid when immersed in a



42 LECTURE IIL

vessel of water: can we then directly compare a turgid cell to
a turgid bladder, the cell-wall corresponding to the membrane
of the bladder, the cell-sap to the syrup? The answer to the
question is that such a comparison is inaccurate, for it has
been found that the cell-wall is not able, like the membrane
of the bladder, to hinder the escape by exosmosis of the con-
tained liquid to such an extent as to become turgid. Itisthe
lining layer of protoplasm, the primordial utricle as we have
termed it, which offers the necessary resistance and prevents
the escape of liquid by exosmosis: it is to this that the turgidity
of the cell is to be ascribed. We can now compare the turgid
cell to the turgid bladder: the cell-wall and the primordial
utricle together correspond to the membrane of the bladder,
the cell-wall supplying the necessary elasticity, the primordial
utricle the necessary resistance to €X0SMmOSis.

We will consider, in conclusion, the absorption into the
cell of substances in solution. Speaking generally, we may
say that the passage of any dissolved substance through a
membrane is determined by the size of its molecules; if the
molecules of the substance are smaller than the intermolecular
interstices of the membrane then they will be able to traverse
the membrane. It is upon this that the formation of Traube’s
artificial cells depends, the formation of a membrane of
precipitation being due to the fact that the intermolecular
interstices of the precipitate are smaller than the molecules of
the substances producing it. Further it has been observed
that membranes of precipitation are permeable to some salts
and not to others; for instance, water and potassic chloride
will traverse a membrane of cupric ferrocyanide, but the
chlorides of barium and of calcium, the sulphates of potassium
and ammonia, and barium nitrate, will not traverse it. The
most conclusive proof is afforded by the possibility of dimin-
ishing the size of the intermolecular interstices of a membrane,
and of thereby modifying its permeability. Thus when a
solution of gelatin comes into contact with a solution of tannic
acid, a membrane is formed which is permeable to ammonium
sulphate. If ammonium sulphate be added to the solution
of gelatin, and 2 soluble salt of barium to the solution of
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tannic acid, a membrane of precipitation is formed which is
infiltrated with barium sulphate. This membrane, unlike the
former, is impermeable to ammonium sulphate, and will only
allow the smaller molecules of such substances as ammonium
chloride and water to pass through it. This consideration
affords an explanation of the fact that colloidal substances
cannot diffuse through membranes. According to Stras-
burger's hypothesis, these substances consist of groups of
- molecules linked together by multivalent atoms; when such
a group is larger than the intermolecular interstices of a
membrane, it cannot diffuse through it.

In discussing the absorption of substances in solution by
cells, we must bear in mind that they have to pass through,
firstly, the cell-wall, and secondly, the primordial utricle. Ifa
substance cannot traverse the cell-wall it is impossible for it
to be absorbed by the cell, but this is a matter of only second-
ary importance. The matter of primary importance is the
passage of substances through the primordial utricle. We
shall see that of the many substances which readily pass
through the cell-wall, some cannot traverse the primordial
utricle at all, and others only in small quantity, and the con-
clusion that we shall arrive at will be that it is the primordial
utricle which determines what substances and what quantity
of them shall enter the cell,

If a section of parenchymatous tissue be treated with a
G per cent. nitre solution, it will be seen that the cells undergo
a diminution in size, and that the primordial utricle becomes
detached from the cell-wall at the angles of each cell (Fig.
9, 3); if a 10 per cent. solution be used, the primordial utricle
will assume the form of a spheroidal vesicle almost entirely
free from the cell-wall, the space between the primordial
utricle and the cell-wall being filled with the nitre solution
(Fig. 9,4). A cell in this condition is said to be Plasmolytic
(de Vries). This behaviour of the primordial utricle is the
expression of the fact that water has been withdrawn from the
cell-sap, and it appears that none, or at most a very small
quantity of the nitre solution has penetrated through the
primordial utricle into the vacuole, although it readily passes
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through the cell-wall. This is an instance, then, of the re-
sistance which the primordial utricle offers to the passage of
substances through it. More striking instances are however
afforded by cells which contain colouring matters in solution
in their cell-sap. Naegeli pointed out that certain colouring
matters (anthocyanin, erythrophyll) do not pass through the
primordial utricle of living cells. De Vries repeated Naegeli's
observations upon the parenchymatous cells of the Beet-root,
and found that after they had been left for as many as four-
teen days in water, neither the colouring-matter nor the
sugar which their cell-sap holds in solution had escaped from
them. He further shewed that a solution of sugar will readily
pass through the cell-wall, for when the cells of the Beet-root
are placed in syrup they become plasmolytic. When the cells
are killed, for instance by heating them above 60’ C., or by
immersing them in alcohol, the cell-sap readily escapes from
them. This is in accordance with the well-known fact that it
is impossible to stain living protoplasm: it is when protoplasm
is dead that colouring-matters can penetrate into it.

When we compare the osmotic properties of the pri-
mordial utricle with those of the cell-wall, the explanation of
the difference between them which at once suggests itself is
that the intermolecular interstices of the former (at least of
the outer firmer layer which we have termed the ectoplasm)
are smaller than those of the latter, so that substances which
can readily traverse the one cannot traverse the other, but
this explanation cannot be regarded as complete. It still
remains difficult to understand, as we shall see more fully in
the next lecture, how it is that a sufficient quantity of nutritive
salts can be taken up by the plant, and how such substances
as sugar can pass from cell to cell in the plant. Possibly, as
Pfeffer suggests, the osmotic properties of the primordial
utricle may vary from time to time, and possibly the saccha-
rine substances which are certainly transferred from one part
of the plant to another, travel in other chemical forms. But
we must bear in mind that we have here a living and not a
dead membrane to deal with, and consider that the laws which
regulate 0smosis through the latter may be, and probably are,
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profoundly modified in the former by the vital forces which
are active in it.

But the passage of substances from cell to cell may doubt-
less take place otherwise than by osmosis, Where the proto-
plasm of adjoining cells is continuous, a condition which we
saw in the last lecture is probably not uncommon, substances
both soluble and insoluble (proteids and fats) in water may

be directly conveyed from one cell to another. Again, it

frequently happens, as we shall learn in a subsequent lecture,
that the hydrostatic pressure which is set up in cells by
endosmosis is sa great as to cause an escape, a filtration
under pressure, of liquid from them. This is probably of
importance in the transmission of substances which, though
soluble in water, diffuse but slowly.
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plants are thin-walled, unicellular, unbranched filaments,
which are developed from the epidermal cells of the root
at some little distance behind its growing-point; they are
of short duration, and leave after their death no trace of their
existence. In many of the lower plants the root-hairs are
multicellular and branched, and in the Muscines the cell-
wall is frequently thickened and of a brown colour.

The plants which we shall more especially consider are

~ land-plants, plants, that is, which have their roots imbedded

in the soil. It will therefore be advantageous to give here a

FIG. 10. FiG. 11.

Fic. 10 (after Sachs). Seedling of Sinapis alba: A, after removal from the soil ;
B, after washing in water,

F1G. 11 {'.al'ter Sachs). Ends of root-hairs of a seedling of Z¥iticum wnlgare,
shewing their intimate connexion with particles of soil.
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brief account of the general nature and properties of the soil.
The soil may be regarded as consisting of a mixture of
irregular particles of mineral and of organic matter (Jeaernues).
The interspaces between the particles are usually filled
with air, but even when it is very dry, each particle is covered
with a film of water, Aygroscopic water as Sachs terms it, which
adheres to it with considerable force. The root-hairs make
their way into these interspaces, and, in the course of their
growth, their cell-walls come into very close contact with the
particles of the soil. In consequence of this intimate con-
nexion, they can readily absorb the hygroscopic water of the
particles, although they have to overcome the force of ad-
hesion existing between the particles and the water which
invests them. Inasmuch as the particles with their films of
water form a sort of capillary system in the soil, the with-
drawal of water by a root-hair at any point causes a flow
of water towards that point from adjacent particles: in this
way a plant with a well-developed root-system drains a
considerable area. The roots, as they grow and branch, form
root-hairs at new points, so that fresh sources of supply are
continually being opened up.

This property of retaining water is not possessed equally
by all kinds of soil: it is possessed, for instance, to a high
degree by clay and to a low one by sand. Moreover, the soil
can not only retain a portion of the water which enters and
passes through it in the liquid form, but it can condense
aqueous vapour.

The importance of this latter property of the soil is well shewn by an
experiment of Gachs. A scarlet-runner was grown in a flower-pot, and,
after having been left unwatered for some time, the pot was placed in a
receiver, the air in which was saturated with aqueous vapour, the stem and
leaves projecting into the external air through an aperture in the lid of
the receiver. The plant, which was beginning to wither, soon recovered
a healthy appearance. From this it is evident that the plant must have
been supplied with water; and since no water in the liquid form was
poured on to the soil, and since, as Sachs had previously shewn, roots
cannot directly absorb aqueous yapour, it is evident that the water with
which the plant was supplied had been derived from the watery vapour

with which the atmosphere of the receiver was saturated, and had been
condensed on the surface of the particles of soil.
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Another important property of the soil is that it can with-
draw from their solutions salts, and other substances, and
can retain them. Way found, for instance, that when solutions
of the chloride, nitrate or sul phate of potassium were poured
over portions of clay-soil, the water which drained off contained
a smaller proportion of the base than the original solution,
whereas the proportion of the acid was the same, the acid being
combined with a new base, generally lime. He also found that
free potash and ammonia are thus absorbed by soil, as also
phosphoric acid, This property is one of great practical
importance, inasmuch as it is in virtue of it that the soluble
salts of nutritive value which the soil contains are not entirely
washed out of it by excessive rain. Further, in consequence
of this retention of soluble salts by the soil, the solutions of
them which are presented to the root-hairs are rendered very
dilute, a condition which is favourable to the process of
absorption,

The following results of Henneberg and Stohmann will serve to
illustrate the preceding statements. In each case 100 grms. of soil were
treated with 200 c.c. of a solution of ammonium phosphate for six hours.

. Amount of H;PO, in the solution, 0’144 grm. ; amount absorbed,

0’072 grm.
2. T 1 Q7200 4y % 3 o244
1 2 I'4qgo ,, T 0396

Sachs has pointed out that it is the hygroscopic water
in the soil which is of importance to plants, and that any
water which may be present in the interspaces and which
is not affected by the force of adhesion—free water, we may
term it—is not only of no use to plants but may be even
hurtful, in that it prevents the free access of air to the roots.
It is in fact the object of draining, to remove from the land
the free water, And yet there are plants whose roots are
permanently immersed in water, and these do not appear
to suffer. This leads us to consider the modifications which
are presented by roots, and which are an expression of the
adaptation of plants to their environment. We may dis-
tinguish, from this point of view, four kinds of roots ; land-

V. 4
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roots, water-roots, air-roots, and the roots of parasitic plants
which penetrate into their hosts. The difference of organi-
sation between land- and water-roots depends upon the fact
that the former have to absorb water in opposition to the
force with which it is retained by the soil, whereas the latter
absorb only free water. The experiments of Sachs clearly
indicate this difference. He found that if the roots of a land-
plant be kept immersed in water, they will persist for a time
and supply the plant with water; sooner or later new roots
are developed which are adapted for the absorption of water
under these conditions—which are, in fact, water-roots—and
the original roots, at least the younger Ones, die. When a
land-plant is grown from the first under these conditions, it
forms only water-roots. If such a plant be now transferred to
soil it will wither, doubtless because its roots arc incapable of
taking up the hygroscopic water.

Air-roots are found principally in monocotyledonous
plants, such as Orchids and other Epiphytes. That they
can absorb water is shewn by the fact that plants which
have no other means of supply, continue to Zrow. They
present evident peculiarities of structure. In Orchids the
air-root is invested by 2 membrane, the velamen, consisting
of several layers of cells containing air, the irregularly
thickened walls being perforated ; in other cases the cortical
parenchyma of the root is loose and spongy, and the epi-
dermal cells are produced intoa number of long hairs. These
roots are thus enabled to retain any drops of water which
may fall upon them. This water will dissolve, or at least
assist in the solution of any mineral substances which may have
been deposited on the surface of the roots in the form of
dust, and thus it is that the plant obtains its supplies.

From the researches of Unger and of Sachs it would appear that the
velamen of Orchids can condense watery vapour, and thus make it avail-
able for absorption.

Air-roots cannot adapt themselves to an existence in soil
or in water; according to Chatin, they die if they penetrate
‘nto the one or the other; and conversely, if the root of a
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normally epiphytic plant be caused to develope first in soil
it rapidly perishes if it is subsequently exposed to the air.

F1G. 12 (after Unger). Transverse section of part of the air-root of an Orchid :
7, the velamen; ¢ the cortex.

The roots of parasitic plants penetrate the tissues of their
hosts and fuse with them: in this way a communication is
established by means of which the parasite obtains its sup-
plies of water and of substances in solution.

A few words may be said here with reference to the dis-
tribution of the roots in the soil. It has been already pointed
out that roots, as a rule, branch freely, and that in conse-
quence of their continuous apical growth they are always
entering new areas of soil from which the plant can obtain
fresh supplies of water and of nutritive substances. Their
distribution may, however, be materially affected by the
nature of the medium into which they penetrate. If a root
Passes out of soil into water it becomes excessively elongated,
but if it enters a moderately strong solution of some salt this
rapid growth in length is checked, as Sachs first pointed out.
Nobbe studied this subject in detail, and found that the roots
of Barley and of Buckwheat attained their greatest develop-

4—2
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ment in solutions containing from } to 2 per thousand of
inorganic salts, The branching of roots is affected by the
proportion of water in the soil, the number of branches
being greater, according to Unger, when the soil is moist
than when it is dry; in the latter case the development
of root-hairs is more considerable. It is also a well-known
fact that roots always tend to grow towards moisture,
a fact which cannot be satisfactorily explained at present.
An interesting experiment of Nobbe's has brought another
fact of this kind to light. He cultivated Maize and Clover
plants in pots containing layers of soil of which some had been
previously soaked in solutions of nutritious substances, and
he found that the roots branched much more freely in the
layers which had been thus treated than in the others.

Of the external conditions which materially affect the
absorption of water by roots an important one is the tem-
perature of the medium in which they are. From the ex-
periments of Sachs we learn that roots absorb water more
actively at a higher than at a lower temperature. For this
function, as for all others, there is an optimum temperature
At which it is performed with the greatest activity, and above
or below which the activity diminishes.

But the absorption of water by roots is not affected only
by the temperature of the medium in which they themselves
may be, but also by that of the medium which surrounds
the other parts of the plants. Thus roots absorb with greater
activity when the air is at a high than when it is ata low
temperature.

Vesque has found that, under certain conditions, a siedden rise in the
temperature of the soil, but more especially in that of the air, has the
effect of temporarily diminishing the absorption, and a sudden fall of
increasing it. The explanation of this will be given in connexion with
the subject of transpiration (p. 118).

The explanation of the effect of the temperature of the
air upon the absorbent activity of the roots depends upon
the fact that, under ordinary conditions, the leaves of a
‘plant exhale a considerable quantity of watery vapour
(Transpirdtion). [nasmuch as the degree of humidity of the
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air is usually lower at a‘high than at a low temperature;.
the loss of water from the leaves is greater when the tempera-
ture of the air is higher. This drain upon the water in the
plant leads to an increased absorbent activity of the roots.-
But although increase or diminution of transpiration produces
a corresponding change in the activity of absorption, yet the-
two functions are not directly proportional. Nor does ab-
sorption necessarily depend upon transpiration, for, as we
- shall see hereafter, absorption takes place with considerable
activity at times when the plant is not transpiring. This
point will' be fully discussed in a subsequent lecture when
the subject of transpiration is being considered.

We will now consider more particularly the absorption
of substances in solution, and, inasmuch as these substances
are usually inorganic chemical compounds, we may briefly
designate them as sa/ts. We may very well begin by studying
the process of absorption as it takes place in the Yeast-plant:
In the first place it is obvious that the substances absorbed
by it are dissolved in water; that the substances absorbed
are of such a nature that they can not only diffuse through
the cell-wall, but also pass through the primordial utricle ;
and further, that the continued absorption of any substance
depends upon the fact that the proportion of it in the
Pasteur’s solution is greater than the proportion of it in the
cell-sap of the Yeast-plant, for this, we have already seen,
is a necessary condition of osmosis, In the case of a sub-
stance contained in the Pasteur’s solution and used by the
Yeast as food, this inequality is maintained by the meta-
bolism of the organism. When a quantity of the substance
is absorbed, it undergoes chemical change : the effect of this
1s to diminish the amount of the substance in the cell-
sap, and thereby to cause the absorption of a further supply
of it,
=" -The ‘process of absorption is essentially the same in the
root-hairs of the higher plants. Only such substances are
taken up as are soluble and can pass through the cell-wall
and primordial utricle, and the continued absorption of any
substance depends upon the fact that the proportion of it in
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the cell-sap is smaller than that in the external fluid. In
the case of root-hairs, this inequality is maintained not only
by the metabolism of the absorbing cell, as in Yeast, but,
inasmuch as the plants now under consideration are multi-
cellular, the substances in solution in the cell-sap of the root-
hairs are being constantly withdrawn by the more internal
cells of the root and are transmitted throughout the plant.
In fact, as far as the process of absorption is concerned, the
cell-sap of one of these internal cells stands in the same
relation to the cell-sap of the root-hair as the cell-sap of the
coot-hair does to the external fluid. This relation exists
likewise between the successive layers of cells of the root,
and thus there is set up a current of water holding substances
i1 solution, passing from the surface towards the interior.
Although the root-hairs can only absorb salts in solution,
:t must not be thought that the root-hairs of land-plants are
smmersed in water likea yeast-cell in Pasteur’s solution. This
:s true indeed of floating water-plants, but in the case of
land-plants the root-hairs are imbedded in soil which fre-
quently contains a relatively small amount of water, and
in which many of the salts to be absorbed are present in an
insoluble form. The salts, <oluble in water, which the par-
ticles of the soil may contain, are dissolved by the hygroscopic
water, and are thus prepared for absorption by the root-hairs.
That salts which are insoluble in water, are, however, absorbed,
is quite certain, and we will now proceed to enquire into the
" means by which their solution is brought about.
In the first place, a <oil which is rich in humus contains
a considerable quantity of carbon dioxide, and this gas is also
given off by the roots of living plants; and it is well known
that water charged with carbonic acid is capable of dissolving
substances, such as calcium carbonate and certain silicates,
which are insoluble in pure water. In the second place, the
presence of certain soluble salts in the soil, involving as it
does chemical decompositions, brings into the soluble form
substances which were originally insoluble, and increases
in some Cases the solubility of those which are only slightly

soluble.
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These statements are borne out by the experiments of Beyer, to which
the following figures refer. In each case one kilogramme of felspar was
treated with 24 litres of water, or of a watery solution of one of the salts
enumerated : the figures give the amount, in grammes, of the substances
dissolved.

Potash Soda Lime |Magnesia| Silica Total
Distilled water 0051 | 0078 | 0'058 | 0'006 | 0049 | o242
Distilled water, with CO, | 0’071 | 0'114 | 0067 | 0’004 0'069 || 0’325
Lime, Ty 0209 | 0'I74 | — | 0003 | 0061 || o447
Ammonium sulphate, 1 0’161 | 0'004 | 0’122 | 0'035 | 0066 || 0478
Sodium nitrate, 1 o'ofp | — 0'049 | 0’003 | 0'0bo || o'Zol
Sodium chloride, 1 0163 | — 0'091 | 0’008 | 0032 || 0204
Sodiumchloride,,and CO,| 0’183 | — | 0123 | 0'c06 0’057 || 0360

Finally the constituents of insoluble salts are brought into
solution by means of the acid sap which saturates the
cell-walls of the root-hairs. That the root-hairs are acid is
easily demonstrated by means of litmus-paper, or, as Sachs
suggested, by placing a root in a solution of potassium per-
manganate, when the salt is decomposed and a precipitate
of the hydrated dioxide is formed upon the surface of the
root, a reaction which does not take place when a leaf or a
stem is placed in the solution. This acid reaction is shewn
not to be merely due to carbonic acid, by the fact that the
reddening of the litmus-paper is permanent.

The important part played by this acid sap in the ab-
sorption by roots of salts which are insoluble in pure water
is indicated by means of the following experiment devised
by Sachs. If a well-polished slab of marble be placed in
a flower-pot and a Bean or a Sunflower be planted in the soil
above it, the roots will penetrate through the soil until they
reach the surface of the marble. They will then grow along
it, in close contact with it. If, after some time, the slab of
marble be taken out, its surface will be found to be corroded
wherever the roots have been in contact with it ; in fact,
in a successful experiment, the root-system is etched upon it.
This corrosion is the expression of the fact that the acid roots
have dissolved and removed particles of the marble, and the
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fact that the surface of the marble is corroded only at those
points at which it was in contact with the roots shews that
the corrosion is not due to the action of carbonic acid, for that
is everywhere present in the soil, but to the acid sap in the
walls of the root-hairs. Similar experiments made with dolo-
mite, magnesite, and osteolith, give the same results. When
a slab of gypsum is used, the result is different. In this case
it is the general surface of the slab which is corroded, the
parts in contact with the roots being preserved and forming
therefore projections: the roots appear to protect the gypsum
from the solvent action of the water in the soil.

It has been pointed out that insoluble salts present in the
soil may be converted into soluble compounds by decompe-
sitions taking place between them and soluble salts which
the soil already contains or which have been supplied to it,
and there is reason to believe that the action of the acid sap
of the cell-walls is of this nature also. It has been found,
for instance, that when the roots of a plant are made to grow
in a solution in which calcium phosphate and potassium
nitrate are present, the solution becomes alkaline (Boussin-
gault) : if, however, the solution be one of the chloride of an
alkaline metal or earth, the solution becomes strongly acid
(Rautenberg and Kiihn). The most probable explanation
of these facts is that the salts are decomposed by the acid
sap of the roots, the acid being absorbed in larger proportion
in the first case, the base in the second. We learn also from
this that the chemical elements are not necessarily absorbed
by roots in the combinations in which they are present in
the soil.

We see, then, that in a1l cases the salts which are absorbed
by the roots of plants are absorbed in solution, and we have
now to enquire into the relation between the amount of salts
and the amount of water absorbed, to enquire, that is, if a salt
i1 solution is absorbed in fhe same proportion as the water in
which it is dissolved. For example, let us supposc the roots
of a plant to be immersed in a solution which contains say O'T
per cent. of a particular salt; the question is, will the solution
which remains after absorption has been going on for some
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time still contain o'1 per cent. of the salt in question, or a
lower or a higher percentage? De Saussure was the first to
attempt an answer. He employed various substances with
which he made aqueous solutions containing about 1 per cent,
of the substance, and he found, by quantitative analysis of the
unabsorbed residue of the solution, that the water had been
absorbed by the plant in much larger proportion than the
substance dissolved in it.

These are some of his results :

Polygonum Pevsicaria  Bidens cannabing

for every so parts of water, absorbed absorbed
Chloride of Potassium, 14’7 parts 16’0 parts

bL] Scdium, 130 " 1 5 o n

,, Ammoniun, L2050 70N

Sulphate of Copper, 4700 o 48'a ,,

Cane Sugar, 29'0 320

instead of 50 parts of the substance dissolved,

From these results de Saussure concluded that the roots of
plants absorb substances in solution in smaller proportion
than the water in which they are dissolved, a conclusion
which is known as de Saussure’s law. Wolf and others, in
repeating de Saussure’s experiments, used much more dilute
solutions, and found that under these conditions the amount

of substance absorbed was larger in proportion than that of
water.

Wolf obtained, for instance, the following results with Phaseoius
mndtiflorus ;

Amount of  Amount of salt
Sgﬁﬁnﬂ water absorbed absorbed
; during expt. during expt,
Nitrate of potassium, o250 percent. 46 cc o080 grm,
” 0’100 ” 62 " 0'068 "
» 0075 » 59 o'eby ,
el 0050 ” 36 ng o041,
3 0025 ” 78 4 o'oz4

hence the strength of the solutions actually absorbed in these cases is
0’174 per cent., giving a difference of —0'076 per cent.

o109 L1 ' ) +o'oog .,
o'108 " 1 +0'033 "
0'I14 » » +0'004 »
0030

7 N 0005 y 18
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£ of Amount of Strength of x
St:;]nﬁ%nnr wa;tl:l:ﬂ:urgcd salt absorbed solution absorbed Difference
Nitrate of ammonia,
00735 per cent. 50 C.C. 0'059 grm.  o'r18 per cent, +0'0445
00491 49 o'o44 o089 +0'0399
0’0245 50 » o'021 0’042 3 +o'0175

It appears, therefore, that de Saussure's law is merely an
account of a special case. The law of absorption is rather
this:—for the watery solution of any given salt capable of
being absorbed there is a certain degree of concentration
at which the proportion of the amount of the salt absorbed
to that of the water absorbed is the same as that of the
solution ; if the solution be more concentrated the proportion
of water absorbed will be greater, if the solution be more
dilute the proportion of salt absorbed will be greater. It must
not, however, be overlooked that although the proportion of
a salt absorbed is greater when the solution is dilute, the
absolute quantity of it absorbed in a given time is greater
when the solution is more concentrated.

The foregoing figures suffice to shew that plants absorb
different substances in different proportions, but, should
further proof be needed, it will be found in the tables given
below to illustrate the discussion of the question as to whether
or not different plants absorb the various salts to the same
extent, that is, as to whether or not each plant is endowed
with what we may term a specific absorbent capacity.

The fact that different salts are absorbed in different proportions is
well illustrated by analyses of water-plants. Thus, von Gorup-Besanez
analysed 77apa natans and the water in which it was growing :

I I
P‘ercentagg of 1};1311 K0 | Na,0| CaD Mg J| Fe,0, 50, I Si0y ! Cl
| i

| |
Water 0'008 | 9'08 | 9'22 | 42°44 | 18'09| 1'I2 1703 | I'90 1'18

—

I —

Plant taken in

|
May 25°55 | 689 | 141 | 14'91 | 756 | 2962 2'73 [ 28'66 | 065

|

Plﬂl}h;ﬁéﬁﬂﬂ in 136‘5}'50‘5 271 I?.ﬁs [ a1 23-4.:.] 2°53 | 27'34 | 046
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In answer to this question it may be at'once stated that
it has been found that different plants growing in the same
soil or water and under the same conditions contain very
different quantities of the substances which they must have
absorbed from the soil or the water. This has been ascer-
tained by a great number of analyses of the ask of plants,
that is, of the mineral residue which is left after the plant has
been incinerated. Since there is no evidence to prove that
a plant loses any of the mineral substances which it absorbs,
excepting of course when it throws off parts of itself, such as
leaves, bark, and seeds, it 'c obvious that a knowledge of the
composition of the ash must afford valuable information
as to the specific absorbent capacity of the plant. Besides
this mode of investigation there is the method of water-
culture (see Fig. 21), to which allusion was made above,
which consists in growing plants with their roots immersed
in water holding known quantities of salts in solution. By
analysis of the plant, or of that portion of the solution which
remains unabsorbed at the close of the experiment, the
amount of the various salts absorbed can be determined.

A familiar and striking illustration of the difference in
the composition of the ash of different plants grown under
the same conditions is afforded by a comparison of the
amount of silica present in the ash of equal dry weights

of gramineous and leguminous plants: thus, according to
Wolff,

100 parts of Meadow-hay contain 27°01 of silica

5 Wheat-straw 5 6759  »
5 Red clover o 2°57 2
% Lucerne o 6ro7 5
5 Pea-straw o 6:83 o

[t may be further illustrated by citing Trinchinetti’s
observation that Mercurialis annua and Clhenopodium viride
took up more nitre than common salt from a solution con-
taining these two substances, whereas Satureia hortensis and
Solanum Lycopersicumn took up more common salt than nitre,
and again by analyses of water plants.
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(Gddechens analysed four species of Fucus gathered at the mouth of
the Clyde, with the following results :

Fatcus | digifatus | vesicudpsns | nodosus serratug
I , , ;
Total ash, per cent. | 2040 | 16°39 | 16°19 1563
: |
100 parts of ash consisted of ;
FPotash 22°40 1523 | 1007 4'51
Soda 820 | 11°16 | 1580 i 1
Lime 1186 | 078 1280 | 16°36
Magnesia 744 | 7116 | 10093 | 1166
Ferric oxide: 0'62 0133 = Giag 034
Sodium chloride 2839 | 2510 | 20'16 1876
Sodium iodide 362 037 | o0'54 1'33
Sulphuric acid | 1326 | 2816 2669 21'06
Phosphoric acid . 2°c6 AT e 440
Silica 1'56 | 135 | 120 0'43

From the wide differences in the composition of the ash
which, as we see, have been found in different plants, we may
infer that each kind of plant is endowed with a specific
absorbent capacity. It is upon this, in fact, that the ©rota-
tion of crops” in farming depends. Further, since the quan-
tity of a substance absorbed depends, as was stated at the
outset, upon its being chemically altered in the metabolism of
the plant, we find that the specific absorbent capacity of a
plant is an expression of its specific metabolic properties,
For example, if we contrast the amount of silica in the ash of
a gramineous with that in the ash of a leguminous plant, we
cannot but conclude that the former is able to withdraw rela-
tively large quantities of absorbed silica from the sphere of
osmotic activity and deposit them in its tissues, whereas the
latter can only do so to a comparatively very slight extent.
But this is a point which would be more appropriately dis-
cussed in connexion with the metabolism of the plant, and we
will accordingly defer it to a subsequent lecture,

Godechen’s analyses teach further that the absorbent
capacities of nearly allied species are very different, and from
the following analyses of potatoes made by Herapath it
appears that this is true even of varieties of the same species.
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Herapath analysed five varieties which are indicated by the letters in
the table.
A B (3 D E

Ash per cent. in dry tubers 481 363 4'35 346 397
Carbonic acid 21°059 | 16'666 | 21°400 18162 | 13333
Sulphuric acid 274 | 4945 | 3244 | 5997 6780
Phosphoric acid 5716 | 8920 3774 6669 | 11428
Potash 53'467 | 54166 | 55610 | 55734 | 5392
Calcium carbonate 0844 | 2049 | 3018 | 1934 2286
Magnesium carbonate 3530 | 0273 | 1257 2'565 | 0’570
Calcium phosphate 3'363 | 0683 | 3835 | 5374 2'856
Magnesi?m phus%hate 9247 | 12298 | 7'550 | 3545 7'623
Traces of other substances : - :

including silica ov0o | -o000i| (@3ra i 000 | 27095

Further, although
viduals of the same

under the same external conditions

approximately the same composition,
‘1dividuals vary in the vigour of
considerable differences in the com
is shewn by the accompanying table of

we may assume that quite similar indi-

species growing in

Brassica oleracea made by Pierre.

the same soil and
would yield an ash of

yet the fact that the
their development leads to
position of the ash. This
analyses of plants of

:mocg‘:":r:; lf:;f:lp!nm "-"-ergl :‘::kly | Weakly plants Vn:r:,;. {u;iﬁ:smus
b |
Total dry substance | 120°2 grm. | 105'0 grm. | 740 grm.
Total ash 8040 o | 11485 o 14346
Phosphoric acid 9078 4 12'024 4 12233 »
Potash and soda 21'800 4 29°055 » 25'555 »
Lime 20'850 4 377599 1 28'840 4
Magnesia 1°429 4 1'807 1'305 »
Silica 3300 4 4490 » I?Tﬁﬁ’n 3]
Ferric oxide 0398 5 0954 1 1'000 4
|
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Finally, the absorbent capacity of the plant varies at
different periods of its life. ~We learn from von Gorup-
Besanez's analyses of Trapa given above, that that plant
contains a larger proportion of ash at an early than at a
later period of its vegetation, a result which has been ob-
tained also in the case of other plants. We may cite Arendt’s
observations on the Oat-plant in illustration.

Arendt analysed Oat-plants at different times during their growth ;
taking the quantity of silica absorbed as a standard of comparison and
fixing it at 10, he found the other constituents had been absorbed in the

following proportions :

Period T, | Period I1. Period I11 Period IV, | Period V.

May 4—June 7 | June 8—2g | June so—July g| July zo—2c | July 21—34
Silica 10°00 10°00 10'00 10'00 10°00
Sulphuric acid 1'66 232 000 2°33 2'53
Phosphoric acid 514 3'65 4'49 2°80 800
Lime 704 5°38 322 T3 1°32
Magnesia 2°40 2°'05 1'12 1-86 6'20

Potash 2665 | 18-85 9’44 4'49 l 0'00

But the amount of a substance absorbed is not determined
solely by the specific absorbent capacity of the plant, for we
found in discussing de Saussure’s law that the larger the
proportion of any given substance in the solution supplied
to the roots, the larger was the amount absorbed. The com-
position of the soil or of the solution in which the roots of
a plant are growing must have an important effect upon the
composition of the ash. This has been abundantly proved
by a large number of analyses, of which we may cite the
following.

Herapath analysed light Oats grown upon sandy soil, and heavy Qats
grown on the same soil after manuring with river-mud (warping).

Light Oats Heavy Oails
Potash g8 I3'1 per cent.
Soda 4'6 72 3
Lime 6°8 4'2 1
Phosphorus pentoxide 9'7 I

Silica 565 45,5 ii




64 LECTURE 1V.

Wolff analysed the ash of various plants grown in poor soil with the
addition of certain salts ; the example taken is the Buckwheat.

Soil

. | | i |
s : With Witl With With i
Mhtinlﬁ,'::d L w’;:;m l Scidiqgi |Pq'gassi.um Pﬂta.lu-aium;l'riagln:sium| t?a‘.!rcEEm
oddition | loride | nitrate | carbonate | Su phate Ica:hm-mtc
| i
Potash 31°7 || 216 | 39'6 40°5 2842 | 239
Potassium chloride 74 | 269 - 08 siae] bg | 97
Sodium chloride A6 | 30 | 32 3'8 17 T (R ¢
Lime 157 | 140 | 128 11°6 | 41 | 186
Magnesia <o A R 1T R 1°4 47 42
Sulphur trioxide 47l 28 L2l 4'3 7°1 \ 3’5
Phosphorus pentoxide| 103 ST 89 109 10°0
Carbon dioxide 2074 | 106°1 | 27 22'2 200 | 232
Silica 36 | 42 42 4'2 48 | 52
| |

From Wolff’s figures we learn further that the influence
of the composition of the soil ‘upon the absorption by the
roots is not necessarily a direct one. In some cases We S€¢
that it is; thus, the addition of potassium-salts, magnesium-
salts, and calcium-salts to the soil increased the amount
of potash, magnesia and lime, respectively, in the ash:
but in others it is not, for the addition of sodium chlo-
ride to the soil did not lead to an increase in the sodium
of the ash. DBut the indirect influence, which, as we have
seen, depends upon ‘double decompositions going on in the
soil, or at the surface of the root-hairs, is often very important;
thus, in the case before us, the addition of sodium chloride
to the soil brought about the absorption of a considerable
quantity of potassium.

The composition of the ash of a plant depends therefore
upon two factors, (1) the specific absorbent capacity of the
plant, (2) the composition of the soil in which it is growing.
It has been attempted to account for the speciﬁc'absnrbeﬁt
‘capacity of plants by attributing to the roots 2 selective
power. Such an assumption ‘s as erroneous as it is unneces-
sary. We have learned that the absorption of a substance
depends 1n the first instance upon the physical relation
which exists between its molecules and the cell-wall and
primurdical atricle of the absorbing cell. If it is presented
to the cell in such a form that it can pass through these, its
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absorption will take place quite independently of its use
or its hurtfulness to the plant. We have also learned that
the amount of any substance absorbed depends upon its
relation to the metabolism of the plant. We can imagine
that a substance might pass readily into the absorbent cells
and be distributed from cell to cell throughout the plant,
without entering at all into the metabolic processes ; sodium,
as we see from Wolff’s analyses, affords a case in point. The
result of the absorption of such a substance would be that
the cell-sap of the cells would soon reach such a point of
saturation as regards this substance that diffusion-equilibrium
would be set up, and then no more of it would be absorbed.
The case of a salt which does enter into the metabolic pro-
cesses is very different: it undergoes decomposition, and some
constituent of it is frequently thrown down in the insoluble
form. The effect of this is that a constant withdrawal of the
salt from the sphere of osmotic action is taking place, and
thus a demand for it is set up which is met by the absorption
of fresh quantities of it by the roots from the soil. It is thus
quite possible to give a satisfactory explanation of the facts
observed without making any unwarrantable ass umptions.
We will conclude this lecture with an examination of
the existing evidence as to the absorption of water and of
substances in solution by organs other than roots, In those
Thallophytes which possess no root-hairs, absorption is effected
by the cell or cells which constitute the thallus. Submerged
Cormophytes doubtless absorb, to some extent at any rate, by
their general surface, and in Salvinia the peculiarly modified
aquatic leaves are the only absorbent organs which the plant
possesses. In these cases the leaves are especially adapted
for the purpose, notably in this respect, that the walls of their
epidermal cells are not cuticularised. This is true also of the
glands of the leaves of the so-called carnivorous plants which
absorb organic substances in solution. It has been thought,
though, by many, that the ordinary foliage-leaves of land-
plants are capable of absorbing water, and that to such an
extent as to constitute an important source of supply. This
is a point which has excited considerable interest, and it

V. 5
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has therefore received much attention from physiologists.
Hales, Bonnet, Duchartre, Heiden, and others, investigated
it without, however, arriving’ at any very definite results.
Among the more recent and more satisfactory researches
may be mentioned those of Detmer and of Boussingault.
Detmer found that if leaves be immersed in water they
distinctly increase in weight in so short a time as a quarter
of an hour, and Boussingault obtained similar results by
means of experiments of much the same kind. It appears
then that leaves can absorb water, but it is by no means
proved that they do so under ordinary circumstances. The
objection to these experimental results is, as Eder has pointed
out, that long-continued immersion in water produces changes
in the walls of the epidermal cells of such a nature that they
become permeable to water. Leaves are not exposed to this
under ordinary circumstances; as a rule their epidermis
cannot be moistened by water, so that the rain or dew which
falls upon them forms drops which either roll off by their
own weight or are shaken off by the wind. The differences
in internal organisation as well as in external form which
exist between submerged and subagrial leaves go far to prove
that since the former are known to absorb water, the latter
are not adapted for this purpose. This view is further sup-
ported by the fact that these differences do not only exist
between the leaves of a submerged plant on the one hand
and of a subaérial plant on the other, but that they are very
evident also between the submerged and subaérial leaves of
plants which, like Salvinia, are only partially immersed. It
is true that plants which are flaccid very soon become turgid
and assume a fresh appearance when rain falls, but it must
be admitted that the most important causes of this are the
absorption of water by the roots and the diminution of the
transpiration of the plant in consequence of the increased
moisture of the air. In comparison with these a possible
direct absorption of watet by the leaves may be neglected.
With regard to the absorption of watery vapour by leaves,
it appears, from the observations of Detmer and of Boussin-
gault, that it may take place to a slight extent when the
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leaves are very flaccid and dry, the air being at the same
time very moist, but that it does not take place when the
leaves are in their ordinary condition. The freshening effect
which is produced when plants which are beginning to wither
are introduced into a moist atmosphere is to be attributed to
the consequent diminution of loss of water by transpiration.
Inasmuch as the leaves of land-plants can absorb water
under certain special conditions, it is natural to infer that

- they can also absorb substances in solution. This has been

proved experimentally by Boussingault and by Mayer. The
former found that if a drop of a solution of calcium sulphate
be placed on a leaf, both the water and the salt will disappear
in the course of a few hours, and sooner on the lower than
on the upper surface; the latter obtained similar results with
a solution of ammonium carbonate,

It appears, then, that, under certain conditions, the foliage-
leaves of land-plants will absorb water and substances in

solution. It must, however, be borne in mind that any part

of a plant if immersed in water will absorb a larger or smaller
quantity of it. It is a common experience that cut flowers
or branches when placed with their cut surfaces in water will
absorb for a time sufficient water to prevent withering. The
evidence before us is insufficient to prove that the absorption
of water is an important normal function of leaves. Their
true absorbent function will form the subject of the next
lecture,
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LECTURE VWV,

ABSORPTION (continued).

II.  Absorption of Gases.

AN interchange of gases is constantly taking place between
every living cell and the medium in which it exists: in the
case of terrestrial plants, between the plant and the air, in
the case of aquatic plants, between the plant and the water.
When the plant is a simple one, each cell of it is in direct
relation with the medium ; when it is of complex structure,
there is, in terrestrial plants, some means by which the more
internal cells are brought into relation with it. The members
which are especially adapted for this purpose in the higher

. plants are the leaves ; so we may say that just as their roots
- are the special organs for the absorption of water and sub-

stances in solution, so their leaves are the special organs

- for the absorption of gases, although this is effected to some
- extent by other members also,

Let us briefly consider the structure of the leaf, The

- blade or lamina, the part with which we are especially con-
- cerned at present, consists, speaking generally, of a paren-

chymatous tissue, termed mesophyll, between the cells of

- which there are intercellylar Spaces more especially towards

| the lower surface. This tissue is traversed by numerous

fibrovascular bundles, forming the so-called zeins of the leaf,
‘and it is covered on both surfaces by a layer of cells
' which is the epidermis, The parenchymatous cells have thin
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cellulose walls, and, in addition to protoplasm and cell-sap,
they contain numerous chlorophyll-corpuscles : a full account

o
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Fic. 13. Transverse section of the lamina of a leaf: a, the cuticle; & the epi=
dermis of the upper surface; ¢ the pallisade-parenchyma ; d, the spongy
parenchyma ; ¢ and d together constitute the mesophyll ; ¢ epidermis of lower
surface ; f; intercellular spaces ; & guard-cells of a stoma. The cells of the
mesophyll contain chlorophyll-corpuscles. .

of the structure of these bodies will be given hereafter. The
epidermal cells usually contain no chlorophyll-corpuscles,
and their external walls are much thickened and cuticu-
larised : moreover they are packed closely together, so that
they form a membrane, the continuity of which is inter-
rupted here and there by intercellular spaces, called stomata,
each of which is bounded by usually two specially modified
epidermal cells, the guard-cells. The stomata open internally
into the intercellular spaces of the mesophyll, and thus the
air can have free access to the interior of the leaf, and from
this to the rest of the plant. That the stomata do thus
ommunicate with the intercellular spaces can be proved
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not only by microscopical observation, but also by direct
experiment. A simple means of doing this is to place the
blade of a leaf in the mouth and to immerse the cut surface
of the leaf-stalk in water: if now air be forced into the blade
by the mouth, a stream of bubbles will escape from the end

of the petiole which is in the water.
Stomata are by no means confined to leaves, although
they are most abundant on them. They are present, at some
- time at any rate, in the epidermis of all subaerial organs
excepting, in certain cases, some of the floral leaves: they
are never to be found on roots, nor on submerged plants,
and they are confined to the Cormophyta. In the case of
the stems and branches of perennial plants, in which the
epidermis is thrown off and is replaced by cork, the stomata
are of course lost, but a means of communication between
the internal tissues and the external air is provided by
certain structures which are termed /enticels. These consist
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| Fic. I (after Sta!:n]}. Section of a Lenticel of Samébucus nigra: f, lenticel-tissue;
1? c{:lrlk-camhlum; 2y cambium layer of the lenticel ; 4, phelloderm ; &, bast-
undles.

| of cells belonging to the cork-layer ; but whereas the cells of
the cork are closely packed, the cells of the lenticels have
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intercellular spaces through which gases can pass. That this
is the case is proved by the fact that a very slight pressure
suffices to force air through them. The lenticels are not,
however, permanently open. If an attempt be made in the
winter to force air through them, it will be found that none
will pass, and microscopical examination will shew that they
are closed by a compact layer of cork-cells. It appears that
in the autumn, the cork-cambium beneath the lenticel pro-
duces, instead of loose lenticel-tissue, corky layers which
interrupt the communication between the air and the interior
of the plant. In the spring these corky layers are ruptured
by the pressure exercised upon them by the lenticel-tissue
which is now being formed in consequence of the renewed
activity of the cork-cambium, and thus the communication
is restored.

Unger made the interesting discovery that the lenticels of stems are

developed at points which correspond in position to the stomata of the
epidermis. Lenticels also occur very generally on roots.

It is often thought that the stomata are of primary im-
portance in relation to the absorption and exhalation of gases
by leaves. Boussingault has found, however, that the upper
surface of the leaves of various plants with which he ex-
perimented (Cherry-Laurel, Poplar, Chestnut, Peach) absorbed
carbon dioxide more actively than the lower surface, al-
though the upper surface had scarcely any stomata whereas
they were very numerous ofl the lower. The stomata have
evidently no effect upon the absorption of this gas: it would
be interesting to know if this holds good also with regard to
the absorption of oxygen. Barthélemy regards the stomata
as affording rather a means of exit than of entrance to gases;
he concludes that, under normal conditions, a slight rise of
pressure in the plant is sufficient to cause an escape through
the stomata of the gases in the intercellular spaces. The
part played by the stomata in the interchange of gases is
not, however, their primary function ; their chief physiological
significance is in relation to the exhalation of watery vapour
(transpiration). We will therefore defer a detailed account
of their mode of action until that process is under discussion.




ABSORPTION OF GASES. 73

The absorption of gases is effected then, principally at
least, by the superficial cells of the leaves. Now as to the
mode of absorption. We may consider here, once for all,
the mode in which gases are absorbed by the cells of plants,
for it is the same in all cases. Gases, like solid substances,
can only be absorbed in solution. They may be brought to
the surface of the cell-wall already dissolved in water, as in
the case of submerged plants, or they may be dissolved from
the atmosphere by the sap which saturates the cell-wall,
as in the case of land-plants. In either case they reach the
interior of the cell in solution. When a gas has been taken
up at the surface it diffuses throughout the cell-sap, and thus
fresh quantities can be taken up from without until the limit
of solubility is reached, when absorption ceases, If, however,
the metabolism of the cell changes the chemical condition
of a gas, if it causes its decomposition or causes it to enter
into new combinations as it is absorbed, then its absorption
will be continuous. On comparing these statements with
what was said as to the absorption of substances by the roots,
we find that the conditions of absorption are essentially the
same in the two cases,

There exists another important similarity between the
absorption of gases and the absorption of substances in solu-
tion, namely this, that just as the root can only absorb a
solution below a certain degree of concentration, so the leaf
can ‘only absorb a gas below a certain degree of pressure,
For instance, the pressure of the carbon dioxide in the air
is very slight; it was first observed by Percival that an
increase in the quantity of carbon dioxide in the air is
favourable to the growth of the plant; de Saussure found
that a considerable increase is prejudicial, and Godlewski,
by his more detailed investigations, shewed that the optimum
proportion is from 8—r10 per cent.,, that is that carbon
dioxide is most readily absorbed by the plant when its
pressure is about 200 times greater than in ordinary air.
Boussingault found that when leaves are exposed to sunlight
In an atmosphere of pure carbon dioxide at the ordinary
pressure they cannot decompose it, but if the carbon dioxide
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hence, since the amount of a gas dissolved from a mixture
is proportionate to the relative volume of it in the mixture
multiplied into its coefficient of solubility, the proportions of
these gases dissolved by the cell-sap of the cell under con-
sideration will be, at a temperature of 15°C. and 760 mm.
pressure,

INittagen: bioii, el 1692
Carbon dioxide ........0'0400

and these may be assumed to be the proportions in which
these gases are at first absorbed by the cell,

But it has been abundantly proved that whereas when the
cells of a plant are saturated with nitrogen no further ab-
sorption of this gas takes place, the absorption of oxygen
and carbon dioxide is continuous provided that the con-
ditions are favourable. The total quantity of these gases
absorbed in a given time is far greater than that of nitrogen ;
in fact the amount of nitrogen absorbed by a plant is nil,
inasmuch as the cell-sap is saturated with it from the first.
From this we may conclude that oxygen and carbon
dioxide undergo chemical change after their absorption, that
they enter into the metabolic processes of the living cells,
whereas nitrogen does not.

Absorption of Oxygen.

That plants absorb oxygen is a fact which has long been
known. Scheele and Priestly both found that, under certain
conditions which they did not investigate, plants deteriorate the
quality of air; but Ingenhousz was the first to clearly define
the relation of the plant to the atmosphere. With a more
developed chemical science at his disposal, de Saussure was
able to establish definitely the importance of oxygen for the
life of plants, and his results have been confirmed by all sub-
sequent observers,

There are, however, lowly organised plants which can
live, for a considerable time at least, without being supplied
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Madia, 72 hours at 13°C,
absorbed 15'83 c.c. of oxygen,
exhaled 11°94 c.c. of carbon dioxide.

Oudemans. and Rauwenhoff found that the amount of
oxygen absorbed varied in the case of the seeds of different
species of plants, and that it diminished gradually during the
process of germination.

Lory shewed that phanerogamic plants which contain
but little chlorophyll, such as various species of Orobanche,
and Neottia Nidus-avis, absorb oxygen under all circum-
stances :

A flowering plant of Orobanche Teucrii absorbed in thirty-six hours
4'2 c.c. of oxygen for every gramme of its weight: a plant without Aowers
absorbed 2'68 c.c. of oxygen for every gramme,

but according to Drude the exhalation of oxygen by Neottia

is greater than the absorption when the plant is exposed to
intense light,

De Saussure ascertained that flowers absorb oxygen :
Thus,
flowers of Cheiranthus incasnus absorbed 11°0 vols, of oxygen in 24 hours,

double flowers of " 3 Fiard " ”

flowers of Tropeolim s 5 85 ¥ :
= Datura arborea 3 0'0 ’ »
w  Passifiora servatifolia |, 1375 " ”
i Dawcus Carota & 88

the volume of the flower being taken as unity,

he found further that the essential organs of the flower are
those which absorb the largest proportion of oxygen, and that
the andreecium does so more actively than the gynaceum,

Crecrerbita Melo-Pepa

The volume of the organ being taken as unity, the organs of the
flowers absorbed the following quantities of OXygen :

absorbed in 1o hours

Staminate flower . 7°6 vols, O,
Pi&ti“atﬁ (1] e fam P ew L 315 15
Anthers > e i -

Stigmas I will 47

"
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With regard to the absorption of oxygen by plants and
parts of plants which contain chlorophyll abundantly, Ingen-
housz pointed out that they convert a considerable portion
of the air surrounding them into carbon dioxide when they
are not exposed to light. De Saussure found that leaves of
the Oak, the Acacia, the Spanish Chestnut, and other plants,
if left during the night in a recejver containing air over
mercury, absorbed oxygen, Boussingault has also found

- that leaves absorb oxygen in darkness.

Subjoined are some of the quantitative results which de Saussure
obtained : in each case the experiment lasted 24 hours, and took place in
the dark : the quantities of oxygen absorbed are expressed in terms of the
volume of the leaf taken as unity:,

Holly (September) 086 vol. O,
Box 1 468
Cherry Laurel (May—young leaves) 3200 .,

“ (September) IE361 0
Beech (August) 8oa -
Oak (May) BrE@
Poplar (May) G2a.

" (September) 436

From these figures it appears further that young leaves absorb more
actively than older ones,

Since it was known that, as we shall see hereafter, leaves
and other parts of plants which contain chlorophyll absorh
carbon dioxide and give off oxygen when they are exposed
to sunlight, it was concluded that an absorption of oxygen
takes place only in darkness, Tt was thought that during the
day green plants absorbed carbon dioxide and gave off
OXygen, whereas at night they absorbed oxygen and gave off
carbon dioxide. The researches of Garreau shewed, how-
ever, that this view was not correct. He came to the conclu-

- sion that, in leaves exposed to the light, two distinct processes

~ are in operation, in the one oxygen is absorbed and carbon
dioxide is exhaled, in the other carbon dioxide is absorbed
- and oxygen is exhaled. When the light is intense, when the

leaves are exposed to bright sunlight for instance, the relative

- activity of the latter of these processes is so much greater than
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ing solution of potash. The carbon dioxide exhaled by the branch intro-
duced through the cork 4 is absorbed by the potash. The water rises in
the lower part of the tube, indicating a diminution in volume of the air ; this
diminution is due to the absorption of oxygen by the branch.

FIG. 16. A4 is a glass vessel containing a solution of baryta at its lower part ; a
branch is fixed in the cork, and the baryta solution is introduced through the
tubes &. As carbon dioxide is exhaled a precipitate of barium carbonate is
produced.

In view of the large quantity of oxygen which, as we have

- seen, is absorbed by plants, more especially by Fungi, we

must conclude that this gas is used up in their metabolic
processes, and with these we may also connect the exhalation
of carbon dioxide. The absorption of oxygen and the ex-
halation of carbon dioxide constitute what is known as the
Respiration of plants. The significance of this in the economy
of the plant will be discussed hereafter.

Absorption of Carbon Diovide.

De la Hire (1690) and, after him, Bonnet (17354) found that
green plants or parts of plants when immersed in water and
exposed to sunlight gave off bubbles of gas; and Bonnet
further observed that no bubbles were given off when
the water had been previously boiled.  Priestley (772)
pointed out that “fixed air” is absorbed by green plants
when exposed to sunlight, and shewed that the air evolved
by leaves under these circumstances is “dephlogisticated.”
Sénébier (1783) proved that the amount of “ pure air” evolved
by green plants in water is greater when a considerable amount
of “fixed air” is held in solution, and he thus established
4 connexion between the absorption of “fixed air” and the

exhalation of “pure ajr” by green plants when exposed to

sunlight. De Saussure (1804) confirmed Sénébier's results,
and made some quantitative determinations of the amount of
carbon dioxide absorbed and of oxygen given off,

He obtained, for instance, the following results : the stems and leaves
of seven Periwinkle Plants (Vinca) were introduced into a glass receiver
which contained, in addition to the plants, air of the following COmposi-
tion :

¥ 6
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is greater than could be accounted for by the absorption of
carbon dioxide from the air, and that therefore some other
source of supply of carbon—probably the carbon dioxide
absorbed by the roots—must be assumed. Recent investiga-
tions have, however, shewn that this theory is quite untenable,
Bohm has found that a plant cannot live long when its leaves
are enclosed in a receiver containing air from which all car.
bon dioxide has been removed, even although its roots are
- in soil rich in humus and therefore also in carbon dioxide ;
and Moll has come to the conclusion that the carbon dioxide,
which may be present in one part of a plant does not contri-
bute to the formation of starch in the chlorophyll-corpuscles
of another part. We are therefore justified in holding the
opinion that the carbon dioxide which a plant requires is
absorbed from the air by those of its organs which contain
chlorophyll,

Figures illustrating Moll’s experiments.

FIG..IL Th‘e glass jar covering the left-hand Plant stands in a dish (4) contain-
ing solution of potash, and its contents communicate with the air by means of

6—2
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were capable of doing this; Sénébier, Woodhouse and de
Saussure on the other hand found that no such absorption
took place. Boussingault, and after him Lawes, Gilbert, and
Pugh, arrived at the same conclusion as de Saussure but by a
different method: instead of determining the composition of
the air in a closed receiver, containing the plant, at the begin-
ning and at the end of an experiment, they determined the
amount of nitrogen in a seed and then allowed a similar seed

 to germinate under such conditions that no nitrogen except

the free nitrogen of the air could have access to it. They
ascertained that the amount of the nitrogen in the seedling
was not greater than that in the seed, and they therefore con-
cluded that the young plant had not taken up this gas from
the air. Their investigations will be discussed more _fully
hereafter in discussing the nature of the food of plants.

It must, however, be borne in mind that the cell-sap of
plants does doubtless hold dissolved in it a certain amount of
free nitrogen, since, as we have seen, this gas is soluble to
some extent in water. The limit of solubility is soon reached
when a plant is growing in the air, and so, if for the purposes
of experiment, the plant is then placed in a receiver containing
a limited quantity of air, there will be, as de Saussure found,
no diminution of the free nitrogen present. There is a very
great difference between the relative amounts of oxygen,

. carbon dioxide, and nitrogen, which are absorbed in the
. gaseous form by plants. We have seen that under certain

circumstances the whole of the oxygen in a limited atmosphere

- may be absorbed by plants, and this is true also of the carbon
- dioxide, whereas no nitrogen is absorbed, for the cell-sap of all
| plants exposed to the air is saturated with this gas. We con-

cluded, on account of the large quantities of oxygen and
carbon dioxide which are absorbed, that these gases enter
into the metabolism of the plant ; we must therefore conclude
that, since the amount of free nitrogen absorbed by a plant is
80 small that it can be accounted for by the mere solubility of

the gas, this gas does not enter into the metabolism of the
plant,
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Absorption of Ammonia.

The air, as we have seen, occasionally contains minute
quantities of ammonia and nitric acid. Of these gases, the
former is given off during the combustion and decomposition
of nitrogenous organic substances, the latter is formed probably
by the direct combination of the nitrogen and oxygen of the
air which is effected by lightning-flashes. These gases do not,
however, exist isolated in the atmosphere : the ammonia will
combine with the nitric acid, and, in the absence of this acid,
it will combine with the carbonic acid of the air.

The quantities of these substances present at any time in
the air are very small, and, inasmuch as they are very soluble
in water, and will therefore be washed out of the air by rain,
it is obvious that this source of combined nitrogen cannot be
of any great importance to the plant. Still the question as to
whether or not plants can absorb ammonia in the gaseous form
from the air is an interesting one, and one which has received
the attention of many observers. The researches of Ville
prove that ammonia can be absorbed from the air by the leaves,
but that this absorption is very small under ordinary circum-
stances is shewn by an experiment of Boussingault. A Dwarf
Runner was planted in a soil containing no nitrogen and left
to grow in the open air, protected however, from the rain, for
nearly four months ; 't was then estimated that the plant had
gained 0'0031 grm. of nitrogen during the experiment. Sachs
found that a plant absorbed ammonium carbonate (probably
carbamate) when it was present -1 the air, and this result has
been since confirmed by Mayer and by Schlosing.

The following are some of Mayer’s results. In his experiments,
Cabbage-plants of approximately the same weight were grown under
various conditions, and the proportion of nitrogen present in each was

determined at the close of the experiment : one of the plants was analysed
at the beginning of the experiment, to afford a means of comparison.

Dry weight | A gy sz
Plant at commencement of expt. o'364 grm. ooloo 277
, grown in open air—end of expt. O'7I3 » o'o123 18
: . o715 ¢ oo138 1'9
H
i ,  Teceiver without NHjy {0*??9 ? S 7

11 1 1

: 1'090 4 00240 22
with NH, {1_5 S50 cos8o)
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Occasionally other gases, such as sulphur dioxide, sulphu-
retted hydrogen, and hydrochloric acid, are present in the air
in the neighbourhood of chemical works. The plants of the
district very soon become unhealthy and die, so there is
reason to believe that these gases are absorbed by the leaves,
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LECTURE VI.

THE MOVEMENT OF WATER IN PLANTS,

WE have now to consider the distribution throughout the
plant of the water which, as we saw in the last lecture, is ab-
sorbed by the roots.

There is no doubt that the distribution of water takes
place, to some extent at least, in the same manner and by
virtue of the same forces as its absorption, that is, it passes
by osmosis from one cell to another just as it passed ori-
ginally from without into the superficial cells of the plant.
Further, inasmuch as the movement is the expression of a
tendency towards fluid equilibrium in the plant, that is, that
the proportion of water in each cell should be the same
throughout, the direction of this movement is not necessarily
constant: it proceeds from those parts which are relatively
rich in water towards those which are relatively poor, and
naturally if water is given off at any point of the free surface
of the plant, a current will be set up in the tissues towards
that point.

These statements apply not only to water, but also to the
gases and the substances which the water holds in solution,
These travel, as we have seen (P. 44), by osmosis from cell to
cell, the direction of their movement being determined simply
by the relative quantities of them in different parts of the
plant. The final cause of the movement is the removal of
the various substances from the sphere of osmotic activity,
in consequence of the chemical or physical changes which
they undergo in the living cells of different parts of the plant.
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These changes are more especially active for different sub-
stances in different parts of the plant, and consequently the
rapidity of transmission of certain substances in any par-
ticular direction will be greater than that of others. Thus,
the inorganic substances absorbed by the roots pass into the
cells of the leaves where they are concerned in the processes
of constructive metabolism which are in operation in those
organs, and the products of these processes pass from the
Jeaves, either to those parts of the plant in which growth
is actively proceeding and plastic material is required, or to
those parts, such as seeds, tubers, etc., in which stores of
organic substances are being laid up.

This is the only way in which the distribution of water is
effected in cellular plants, in plants, that is, which do not
possess fibrovascular bundles. It is only one of the ways in
vascular plants, and we will now endeavour to ascertain what
the other ways are.

It is a matter of common observation, which Ray seems
to have first carefully noted, that when the stems of vascular
plants are cut in the spring, a flow of watery fluid frequently
takes place from the cut surface of that portion of the stem
which is connected with the root. This fact was investigated
with great thoroughness by Hales, and he concluded that
there is “a considerable energy in the root to push up sap in
the bleeding-season.” The correctness of Hales' conclusion
was confirmed by the experiments of Dutrochet, in the course
of which he ascertained that a flow of sap only takes place
from the cut surface of a stem when it is organically con-
nected with the roots, and from that of a root when it is in
connexion with the soil by means of root-hairs. The Rooi-
pressure, as this force is termed, is therefore the expression of
the absorbent activity of the root-hairs.

This subject was studied at a later period by Hofmeister.
He found that “bleeding” is not peculiar to woody plants, as
his predecessors had supposed, but that it occurs in herba-
ceous plants also; and further, that, although it can be most
readily observed in the spring, it may be artificially induced
at any scasof.
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The composition of the fluid obtained from a Birch in the spring
was found by Schréder to be the following :

1 litre contained

Ash 052 grms.
Sugar (Levulose) ... ... 1200 ,,
Proteid 002
Malic acid ol 1

Schrider confirmed Knight’s observation that the proportion of sugar is
_ less the higher the part of the tree from which the fluid is taken, and he
found that this was generally true of the other substances also.

But the root-pressure does not only manifest itself by
causing a flow of sap from the cut surfaces of plants; it also
causes, in many plants, the exudation of drops of sap at the
free surface. Thus drops may commonly be seen on the sur-

F1G. 19 (after Gardiner): A4, section of leaf of Saxifraga crustata, shewing the
water-gland, ¢, which is continuous at its base with a fibro-vascular bundle
w, water-pore; 4, hairs to which the deposit of calcium carbonate becomes
attached on the evaporation of the exuded drops of water.
4, cells of the gland more highly magnified,

face of certain Fungi (Pilobolus crystallinus, Penicillium glau-
cunt, Merulius lacrimans) which have been doubtless exuded
- @s a consequence of the hydrostatic pressure existing in the
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plant, set up by the active absorption going on in the organs
(rhizoids) which here perform the functions of roots. Again,
if care be taken to prevent evaporation, it will be found that
drops are formed on the margins and at the apices of the
leaves, especially the younger ones, of many plants, such as
Grasses, Aroids, Alchemillas, Saxifrages, etc. That the forma-
tion of these drops depends upon the forcing of water into
the cavities of the vessels by the root-pressure is shewn by
the fact that if the stem be cut off and placed in water, no
more drops will appear on the leaves. If, in this experiment,
the cut stems be allowed to remain for some days in water,
they will in many cases produce adventitious roots: when this
takes place the formation of drops on the leaves at once
recommences. Again, Moll has shewn that if the root-
pressure be replaced, in the case of a cut-off branch, by the
pressure of a column of mercury, an exudation of drops will
take place.

Some idea of the quantity of water which-thus exudes in the form of
drops is afforded by the following observations, Williamson obtained
half-a-pint of fluid in one night from a leaf of Caladium distillatorium.
Unger obtained from Richardia Athiopica, in one Case, 265 grms. from
six leaves in eleven days, and in another, 36 grms. from four leaves in
ten days : from a leaf of Colocasia antiquorum (var. Fontanesit) Duchartre
obtained in one night (August) 12 grms., in the following night 13'1, and
later (commencement of September) 14735 grms. ; in other instances he
obtained as much as 226 grms. On several occasions Duchartre observed
the formation of 120 drops in one minute.

Those leaves which exhibit this exudation of drops frequently have
specially modified apertures, termed water-pores (see Fig. 19, 4), through
which the drops come to the surface, and these pores are placed singly
or several together over the termination of a fibrovascular bundle, which
may or may not be glandular. In other cases the drops pass through
the ordinary stomata, and in others again the water exudes, not through
any special openings, but simply through the walls of the epidermal cells.

It can be readily observed that the liquid which is poured
out by a bleeding stem escapes from the orifices of the vessels
of the wood, and it is also in these channels that it is con-
veyed to the leaves on which drops are formed. We must now
endeavour to become acquainted with the mode in which the
fluid absorbed by the root-hairs obtains access to the vessels,
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and in order to do this, we will first of all briefly consider the
structure of the root.

The structure of the root is tolerably uniform throughout
the vascular plants. It consists, generally speaking, of a

f \

FIg. 20. Transverse section of the root of Lepidiune sattvrem (the Cress) : a, the
unicellular root-hairs ; &, the epidermis; ¢, the cortical parenchyma ; 4, the

axial fibrovascular cylinder ; ¢, the bundle-sheath (endodermis) ; £ the central
wood-vessels,

central fibrovascular cylinder which may or may not enclose
a certain amount of pith: this cylinder is surrounded by
several layers of parenchymatous cells, and the most external
of these layers is in contact with the epidermis, of which cer-
tain cells are modified into root-hairs (Fig. 20). Water and
substances in solution are absorbed, as we have already seen,
osmotically by the root-hairs, and they are transferred in this
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For Vitis, Hales determined a pressure of 32} inches of mercury, or
8255 mm.

It must not be assumed, however, that either the pressure
or the rate of flow is uniform. It was observed by Hales that
when the column of mercury in the manometer has reached a
certain height, it begins to oscillate. We have seen that the
height of the column of mercury is a measure of the root-
pressure, and therefore its variations must be due to variations
of the root-pressure. Hofmeister, in further investigating this
matter, made the interesting discovery that these variations
have a regular daily periodicity. The column rises in the
morning and during the forenoon; then it usually sinks some-
what, rises again towards evening, and falls during the night:
frequently the slight fall in the afternoon does not take place.
According to the more recent researches of Baranetzky and
of Detmer, it appears that the maximum is generally attained
in the afternoon, though the exact hour varies with different
species of plants: in any case there is usually an interval of
about twelve hours between the maximum and the minimum
flow. The daily period is constant for plants of the same
species, provided, however, that they are of the same age, and
that the conditions of their growth have been the same for
some time before the experiment; in fact, quite young plants
do not exhibit a periodicity at all.

What, now, are the causes of this periodicity? Since we
have already learned in a previous lecture that the tempera-
ture of the soil has an important influence upon the absorbent
activity of the roots, it seems reasonable to suppose that the
daily variations of temperature in the soil induce a similar
periodicity in the absorbent activity of the roots. This ex-
planation is, however, shewn to be incorrect by the fact that
the absorbent activity of roots is perceptibly affected only
by very considerable variations of temperature of the soil,
variations which are much greater than those which take
place in nature; and by direct experiments in which, whilst
the temperature of the soil was falling, the rate of flow was
found to be increasing. This periodicity is therefore not the
immediate result of variations in external conditions; it is
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inherent in the absorbent cells themselves. It has doubtless
been induced in plants by the daily variations of external
conditions, perhaps more especially of illumination, which
are involved in the alternation of day and night; but it has
become so much a part of the nature of plants that it is
exhibited even when the conditions which originally induced
it are not present, and it is transmitted from generation to
generation. We shall find hereafter that many of the pheno-
mena of plant-life are periodic, and their periodicity has
doubtless been induced in like manner.

But the vessels of the wood of plants do not always con-
tain watery fluid. Hales observed that whereas a Vine will
bleed freely if its stem be cut in the month of April, no bleed-
ing will take place f it be cut in July. And yet, since in July
the foliage of the plant is fully developed, and it is losing
considerable quantities of water by transpiration, it is evident,
as Hales did not fail to point out, that a current of water must
be passing through the stem from the roots to the leaves.
This current we will term the transpivation-current. What,
then, are the channels by which this current travels, if it
s not by the cavities of the vessels? An answer to this
question is suggested by the structure of those vascular
plantsrsubmerged water-plants—which lose no water by
transpiration, and in which, therefore, the current in question
does not exist. An examination of a transverse section of the
stem of one of these plants shews that the wood is but feebly
developed, and that the walls of its constituent cells are but
slightly lignified if at all. Inasmuch, then, as the wood of
these plants, which do not transpiré, differs so much in struc-
ture from that of those which do transpire, it must be
inferred that the wood is of some importance in connexion
with this function. The correctness of this inference can be
proved experimentally. If a ring of cortical tissue, extending
inwards as far as the cambium, be removed from the stem of a
dicotyledonous plant, i+ will be found that the leaves, which
are borne on branches arising from the stem above the level
at which the ring has been removed, will not exhibit any signs
of withering, and Knight found that this was also the case
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when both cortical parenchyma and pith were removed. Tt is
evident that, in spite of the removal of these tissues, the leaves
still continue to receive from the roots a supply of water which
is sufficient to compensate their loss by transpiration, and thus
to enable them to remain fresh and turgid. This supply of
water must necessarily ascend to them through the wood of
the stem, since this is the only tissue which still connects them
with the roots.

It is, then, the wood by which the water which is required
to make up for the loss by transpiration, is conveyed from the
roots to the leaves. In annual plants, the whole of the wood
conducts water, but in perennial plants it is only the younger
wood. This is proved by an experiment made by Knight
and Dutrochet. They cut a ring of tissue out of the stem
of an Oak to such a depth that the younger wood (alburnum)
was removed and the older wood (duramen) was laid bare.
The leaves soon began to wither, and the tree subsequently
died. When the wood once becomes dry it loses its capacity
for imbibition, and can therefore no longer serve for the con-
duction of water in the plant,

Since we know that the water travels upwards through
the young wood, and since it is stated that at the time
when the current is most active, the cavities of the cells and
vessels contain no water, we must conclude that it travels in
the substance of their cell-walls, This conclusion is quite in
harmony with what we know of the properties of lignified
cell-walls. We learnt, in the second lecture, that such cell-
walls readily take u p water, without, however, exhibiting any
perceptible swelling, so that their maximum saturation or
imbibition is very soon attained. They part with water as
readily as they take it up, so that a very small force will set
Hp @ current. ‘This is well shewn by the following experiment
of Sachs. If a portion, two or three feet long, of the stem of
a young Fir be taken in the winter, when it is saturated with
water, and the two ends be cut smooth with a knife, they will
be found to be quite dry when the piece of stem is held verti-
cally. If now the upper cut surface be wetted by means of
a brush, the lower cut surface will be seen to become mojst

Ve 7
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immediately ; on reversing the position of the two ends the
phenomenon will be repeated. This cannot be explained by
assuming that the water placed on the upper surface simply
runs through open vessels to the lower surface, for the escape
of water at the lower surface takes place first from the young
wood (alburnum) which, in the Fir and other Conifers, contains
no vessels, but consists of completely closed wood-cells
(trachetdes). The true explanation is that the slight pressure
exercised by the layer of water on the upper surface 1s at once
transmitted to the water which saturates the walls of the
wood-cells and which forms a continuous column, and con-
sequently an immediate escape of water takes place at the
lower surface.

Although the experimental evidence given above applies
only to Dicotyledons and Conifers, yet it is equally true that
in Monocotyledons and in Vascular Cryptogams, the stems
of which differ considerably in their anatomy from those of
Dicotyledons and Conifers, the transpiration-current travels
in the lignified cell-walls. In these plants the amount of
wood in the fibro-vascular bundles is very small in relation to
the bulk of the stem; it 1S probably insufficient to serve
as a channel for the supply of water to the leaves. It is
probable, as Sachs suggests, that the deficiency is made up
by the conduction of water through the walls of the lignified
sclerenchymatous cells which form so large a portion of the
ground-tissue in the stems of these plants.

Another account of the conduction of the transpiration current has
been given by Bohm. He states, and in this he is confirmed by Elfving
and by Hartig, that the conducting cells of the wood always contain some
water, even when transpiration is most active. He considers the mechan-
ism of conduction to be this; that when water is withdrawn from a

conducting cell, the air which it contains becomes rarefied and the
tension in the cell is then Jess than in the neighbouring cells; as a conse-
quence water is forced by filtration under pressure through the pits in the
wall of the cell until equilibrium is restored. Inasmuch as the air in the
conducting cells of the leaves is constantly undergoing rarefaction in
consequence of transpiration, a current is set up towards the leaves from
the stem.

According to Hartig the duramen usually contains water, and it seems
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to serve as a reservoir upon which the conducting cells of the alburnum
can draw,

We are now in a position to give a connected account of
the transpiration-current. The water absorbed by the root-
hairs filters under pressure from the innermost parenchymatous
cells of the root into the walls of the adjacent wood-cells : at
the same time water is being withdrawn by the transpiring
leaves from the wood of the stem, and the demand is met by
- the conduction of water upwards from the root through the
lignified cell-walls. It may happen that the quantity of
water forced in a given time into the wood of the root is
not so great as that which is transpired by the leaves. Under
these circumstances the plant becomes flaceid and begins to
wither. On the other hand it may happen that the quantity
of water forced into the wood of the root in a given time is
greater than that which is transpired by the leaves. Under
these circumstances the water filters into the cavities of the
cells and vessels of the wood of the root and collects there.
This latter condition is the one which obtains, for instance, in
plants in the spring, and gives rise to the phenomenon of
“ bleeding,” which we have already considered.

In the course of the very numerous experiments which have been
made on the filtration of water through wood, it has been found that
satisfactory results can only be obtained when, in the first place, the
Water is quite pure (distilled), and in the second, the cut surface is quite
fresh. If the cut surface is allowed to become dry, the filtration is much
retarded. It has been found, further, that in long-continued filtration-
experiments, the rate of filtration gradually diminishes : if, however, a
thin layer be removed from the surface of the piece of wood which has
been in contact with the Wwater, and the experiment be then resumed, the
rate of filtration is again considerable. This gradually increasing resist-
ance to filtration is due, as von Héhnel has shewn, to the fact that the
cut surface becomes covered with a layer of mucilaginous substance,
derived partly from the cells which have been necessarily mutilated, and
partly from Bacteria which grow and multiply in it. This is also the
reason why cut branches wither even when their ends are placed in water.

The most trustworthy observations which we have as to
the rate at which the transpiration-current travels in the wood
are those of Sachs. His method consisted in supplying the

;—2
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roots of plants with a solution of a salt of lithium, and deter-
mining, by means of the spectroscope, the Jength of stem in
which lithium could be detected after the lapse of a given
time. The following are some of the results which he obtained,
the plants being under such conditions as to promote their
transpiration as much as possible.

Plants with roots in water Eate of rise per hour
Salix fragilis ... 85’0 cm.
Zea Mais 36'0 »

Plants with roots in earth

Nicotiana Tabacumt ... 1180 .
Albizzia Lophantha ... 1540 3
Musa Sapientum 90'7 5
Helianthis annuus ... 63100 Ly
Vitis winifera ... g8o

It must be pointed out that Sachs ascertained by means of experi-
ments with strips of blotting paper, that the lithium salt travels as
rapidly as the water :n which it is dissolved; but it does not necessarily
follow that this is the case in the plant.

It is, then, by means of the fibro-vascular tissue that water
s distributed to all parts of the plant, and, provided that the
supply absorbed by the root is adequate, with sufficient rapidity
to maintain the turgidity even of those parts in which trans-
piration is active. The distribution of water from the fibro-
vascular bundle in a transpiring organ, 2 leaf for instance,
follows a course which is the exact converse of that which
takes place in the root. In this case the more external cells,
those which bound the intercellular spaces, are those which
are first affected by transpiration ; they obtain fresh sup-
plies of water by osmosis from the more internal cells, and
these, in turn, obtain water from the cells of fibro-vascular
bundles with which they are .1 relation. There is thus a
- current of water set up passing from within outwards.

We became acquainted at the outset with the remarkable
property possessed by the parenchymatous cells of the roots
of absorbing water to such an extent as to set up sufficient
pressure to cause water to filter out of them. This property
is, however, not peculiar to the cells in question, and we may,
.1 concluding this lecture, briefly consider the instances which
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have been observed of a similar process in other parts of the
plant. The most familiar instance is the excretion of nectar
by nectaries. The structure of a nectary is essentially similar
to that of a water-gland (see fig 19, p. 91), but its properties
are very different. We have seen that the excretion of liquid
by a water-gland is entirely dependent upon the root-pressure :
when the organ bearing the water-gland is separated from the
rest of the plant, the secretion at once ceases. It is not so
_with a nectary. If a flower containing nectaries, that of
Fritillaria imperialis for example, be cut off, and the drops of
nectar be removed by means of blotting-paper, it will be found
after a time that large drops have been excreted. The cells of
the nectary, like those of the parenchymatous tissue of the root,
have the power of setting up within themselves so great a
hydrostatic pressure as to force out by filtration the fluid
which they contain. This is true also with regard to the
pitchers of Nepenthes. But it must not be supposed that
this property is confined to special organs ; it is probable, as
suggested in a previous lecture (p. 45), that it is possessed
very generally by the parenchymatous cells of the plant, and
that it plays an important part in the distribution of substances
which, though soluble in water, do not readily diffuse. Sachs
has observed, for instance, that if pieces (6—10 ctm. long) of
the young haulms of various Grasses be placed with one cut
end in damp sand, and be kept in a moist atmosphere, drops
of water will exude at the other end. Similar observations
have been made by Pitra. The excretion of liquid in these
cases is doubtless due to the fact that the parenchymatous
cells become tensely filled with water; a considerable hydro-
static pressure is set up in the cells, and the result is the
escape of water by filtration, probably into the vessels, This
may be readily observed whenever any turgid succulent tissue
is cut across; drops of water are formed at the cut surface,
which are derived partly from the cells which have been cut
open, but also, probably, from uninjured cells which lose
water by filtration in consequence of the alteration of the con-

ditions of tension in the tissue which has been induced by
section,
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UNDER ordinary circumstances, the exhalation of watery
vapour is always going on from the surface of all parts of
plants which are exposed to the air. Its activity is not the
same in all, for the structure of the cell-walls of the superficial
cells is not everywhere the same. The walls of the epider-
mal cells of terrestrial plants for instance, are more or less
cuticularised, and the amount of watery vapour which can
pass through them varies with the degree of their cuticularisa-
tion: it is however in all cases smaller, as Ad. Brongniart
pointed out, than that which passes through the uncuticularised
cell-walls of aquatic plants when they are exposed to the air.
As a consequence, the latter wither much more rapidly than
the former. The property which the cuticle is thus seen to
possess of offering a resistance to the passage through it of
aqueous vapour is due, according to Garreau, to the resinous
and waxy substances which it contains.

The structure of all terrestrial plants, from the Mosses
upwards, is such that direct communication is established
between the external air and the interior of the plant by
means of stomata and lenticels. We have already seen that
these openings communicate with intercellular spaces which
run between cells with uncuticulatised walls, cells, therefore,
which can readily exhale aqueous vapour. It is, as a rule, in
the leaves that the greatest area of uncuticularised cell-wall
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The following is from Sachs :

A branch of White Poplar, weighing 1252 grms., with a leaf-surface
of 2700 sq. centim., lost 480 c.c. of water in 110 hours ; hence from evcf‘}-
square centimetre there evaporated a column of water of 18 mm. in
height ; from each square centimetre of the surface of the water in an
adjacent vessel there evaporated, in the same time, a column of water
5 mm. in height. In an experiment with Helianthws annus it was found
that the loss from each square centimetre of leaf-surface was 2'23 min.,
and from each square centimetre of water-surface, 5'3 mm. Sachs points
out that this proportion is probably too large, for the external surface of
a leaf by no means represents the whole surface from which transpiration
is taking place ; the intercellular spaces must be taken into account.
He assumes, therefore (and this is probably below the mark), that the
transpiring surface of the leaves in these experiments may be taken to be
ten times greater than their external surface, The proportion between
the amount of water evaporated from the leaves and from the vessel will
therefore be o in the case of the Poplar, and o in the case of the Sun-
flower.

The explanation of this fact is doubtless this, that the
living cells offer a considerable resistance to the evaporation
of the water which saturates them. This is not the case with
a dead membrane; on the contrary, the experiments of Sachs
shew that water evaporates more readily from a membrane
than from a free surface, and it has been frequently observed
that parts of plants which have been killed dry up very
rapidly.

It appears that, ceteris paribus, the transpiration is pro-
portional to the surface of a leaf, though, as might be expected,
the activity of transpiration is very different in the leaves of
different structure: thin herbaceous leaves, for instance, tran-
spire much more freely than do those which are fleshy or
coriaceous. Further, it was pointed out by Guettard, and his
observations have been confirmed by those of Bonnet, Unger,
and Garreau, that transpiration takes place more actively
from the lower than from the upper surface of the same leaf,
a fact which must be attributed to the greater number of
stomata on the under surface,
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This may be illustrated by some of Garreau’s results :

l g il Reaivemmber | quiniiyof
Atropa Belladonna 40 lucI-:.E:; 5“:;f-s ;‘; I| gg r
Nicotiana rustica 40 'iluP"E:: p ;g ' % };
Canna @thiopica |1 40 | 'ilc?‘gs: :-; zf-; | S?I
Daklia (terminal leaflet) !| 40 'igﬁ:: 2 ;; Igg
Tilia enropea 20 ;:E..E::ﬁ :: &E i‘;
Hedera Helix 20 | ]llﬂP‘E:: : gg i
Syringa vulgaris | 20 ‘l]{'f'wpg 2 II‘;g | %g

The mode in which Garreau conducted the experiments of which
these are the results has been recently criticised by von Hihnel.
Garreau determined the amount of water given off by the increase of
weight of some chloride of calcium which was placed in 2 receiver
together with the leaf. Von Hohnel points out that the chloride of calcium
in the lower half of the receiver is under more favourable conditions
than that in the upper half for absorbing the moisture exhaled by the
leaf. In an experiment made in this manner with Colens Blumei, he
found the relative transpiration of the two <yrfaces to be £:8. Ima
second experiment, he reversed the position of the leaf so that the true
lower (dorsal) surface transpired into the upper half of the receiver :
he now found the relative amount of moisture absorbed by the chloride
in the upper to be to that absorbed by the lower as 1:46. It appears
therefore that the differences determined by Garreau are t00 great.

From the foregoing table it ippears that although the
surface with the greater number of stomata transpires the
more freely, yet there ic no sort of proportion between the
number of the stomata and the activity of the transpiration.
Von Hohnel has, however, repeated Garreau'’s experiments
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with an improved form of apparatus by means of which a
more complete and a more equal absorption of the water
transpired by the two surfaces of the leaf is ensured, and he
inclines to the opinion that a proportion of this kind may
really exist,

It has long been an accepted view that the activity of the
transpiration of a leaf varies with its age, but it is to von
Hohnel that we are indebted for a definite account of this
relation. He finds that the youngest leaves are those which
transpire most freely; the activity of transpiration gradually
diminishes as the leaf grows, but it subsequently rises, so that
a second, but lower, maximum is attained when the leaf is
fully developed; it then steadily diminishes. The explana-
tion which he gives of these facts is that in the very young
leaf the cuticle is but feebly developed and offers but little
resistance to the passage through it of aqueous vapour; fur-
ther, there are no stomata: the loss of water at this stage
is entirely due to what he terms “cuticular transpiration.”
With the growth of the leaf, the cuticle becomes thicker and
the stomata begin to be formed, the former process, however,
taking place more rapidly than the latter, so that the
transpiration is on the whole diminished. As the stomata
are developed, the transpiration increases again until the
secondary maximum is reached : this secondary maximum
is the expression of the “stomatal transpiration” of the leaf.

We may now proceed to consider the mode in which the
stomata affect transpiration. It has long been known that
the guard-cells are capable of opening and closing the aper-
tures of the stomata. Sir Joseph Banks, who was one of the
first to notice this fact, was of opinion that the stomata are
closed in dry and open in wet weather, and that they thus
regulate the transpiration of the plant. Moldenhawer found,
however, that the stomata are closed on rainy days and dewy
nights and are open when the sun is shining upon the leaves,
and his observations have been confirmed by those of Amici,
von Mohl, and Unger. The mechanism of the movements of
the guard-cells was thoroughly investigated by von Mohl,
He shewed that the opening of the stomata depends in the
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first instance upon the turgidity of the guard-cells. When
they are absorbing water, the only way in which they can
yield to the hydrostatic pressure set up within them is, inas-
much as they are firmly connected at their ends, by becoming
curved, and this necessarily produces a space between them,
corresponding to that part of their adjacent surfaces along
which they are not coherent. When the guard-cells are not
turgid they are straight, their adjacent walls are in contact,
and the opening of the stoma is obliterated. He concludes
that the influence of light upon the guard-cells is of such a
nature as to increase their power of absorbing water, pro-
bably by causing the formation within them of osmotically
active substances: in connexion with this it should be men-
tioned that the guard-cells always contain chlorophyll-cor-
puscles, Possibly, however, the effect is to be attributed
rather to an increased resistance to evaporation than to an
increased power of absorption. However this may be, we
can account, to some extent at least, for the great difference
between the diurnal and the nocturnal transpiration of a
plant, by the fact that its stomata are open during the day
and are closed during the night: their function is not to
check but to promote transpiration.

These considerations naturally lead us on to enquire into
the relations existing between transpiration and the external
conditions of the plant generally. The hygroscopic condition
and the temperature of the air may be first considered. A
plant in an atmosphere saturated with moisture will not
exhale any watery vapour, provided that the temperature of
the plant is not higher than that of the air. It may happen
that, in consequence of great metabolic activity, the tempera-
ture of the plant is raised above that of the air, and then
transpiration will take place, although the air is at its point
of saturation. Under ordinary circumstances, when the tempe-
rature of the plant and that of the air do not perceptibly
differ, the activity of transpiration diminishes with increasing
moisture of the air; but when the temperature of the air is
high and the proportion of moisture in it small, transpiration 1s
promoted. Further, transpiration is affected not only by the




TRANSPIRATION, 100

temperature of the air which surrounds the transpiring organs,
but also by the temperature of the medium in which the
absorbent organs are situated. Sachs observed that when the
soil around the roots of a plant is warmed, the transpiration
of the plant becomes more activee. We have learnt in a
previous lecture (p. 52) that a slow rise in the temperature of
the soil causes an increased absorption of water by the roots:
we may therefore conclude that the more active transpiration
which is induced by a rise in the temperature of the soil is
connected with the increased absorbent activity of the roots.

From the observations of Burgerstein on Zaxus baccata it appears
that transpiration may take place to a slight extent even at a tempera-
ture of — 10’7 C. ;

It has been found by a great number of observers that
transpiration is more active in the light than in darkness.
This is doubtless to be accounted for, to a certain extent at
any rate, by the fact that, as we have seen, the stomata are
open in the light and closed in the dark, and further, that
exposure to light usually involves a rise of temperature.

Wiesner has endeavoured to shew by a series of experiments, con-
ducted in such a way that the temperature and the degree of saturation of
the air were maintained as nearly as possible constant, that light affects
transpiration independently of the stomata. Transpiration is very much
increased by exposure of the plant to light, and the rays which are
especially active appear to be those which correspond to the absorption-
bands of the chlorophyll-spectrum (see plate).

The following are some of Wiesner’s figures :

: Light {Gas) Darkness
Hartwegia comosa
gave off during 1st hour 59 mgr. water 31 mgr.
3 an k] 43 n 3':‘ 1]
1 Srd 1} 4‘4 1 29 1y
1 4th 42 3 20 n

In both cases the loss of water remained constant to the end of the
experiment. '

The following table gives Wiesner’s results for a number of the plants,
calculated per hour for 100 sq. centim. of leaf-surface.
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Water transpired In darkness In diffused daylight In sunlight
Spartinm junceumnt 64 mgr. 69 mgr. 174 mgr.
Lilium crocewmn 38 RO 1 s
Malva arborea 28 3 28 iy 7 Lo JY
Zea Mais (etiolated) Ioh . | (A 2 =

1 (ETEEH} a7 = | 114 5 ?g; »”

In order to meet the objection that the increased transpiration under
the influence of light in these experiments is to be attributed to the
opening of the stomata, Wiesner states that in the case of the Maize the
ctomata were nearly closed whilst the plant was exposed to light, and
that in Hartwegia comosa the stomata werce wide open whilst the plant
was in darkness. He refers the more evident action of light in the
green Maize-plant, as compared with the etiolated one, to the fact that
the rays of light absorbed by the chlorophyll of the green plant are
converted into heat, a conversion which is not effected to the same extent
by the etiolin of the etiolated plant.

In addition to the external influences already noticed, it
has been found that transpiration is considerably affected by
the nature of the liquids which are absorbed by the roots.
Sénébier seems to have been the first to notice this, and he
endeavoured to investigate it by comparing the transpiration
f a number of branches with their cut surfaces in different
solutions. The investigation was subsequently resumed by
Sachs, and still more recently by Burgerstein. Sachs found
that a Tobacco-plant growing ‘1 coarse sand transpired less
actively than one growing in clay. In a series of water-
cultures, he found that when the roots of the plants (Cucurbita)
were in acidified water the transpiration was much greater,
whereas when they were in alkaline water the transpiration
was considerably less, than when they were in distilled water.
He also watered plants growing in pots (Gourds, Beans,
Tobacco) with I per cent. solutions of potassium nitrate, amimo=
nium sulphate, and other salts, and found that the presence of
the salt diminished the transpiration. Burgerstein’s results
agree in the main with those of Sachs, as the following
figures will shew; but he finds that some salts tend to in-
crease the transpiration.
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1. Acid waler.
(a) With nitric acid :
A_liil?:xe-[ll?nt‘n } Distilled water  Acid (0015 p.ct.)  Acddd (0'3 p.ct.)
with its roots i
Lostiin 5g ours, } * 105°8 127°10
p. ct. of its weight ! 57

(6) With carbonic acid :
A Scarlet Runner with its roots in Distilled water  Acid water
lost in 954 hours, p. ct. of its weight, 13822 16545

2. Alkaline water.
(@) With caustic potash :

A Maize-plant
with its roots in
lost in 118 hours, }
p. ct. of its weight

} Distilled water  Alk. (002 p. ct.) Ak (o1 p. ct.)
11028 0430 7288

(6) With ammonia :
A Maize-plant with its roots in  Distilled water — Alkaline (o2 p.ct.)
lost in 43 hours, p. ct. of its weight, 8325 6408

The following figures give a general idea of the results obtained with
regard to salts. The plant used was the Maize, and the quantities, as in
the preceding table, represent percentages of the living weight of the
plant,

Distilled  Mizxed salt soln. KNO, NH,NO,

Roots in

waler Q'1 p. ct. @1 p.ct. oI pct
Loss due to transpi-} i S SR 5
ration in 103 hours EHli 474 3 334

The general conclusion to which he comes is that transpiration in-
creases with the concentration of the solution of the salt up to a certain
point, a point which is reached earlier in the case of alkaline salts and
later in the case of acid salts than it is in the case of neutral salts.
Beyond this point transpiration diminishes until it becomes equal to that
which exists when the roots of the plant are in distilled water, and the
transpiration further diminishes with greater concentration. A dilute
solution of a mixture of salts causes diminution of transpiration, whilst a
solution of the same strength of a single salt increases it.

Vesque has recently re-investicated this subject, and he
comes to the conclusion that the phenomenon in question is
one of absorption. He finds that when the plants have been
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deprived for some time of a supply of salts and are then placed
in a saline solution, they absorb it more rapidly than they do
distilled water ; and conversely, when they have been supplied
with salts, they absorb distilled water more rapidly than a
saline solution. The increased or diminished absorption of
water brought about in this way naturally affects the amount
of water transpired.

The activity of transpiration is further affected by mechani-
cal disturbances. It is a matter of common observation that
leaves soon become flaccid when they are agitated by a strong
wind. The increased loss of water which the flaccidity indi-
cates may be attributed to some extent to the constant renewal
of the air in contact with the surface of the leaves, but this is
not the only effect of the wind. Baranetzky has found that
disturbances of short duration suffice to induce flaccidity, and
the leaves rapidly return to their normal condition when left
at rest. If the shaking be repeated at short intervals, the loss
of water gradually diminishes with each repetition, until finally
no further effect is produced.

Baranetzky considers that the increase of transpiration 1s
a consequence of the rapid expulsion of saturated air through
the stomata at the time of shaking, and that the subsequent
diminution is due to the flaccid condition of the. guard-cells of
the stomata which are partially closed. These conditions
doubtless contribute to produce the effects, but they do not
appear to afford a complete explanation. It is difficult to
imagine that the loss of water during the time of shaking is
so great as to induce flaccidity of all the mesophyll-cells of
the leaf. It seems mOTE reasonable to suppose that the
shaking acts as a mechanical stimulus on the protoplasm of
these cells in such a way as to facilitate the escape of water
from them, and that the water thus set free is in part rapidly
transpired and in part reabsorbed by the cells when the leaf
is again at rest. From this point of view the flaccidity is the
result, not of increased transpiration, but of the shaking, and
the increased transpiration is due to the momentary presence
of free water outside the primordial utricles of the mesophyll-
cells, a condition which is very favourable to the process.
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The following figures refer to Baranetzky’s experiments with a leafy
stem of fuwela Heleniume cut off and placed in water :

or irati A S ion of
Time Conditon e ok | Shiuration o
7-40am.to 8.10am. at rest 0'50 2210 C, 76
8.10 8.40 ,, at rest 0’52 2220 ,, 76
after being , g
8*40 1 Q.10 J Shﬂ.kﬂn b‘ 0’68 2z 37 ?6
o:.10. ., g.40 ,, at rest 0’47 o 76
g4o ,, TIoto |, at rest 0’55 2267 ,, | 77
Io.ro . Iode at rest 054 22°92 ,, | 76
after bein : :
Tasciid ST T0. . ? il g{ 0'59 2315, | 76
LISTOSS 8 Tt on o at rest 045 23920 75
1140 = 5, 12,30 , [ atrest 0’52 2342 5 76
|

The following table refers to experiments made with a branch of
Asculis Higpocastanum,

. o Transpiration | Temperature | Saturation of
Time Condition in grammes of air air per cent.
II.O am. to : .
Fnao { at rest 082 21'g0 70
shaken—Iloss
LI ' : : : y
3 » during shaking 0’50 233 | e
IL40 ,, to . ;
156, () at rest o072 22'[0. | 70
. g ey 5 i
Loss after 1st shaking 0’12 22'10 70
5 2nda) | oob 22°10 70
4 ard | 0'00 22'10 70
i |

We have now considered in detail the influence of
external conditions upon the process of transpiration, and we
may proceed to enquire if there is an independent periodicity
of transpiration as there is of root-pressure. It is probable
a priori that such is the case, for as we have already seen, the
root-pressure exhibits a periodicity, and, as we shall see here-
after, the tension of the tissues exhibits it also: but, when
it is borne in mind how many are the external influences
which affect this process and how readily it responds to
their action, it will be seen that the difficulties in the way

V. 8
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of definitely observing the periodicity are very great. Unger
was the first to assert its existence, he found a maximum
between 12 and 2 p.m., and a minimum at night, but inas-
much as his experiments were made with plants in the open
air, his results cannot be regarded as at all conclusive.

Sachs also made experiments with a view of settling this
point, but he failed to obtain any results which he could
regard as satisfactory. Baranetzky kept plants in darkness
for 24 hours with the other external conditions as constant as
possible: he found that during the hours of the night the loss
of water was much greater than during the hours of the day,
but he could not detect any periodical variation. He came to
the conclusion that there is no independent periodicity of
transpiration.

The following table illustrates Baranetzky’s experin']ents made on a
plant of Cucurbita in a pot.

Time Tranpinion | TR
7 p.m. to 7 a.Im. ( 1118 22'07
7 am. to Q am. 1°60 21°'g0
g a.m, to 11 a.m. 1°50 22°00
11 am. to I p.O. 1°40 22'10
I pm- t¢ 3 P 1°25 22°10
pim: o) ShEPII. 1°15 22'0§
ESpn oA 1'70 22°00
Total transpiration during night 11°18 |
» » day 8:60

We have now to consider the physinlogical significance of
transpiration in the economy. AS might be anticipated, its
significance 18 great and its effects far-reaching. Hales
recognised this when he said, “the motion of the sap is there-
by much accelerated, which in the heartless vegetable would
otherwise be very slow ; it having probably only a progressive
and not a circulating motion, as in animals.” Thus, it affects
the absorption of water by the root, and in so doing it probably
promotes the absorption of salts in solution ; further, there is
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some ground for the belief that it plays an important part in
the distribution of these salts throughout the plant; and
again, we know from the observations of Hales and von
Héhnel that the gases in the vessels of an actively transpiring
plant are at a lower pressure than the air, a condition which
materially affects the movements of gases and of water in
plants. These points we will now discuss in detail, but before
doing so we must not omit to notice one very important
influence which transpiration exerts, the full consideration of
which will come in a subsequent lecture. Inasmuch as loss
of water by a plant affects the turgidity of its cells, and since
turgidity is a necessary condition of growth, it is clear that
the transpiration of a plant and its growth must stand in
some more or less direct relation to each other.

We have already learned that transpiration promotes
absorption of water by the roots, although these two functions
are not proportional. It often happens that the loss of water
by transpiration is so great that it cannot be met by the
absorbent activity of the roots: in fact it appears to be the
rule that, under ordinary conditions, the amount of water
absorbed by the roots in a given time is less than that which
is transpired by the leaves. Thus Sachs and de Vries found
that the root-stock of a Sunflower exuded at its cut surface
much less water (21 c.c.) than was transpired by the upper
leaf-bearing part of the stem (9’5 cc.) in the same time.
Transpiration must therefore draw upon the reserves of water
which the plant contains. When these are becoming exhausted,
the leaves, and if the plant is a herbaceous one the stem also,
begin to droop, for the parenchymatous cells have lost their
turgidity and have become flaccid - they may be restored to
their normal condition by arresting the transpiration, or, in
the case of a cut-off branch, by forcing water under pressure
into the cut surface. If the transpiration of a plant be
prevented, the absorption of water by the roots gradually
diminishes, and finally ceases when the plant has taken up as
much water as it can contain,

It is therefore clear that transpiration has a direct influence
upon the absorption of water. This naturally suggests the

8—:2
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enquiry as to whether or not the absorbent activity of the
roots, or in other words, the amount of water in a plant, affects
its transpiration. It appears that this is not the case. Von
Hohnel has shewn the transpiration of the leaves is not affected
by variations in the quantity of water which they contain.
Still it cannot be doubted that if the cells of the leaves have
lost a large proportion of their water in consequence of active
transpiration and of inadequate supply, the water remaining in
their walls and in their protoplasm is retained with consider-
able force, and that consequently a great resistance will be
offered to its evaporation. :

Now as to the effect of transpiration upon the absorption
of dissolved salts by the roots. It was pointed out, when we
were considering the function of absorption, that only very
dilute solutions of salts can be taken up by the roots; asa
consequence it is necessary that relatively large quantities
of water should be absorbed in order that the plant may
be supplied with the salts which are of importance in its
nutrition. The active absorption which is hereby involved is
promoted by transpiration, and it is by transpiration also that
the excess of water is got rid of. This is the course of reason-
ing by which many authors (most recently Wiesner) have
come to attribute to the function of transpiration an important
physio‘iogical significance with regard to the nutrition of
plants. The only direct evidence bearing upon the subject is
afforded by Schldsing's observation thata Tobacco-plant grown
ander a bell-jar yielded a smaller proportion of ash than a
similar plant grown under ordinary conditions, the proportion
of silica in the ash being especially small. This evidence
cannot, however, be regarded as conclusive, inasmuch as the
conditions were such as to affect many of the functions of the
plant : and further, we know that many plants thrive best in
an atmosphere which is nearly if not quite saturated with
moisture. Still, there is reason to believe that transpiration
‘s of some importance in ensuring an adequate absorption of
salts by most plants.

With regard to the distribution by the transpiration-current
of substances absorbed by the roots, there is a considerable




TRANSPIRATION, 117

mass of evidence to shew that this actually takes place. Thus
the very numerous experiments which have been made upon
the effect of removing a ring of cortex from stems and
branches, although the results are somewhat discordant, tend
to shew that the parts above the wound receive sufficient
supplies of the salts absorbed by the root, and these supplies
must necessarily be conveyed to them by the fibro-vascular
tissue. Again, the fact that when coloured solutions are

. supplied to the root they stain the fibro-vascular tissue,

support this conclusion, and it receives further confirmation
from Sachs’ lithium-experiments, to which allusion was made
in the last lecture,

We have finally to discuss the effect of transpiration in
producing a negative pressure of the gases in the vessels
of the plant, and the influence of this condition upon the
movements of fluids in the plant.

The first indication of the fact that, in a transpiring plant,
the gases in the vessels are at a lower pressure than that of
the atmosphere is to be found in the experiments made by
Hales “whereby to find out the force with which trees imbibe
moisture.” He found that, in a tube connected with a cut-off
branch, “the mercury rose highest' when the sun was very
clear and warm ; and towards evening it would subside 3 or4
inches, and rise again the next day as it grew warm.” Further
indications of the same kind are given in the experiments of
Meyen, Sachs and others, but it was von Héhnel who gave
the definitive proof. He found that if the stem of a transpiring
plant be cut through under mercury, the mercury will at once
rise to a height of several centimetres in the vessels, the greatest
height being reached in the youngest vessels. This sudden
rise of the mercury can only be accounted for by ascribing it
to the difference between the atmospheric pressure and that
of the gases in the vessels. It also teaches the important fact
that the cavities of the vessels of the wood of a plant are not
in direct communication with the external air, but that they
form a completely closed system.

An explanation of how this difference of pressure is brought
about will perhaps be best given by reference to one particular
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case. In a previous lecture we learned that in certain plants,
such as Alchemilla vulgaris for example, drops of water are to
be found in the early morning on the leaves, and that these
drops have been exuded by the action of the root-pressure.
During the night the roots have been absorbing water actively,
so actively in fact that the tissues have become gorged, the
vessels more or less filled, and drops of water have been
forced out at the margins of the leaves. When the sun shines
upon the plant during the day, it transpires actively and the
leaves soon begin to draw upon the water which is contained
in the cavities of the vessels. As the water is withdrawn from
these, a partial vacuum is produced : the gases which are
already present in them, and those which pass into them by
diffusion, expand, and are at a very much lower pressure than
that of the atmosphere. If now the stem of the plant is cut
through under mercury, the mercury must necessarily rise into
the cavities of the vessels until the gases which they contain are
at a pressure approximately equal to that of the atmosphere.
Exactly this process goes ofl also in trees, but on an extended
scale. In the spring the vessels of trees are just in the con-
dition in which those of Alchemilla are in the early morning :
they contain water and bubbles of gases. When transpiration
commences after the leaves have unfolded, the water is
gradually withdrawn from the vessels, and, as the summer
advances, the gases in the vessels become more and more
carefied, as do those in the vessels of Alchemilla during the
day. It is not until the fall of the leaves that the cavities of
the vessels begin to contain water, and that the gases are
reduced to their normal volume.

The effect of the existence of this diminished, or negative,
pressure 1n the vessels finds its expression 1n various ways.
In the first place, it must facilitate the filtration of water from
the innermost parenchymatous cells of the root into the wood.
That this is the case is shewn by the experiments of Vesque,
to which reference was made in a previous lecture (p.52)- He
found that a sudden rise in the temperature of the air checked
the absorption of water by the roots. The interpretation of this
fact is that the sudden rise of temperature causes an expan-
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sion of the gases in the wood-vessels of the plant, and that
consequently an increased resistance is offered to the filtra-
tion of water into the wood of the root. Further, this negative
pressure must also promote the circulation of gases in the
plant. Von Hohnel found that, as might be expected, gases
readily diffuse from the surrounding tissues into the vessels
when the pressure is low, the gases given off by any one part
of the plant being thus brought into a closed system of

- channels which directly communicates with other parts; and

that conversely when there is a considerable root-pressure,
the gases in the vessels are forced out of them and pass by
diffusion into the neighbouring cells. In the vessels them-
selves currents are set up which are due partly to the difference
of the composition of the mixture of gases in various parts of
the system, and partly to differences of temperature.

The principal channels, however, in which gases circulate
in the tissues of plants are the intercellular spaces. That
these form a continuous system throughout the plant com-
- municating with the external air through the stomata and the
lenticels is shewn, not only by microscopical observation, but
also by experiments of the kind mentioned in the fifth
lecture (p. 71) in which air is forced through leaves, branches,
etc. In these, as in the vessels, there are diffusion-currents,
and currents due to variations of temperature and probably
also to the swaying movements of the leaves and branches,

In submerged plants, which do not transpire and which
have rudimentary fibro-vascular bundles, the intercellular
spaces are the only channels in which gases circulate. They
are usually very large and are termed atr-chambers. It
frequently happens that gases (more particularly oxygen)
collect in these chambers until the pressure becomes so great
that the surrounding tissues are ruptured, and the gases
escape in the form of bubbles.

The mixture of gases contained in the tissues of plants
has been analysed in several cases, and, inasmuch as the
relative proportions of the gases must vary considerably in
Correspondence with the varying metabolic processes, the
results of the analyses differ widely. The gases found to
be present are oxygen, nitrogen, and carbon dioxide. The






LECTURE VIII.
THE FOOD OF PLANTS.

IF a plant be dried at a high temperature, the analysis of
the residue will afford, as pointed out in a previous lecture
(p. 60), an adequate account of the substances absorbed by
the plant during its life. The first step in the analysis would
be to incinerate the residue, and it would be found at the
close of this process that it had lost considerably in weight, a
proof that a portion of the dry solid of the plant had been
burnt up and given off in the form of gas. If this gas were
collected and analysed it would be found to consist princi-
pally of carbon dioxide, watery vapour, and nitrogen, the infer-
ence being that the combustible portion of the plant contained
the elements Carbon, Hydrogen, and Nitrogen. The incom-
bustible portion, the as/%, would be found to be of a mineral
nature, containing a number of elements of which the principal
would be Sulphur, Phosphorus, Potassium, Calcium, Magne-
sium, Iron, Sodium, Chlorine, and Silicon,

Of these elements, the Carbon, Hydrogen, Nitrogen,
Sulphur, and Phosphorus, are derived more especially from
- the organised parts of the plant, such as the protoplasm and
the cell-wall, and from carbonaceous substances, such as sugar,
fats, acids, etc, which had been formed by the metabolic
activity of the protoplasm. These elements, together with
Oxygen, the presence of which cannot be directly ascertained
by analysis, are in consequence frequently, but somewhat
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in Lecture V. (p. 75) that oxygen is absorbed in considerable
quantity by all plants, and that carbon dioxide is absorbed
by green plants. It has been found that these gases are
essential to the life of the plants in question, and we may
therefore conclude that carbon and oxygen are important
constituents of their food. Further, water is essential to the
nutrition of plants; hence hydrogen must be regarded as a
constituent of the food. With regard to the salts absorbed
by plants, the determination of their essential or non-essential
character has been effected by the method of water-culture
(ig. 21) to which allusion was made in a previous lecture

(p. 60).

The following may be taken as an example of a solution for water-
cultures.

Distilled water, 1000 grammes,
Potassium nitrate, 10 -
Calcium sulphate, o3 .
Magnesium sulphate, o5 7

Calcium phosphate

traces.
Ferrous sulphate }

By varying the salts of the solution in a number of experi-
ments, and observing the effect produced upon the plants by
the presence or absence of certain salts, their importance to
plants, and that of their constituent elements, may be readily
ascertained.

The elements which have been found to be essential to
the life of plants are the following; Carbon, Hydrogen,
Oxygen, Nitrogen, Sulphur, Phosphorus, Potassium, Calcium,
Magnesium, Iron (in the case of green plants), and in certain
cases apparently also Chlorine,

Inasmuch as the so-called organic substances which are
found in plants, such as fats and other hydrocarbons, starch,
cellulose and other carbohydrates, proteids and their allies,
consist of C and H, or of C, H, and O, or of C, H, O, and N,
or -of these together with S, or P, it is clear that these
elements are of importance to the plant because they com-
pose the substances of which the structure of the plant is built
up. Further they are of importance because the complex
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substances which they form are readily decomposed and thus
energy is set free; this will be fully considered in treating of
the destructive metabolism of the plant.

With regard to the other elements, it appears that they
do not enter into the composition of the substances of which
the tissues of plants consist; their importance being of this
nature, that they promote the metabolism of the plant. Itis
true that in the analysis of protoplasm or of cell-wall an ash
containing some or all of these elements is always obtained,
and further that proteids and carbohydrates form chemical
compounds with the alkalies and alkaline earths, but there
s no evidence to shew that the clements in question occur in '
the living plant as integral constituents of the chemical mole-
cules of the substances which compose its organised structure.

We will now proceed to consider in detail the forms in
which these elements are absorbed by plants, and the part
which they respectively play in the economy.

Carbon. The form in which this element is absorbed by
plants depends upon the nature of the plant. Plants which
contain chlorophyll obtain their carbon by the absorption of
carbon dioxide, whereas plants which do not contain chlo-
rophyll obtain their carbon by the absorption of organic
substances in which C is directly combined with H.

It must not be concluded, however, that plants containing chlorophyll
are incapable of absorbing complex carbon compounds. Thus it has
been ascertained by the researches of Darwin and others that the “insec-
tivorous” plants absorb such compounds by their modified leaves, and
that these compounds are of importance in their nutrition. Further, it is
well known that a number of green plants, such as the Mistletoe, Thesium,
Melampyrum, Rhinanthus, Euphrasia and others, live parasitically on
other plants: it is possible, however, that these plants do not absorb
complex carbon compounds from their hosts, but simply water holding
inorganic salts in solution. Finally, it has been proved by direct experi-
ment that green plants take up complex carbonaceous substances, such
as Urea (Cameron), Glycocoll, Asparagin, Leucin, Tyrosin (Knop and
Wolf), when supplied to their roots. These remarks apply also to H,
0, and N, inasmuch as these elements are present in combination with
C in the substances mentioned. :

In order to ascertain whether or not organic acids (oxalic, tartaric,
succinic) can serve to supply green plants with carbon, Stutzer grew a
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number of plants in artificial soils containing salts of these acids, and
prevented any access of carbon dioxide to the leaves. He found, on the
whole, that the plants gained in dry weight, and he concluded that these
acids can supply carbon to the plant. Schmoeger, however, in repeating
the experiments, found that these salts undergo decomposition in the s0il,
carbon dioxide being evolved, and he attributes the increase of weight
observed by Stutzer to the absorption by the leaves of the plants of the
carbon dioxide evolved from the salts of the soil during the experiment.

Plants which do not contain chlorophyll, and which must therefore
take up their carbon in the form of complex compounds, are either
- parasites, that is they live upon other living organisms, or saproplhyies,
that is they live upon the products of the waste and decay of other living
organisms. The plants which do not contain chlorophyll are the Fungi, and
a few Phanerogams, Epipogium Gmelini, Cuscuta, Monotropa, Lathrzea,
Corallorhiza; of these the Fungi include both parasites and saprophytes,
Epipogium Gmelini is a saprophyte, Cuscuta a parasite, and M onotropa,
according to Drude, may be either the one or the other. The Orobanchez,
which are parasitic, and Neottia, which is saprophytic, have not a green
colour, but nevertheless small quantities of chlorophyll have been detected
in them.

Although the Fungi cannot assimilate carbon in the form of carbon
dioxide, yet they can assimilate it in compounds which cannot be assimi-
lated by green plants. This subject has been investigated by Naegeli,
and the following is a list of the organic substances, arranged in order
according to their nutritive value, which he found to be assimilated by
various Fungi (Yeast, Bacteria, Moulds).

I. The different kinds of sugar.

2. Mannite : Glycerin : the carbon-group in Leucin,.

3- Tartaric acid : Citric acid ;: Succinic acid : the carbon-group in
Asparagin.

4. Acetic acid : Ethyl-alcohol : Quinic acid,

5. Benzoic acid : Salicylic acid : the carbon-group in Propylamine.

6. The carbon-group in Methylamine : Phenol,

He found that they could not assimilate carbon in the form of cyanogen-
compounds, of urea, of formic acid, and of oxalic acid. The acids men-
tioned above were in combination with ammonia.

The carbon absorbed in any of these forms is used
within the plant for the formation of substances which either
take part in the building up of the plant, or undergo decom-
Position,—energy being thereby set free in the plant. The
Processes by which these combinations and decompositions
are effected will be fully considered hercafter.

Hydrogen. This element is absorbed by all plants alike
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ing on three small blocks of porcelain &, &; within the bell-jar is a glass
dish %, containing water, which stands upon the glass support .5 the
water in Z serves to moisten the soil in the flower-pot 2 in which the
plant is growing ; by means of the tube 7, 7 more water can be introduced
into £, if necessary; carbon dioxide can be i ntroduced, if necessary, by
the tube 4. The soil in 2 is heated to redness before the experiment,
The seed is sown in P and is then placed under the bell-jar. A similar
seed is taken for analysis, and the proportion of nitrogen which it con-
tains is accurately estimated. If now the plant developed from the seed
sown in ./ be found, on analysis, to contain no more nitrogen than the
- seed analysed, it may be concluded that the plant has not absorbed any
nitrogen. Since, under the conditions of the experiment, no supply of
nitrogen is offered to the plant except the free nitrogen in the air in the
bell-jar, it is evident that none of this can have been taken up by the
plant.

The analysis of one experiment may bz given as an illustration. The
seed was that of a Dwarf Runner.

Nitrogen found in the plant ..« ©'0200 grms.
o o soil 00033
39 . flower-pot ... o oool7 |,
00340
,, 3 seed i i 0’0349 ,,
Loss of nitrogen 00009 o,

The nitrogenous compounds absorbed by plants are, in
addition to the organic substances mentioned above (p. 124),
ammonia and its salts, and nitrates. From the researches of
Boussingault it appears that the higher plants flourish best
when supplied with nitrogen in the form of nitrates, whereas the
lower plants absorb it more readily in the form of ammonia:
in fact Pasteur has shewn that the Yeast-plant cannot assimi-
late nitrates. It must be pointed out, however, that Boussin-
gault’s conclusions are too general. Lehmann has found that
many plants flourish better when supplied with ammonia-
salts than when supplied with nitrates ; this was well marked
in the case of the Tobacco-plant. The Beet is another case
in point. Schulze and Urich found a large quantity of
nitrates in the roots, shewing that the absorbed nitrates had
been altered to only a small extent by the plant, and Coren-
winder states that he found the amount of nitrates in the
foots to be the same as that which he had supplied to the
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plant as manure. Further Boussingault himself observed
incidentally that a Helianthus which had been manured with
ammonium carbonate had gained three times as much nitro-
gen as one which had been supplied with nitrates during an
experiment.

Naegeli finds that Fungi can assimilate nitrogen in organic combina-
tion in the form of proteids, of methylamine and other amines, in addi-
tion to the substances mentioned on p. 124 He concludes that they
assimilate nitrogen most readily when it is supplied to them in the form
of NH.; less readily as NH ; with difficulty as NO; andnotatall as CN.

1t appears that nitric acid may be absorbed in the form of
any salt which can diffuse into the plant, the most common
bases being soda, potash, lime, magnesia and ammonia ;
ammonia may be absorbed in combination as chloride, nitrate,
sulphate, or phosphate, but the carbonate is injurious, at least
in water-cultures, on account of its alkalinity.

Inasmuch as all plants necessarily absorb their nitrogen in the com-
bined form, it will be of interest to enquire into the sources of combined
nitrogen. It has been known since the time of Cavendish that a forma-
tion of nitric acid attends electric discharges .1 the atmosphere, and it
was thought that this might maintain the supply of combined nitrogen in
the soil. ButLawes and Gilbert have found that the quantity thus formed
and conveyed to the soil by rain will only account for a fraction of the
quantity removed from the soil in the crop (in the absence of nitrogenous
manure), so that we are compelled to seek for other sources of supply-
These have been suggested by various ObServers. Thus Schénbein
pointed out that a formation of anmmonium nitrite takes place when water
evaporates at certain temperatures, and that this substance is also formed
when various substances, such as phosphorus, fats, etc., are burned in
moist air, but this has been shewn to depend upon the oxidation of ammo-
nia. Still it must not be overlooked that a formation of nitrogen-com=
pounds has been found to attend various processes of oxidation; Kolbe
and Hofmann observed that when 2 hydrogen flame was kept burning for
a time in a vessel, the water pmduced always contained nitric acid, and
Bunsen observed that when a mixture of ajr and hydrogen was exploded
by the electric spark, the resulting water contained nitric acid. This is

also the case when phosphorus is burned under a bell-jar. An important =
cource is probably to be found in the direct combination of mnitrogen with

A e

organic substances, the combination being dependent upon a slow electri-
cal discharge. Berthelot found, for instance, that when cellulose and
dextrine are exposed in air for some hours to the action of a weak electri- |

cal current, a substance :s obtained which evolves ammonia when heated
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with soda-lime. A similar observation has been made by Hermann who
found that rotting wood fixes nitrogen, producing a nitrogenous body
which he terms “nitrolin.” Mulder was of opinion, and in this he is
supported by various recent observers, that nitrogen is fixed by a soil
rich in humus, a view which is supported by Berthelot’s experiments
mentioned above. The subject cannot, however, be regarded as fully
investigated at present.

A few words may be added here with reference to the loss of combined
nitrogen in nature. Living organisms probably effect no change in the
total quantity of combined nitrogen; their nitrogenous waste-products
- are all compounds of nitrogen. It appears that a certain loss of combined
nitrogen attends the putrefaction of nitrogenous organic substances and
especially their combustion, free nitrogen being evolved.

Another point of interest may be briefly referred to, namely this, that
there is going on in the soil a process by which the ammonia supplied to
the soil as manure or which is formed there by the decomposition of
nitrogenous organic substances is converted into nitrous and this into nitric
acid. These processes are termed “nitrification,” and are effected by
means of organised ferments of the nature of Micrococci (Warrington,
Schldsing and Miintz).

With regard to the elements constituting the ash, it may
be repeated here (see p. 61) that their absorption by the
plant depends essentially upon the activity of its metabolism.
This is well shewn in the following table of analyses by
Arendt,

He analysed 1000 Qat-plants at various stages of their growth: the
figures give the quantity in grammes of each ash-constituent present,

L. I1. ITI. [V. V.
June 18 June 30 July 10 July =21 July 31
3 leaves open  Plant heading Elossoming Ripening Ripe
S0, 1'06 2'71 2°68 4]:‘-33 5]':_;,‘4
P,0, 327 599 10°32 12°90 14°23
Potash 17'05 31711 4020 44°33 4376
Lime _ 448 850 1160 14'40 1471
Magnesia 5 271 371 542 6°45
Ferric oxide 0’20 046 061 083 058
.Sﬂica 6°39 1582 25°45 34°66 36°32
Soda 086 I'28 1°47 1'12 o087
Chlorine 228 362 5'32 596 5'78
Total Ash 37412 72'20 101°36 124°54 12804

It must be remembered, however, that although the absolute amount

of ash increases with the age of the plant, the proportion of ash to the dry
solid diminishes.

v 9
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But this table does not only serve to shew that the quan-
tity of ash-constituents absorbed is in intimate relation with
the metabolic activity of the plant; it also enables us to form
some idea as to the connexion of certain constituents with
certain phases of metabolic activity. This will be discussed
in the subsequent consideration of ash-constituents in detail.
It will suffice for the present to point out that, of the essential
ash-constituents, sulphur, phosphorus, and magnesium, are
the only elements which continued to increase in quantity in
the plant throughout the whole course of the experiment.

Some valuable information 1s also to be obtained from a
consideration of the distribution of the ash in the plant.
Speaking generally we may say that the proportion of ash
increases from the root upwards to the leaves, a fact which
tends to prove that the leaves are the organs in which the
metabolism of the plant more especially takes place. The
following table of analyses may be given in illustration.

Arendt has obtained the following results by a series of analyses of
different parts of the Oat-plant: the figures give the percentage of ash in
the dry solid of the plant.

3lower |, middle otal || 3 lower |2 Total Enti
-W:,",:;fn"f 2j+:|-inutﬁ IjTa:ﬁE:T 111:::1 %:J:: k“;p:; le:v:s Ears pl:.nr:
Thinte 151 asatlie— | B S A S0 7 76 174 || — || B
2 3=:=| 2'5 S | [ ZE | SR | S 6 || 381 52
July 10 35 4'7 g2 | 134 || 1072 69 | 17°1 36 54
e S g o ) X6 i o/ RO e B 198 || 28 || 52
5 3l 46 53 674 | 163 || 1071 | 1075 206 || 26 51
5o | 1779|206 | 535 || 398 | 34T | 759 128 || 209
1

The constituents of the ash exist in the plant partly in
solution and partly in the form of insoluble compounds.
Hellriegel determined the following percentage in Clover:
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Young leaves Mature leaves
dissolved 752 37°3
wiotash { undissolved 248 627
- dissolved 6975 724
AL { undissolved 30°5 276
: dissolved 436 783
JLeEnesla { undissolved 5674 21T
Silica dissolved 268 16°1
{ undissolved 732 839
Phosphorus [ dissolved 209 19°9
pentoxide { undissolved 7071 So'r

Sulphur. It was mentioned above that sulphur is a con-
stituent of the proteid substances, and this is practically all
that is known as to its use in the economy. It is absorbed in
the form of sulphates, those of ammonium, potassium, magne-
sium, and calcium being the most advantageous. Sulphates
occur in solution in the cell-sap of organs in which metabolism
is actively proceeding and are doubtless formed in connexion
with the decomposition of proteid.

Sulphur occurs in many products of metabolism, such as sulphurised
ethers, etc. These will be noticed hereafter,

Phosphorus. Phosphorus is taken up by plants in the
form of phosphates. It enters into the composition of some
of the substances which constitute the organised parts of
plants, namely nuclein and plastin,

According to Hoppe-Seyler, an organic substance containing phos-
phorus, Lecithin (C,,H,NPO,), occurs in actively growing cells of the
most various plants. This observation has not, however, been confirmed
by Naegeli in his researches upon the chemical composition of Yeast,
- Lecithin has been found by Loew in the spores and by Reinke in the
'~ plasmodium of Athalium,

Hoppe-Seyler has found that phosphorus is present in chlorophyll (see
| nfra, p. 155), forming, as he believes, an integral part of the molecule.

Besides being a constituent of some of the substances
- Which enter into the organised structure of plants, phos-
- Phorus bears an important relation to certain of their meta-
bolic processes. Phosphates are always to be found in rela-
' tion with living protoplasm, but the exact significance of this
g—2
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Fic, z1.

Water-cultures of Buckwheat, after Nobbe.

Plant grown in normal saline solution.

" 0 without potassium,
" 3 with soda instead of potash,
™ 3 without calcium.

¥ o without nitrates or ammonia salts,
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The functions with which potassium appears to be espe-
cially connected in plants containing chlorophyll, is that of
the formation of organic substance. Thus Nobbe found, in a
number of water-cultures, that a plant not supplied with salts
of potassium grew but little (Fig. 21, 2, 3), did not increase
in weight, and that the .mount of starch in the plant was
very small, being represented only by a few grains in the
chlorophyll-corpuscles of the leaves. On the addition of
potassium chloride the starch-grains became more numerous
in the chlorophyll-corpuscles, and made their appearance also
:1 the tissues of the stem. It is, however, not known what is
the precise significance of potassium in relation to the forma-
tion of organic substance.

Liebig was of opinion that potassium played an important
part in the distribution of carbohydrates throughout the
plant, but this has not been adequately confirmed. It ap-
pears rather that the observed facts upon which this view was
based, point to the effect upon the plant not of the potassium
itself but of the particular form in which it was presented.
This point will be again touched upon when we are consider-
ing the use of chlorine in the plant.

That potassium bears some important relation to the for-
mation and to the storing-up of carbohydrates is shewn by
the fact that the organs in which these processes aré taking
place, such as leaves, seeds, tubers, etc., arc those parts of
plants which are richest in this element.

Potassium occurs in considerable quantities in plants in combination
with organic acids.

Naegeli has observed that Ceesium or Rubidium can replace potassium
in the food of certain Fungi (Moulds, Yeast, Bacteria).

Calcium. The compounds in which calcium is usually
supplied to plants are the sulphate, phosphate, nitrate, and
carbonate, the last undergoing decomposition in the process:
When absorbed in these forms it contributes to the well-being
of the plant, whereas when it is absorbed in the form of
chloride the effect is unfavourable.

The precise use of calcium to plants is unknown. I
cannot be replaced .1 the food of plants which contain chlo
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rophyll by any other metal, but Naegeli's researches have
shewn that it can be to some extent replaced by Strontium,
Barium, or Magnesium, in the food of certain Fungi (Moulds).
It is especially abundant in the leaves of green plants. The
effect of an insufficient supply of calcium is shewn in Fig,
21, 4.

It was pointed out in the second lecture (p. 22) that cal-
cium occurs commonly in the cell-wall, and it is well known
- that it forms compounds with proteids. It is therefore possi-
ble that it contributes to the building up of the tissues in the
form of organic compounds.

Calcium very commonly occurs in the cells of plants in the form of
crystals of the carbonate or oxalate, and it is possibly one of the im-
portant functions of calcium to form insoluble salts with acids which are
of no further use in and are even injurious to the plant.

Magnesium, like calcium, may be advantageously absorbed
by plants in the form of all its salts except the chloride. Very
little is known as to its use. Its distribution appears to be
tolerably uniform. It appears, from Naegeli’s observations,
that it can be replaced in the food of Moulds by calcium.,

Magnesium occurs in the aleurone-grains of seeds in combination with
phosphoric acid and calcium in the form of rounded masses termed
globoids (see infra).

Iron. 1t appears that iron may be absorbed by plants in
the form of the most different compounds,

With regard to its use in the plant it may be mentioned
in the first place that iron has been detected in the most
different plants and in the various parts of plants, either in
the cell-contents or in the cell-wall, but it has been found to
be essential only to those plants which contain chlorophyll.
If a seedling be cultivated by means of the method of water-
culture, with its roots in a solution which contains no iron,
the leaves which are formed will be successively paler in
colour until at length they are nearly white; in this state the
plant is said to be chlorotic. If now a small quantity of a salt
of iron be added to the solution in which the roots are im-
mersed, or if the white leaves are painted with a dilute solu-
tion of iron, they will very shortly become green. Iron plays,
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therefore, an important part in the formation of the green
colouring-matter, chlorophyll, but, as will be subsequently
shewn, it does not enter into “ts chemical composition. It
doubtless affects in some way the processes in the cell which
lead to the formation of the chlorophyll and also of the
chlorophyll-corpuscles, for Arthur Gris observed that no
differentiation of corpuscles had taken place in the cells of
chlorotic leaves.

Wé have now concluded the consideration of those con-
stituents of the ash of plants which have been found to be
essential to their nutrition: we will now consider some of
those which, though universally present, have been found to
be unessential.

Sodium. This element, one of the most widely distributed
is, as might be expected, never absent from the ash of plants,
and in some cases, especially :1 maritime plants, it is present
in considerable quantity. It was thought that possibly it
might serve as a substitute for potassium in the nutrition of
the plant, but this has not been found to be the case (see
Big: 2L, )i A glance at the table given above (p. 129) will
suffice to shew how small a quantity of this element is
absorbed, and from this an inference may be drawn as to its
uselessness.

Chlorine. Chlorine also is a very constant constituent of
the ash of plants, but it does not appear to be essential to
their nutrition, 1t has been indeed observed that plants of
Buckwheat, Barley, and Oats, did not flourish when grown in
solutions containing no chlorides, and, as in these plants the
chlorophyll-corpuscles became overfilled with starch-grains, it
was thought that chlorine was of importance in connexion
with the translocation of carbohydrates (Nobbe, Leydhecker,
Beyer). On the other hand it has been observed that Maize-
plants will grow well in solutions containing no chlorine, and
further that the accumulation of starch in the chlorophyll-
corpuscles may be induced by various abnormal external con-
ditions (Knop and Dworzak). It seems probable, therefore,
that chlorine has no direct influence upon the metabolism of
plants, but only an indirect one, the chloride being the com-
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pound of potassium which is most advantageous to the plant.
Farsky's observations, however, seem to shew that chlorine

1s itself of importance.

Silicon. Silicon, as already pointed out in the fourth lec-
ture (p. 54), is absorbed in the form of soluble silicates or
possibly as soluble silicic acid. It principally occurs in
plants in the cell-wall, but Lange appears to have found it as
silicic acid dissolved in the cell-sap in Eguisetum hiemale, and
- Pfitzer has described certain cells in the pseudobulbs of epi-
phytic Orchids which contain each a plate of silica.

Inasmuch as silica is always present in the ash, and fre-
quently in very large quantity (see p. 21), it was thought that
silicon must be essential to the nutrition of plants. Sachs found,
‘however, that a Maize-plant will grow in a solution containing
no silicon, though the ash of such a plant contains but o7 per

- cent. of silica, whereas that of a plant grown under ordinary

conditions from 18 to 23 per cent., and his results have been
confirmed by many observers. Wolff has, however, found
by means of water-cultures, that in the case of Oats, the
number of perfect seeds formed is greater when the plant
is abundantly supplied with silica. :

Still it is possible to imagine that even if silicon does not
play any important part in the metabolism of the plant, it
may be of use to it in giving firmness and rigidity to its tis--
sues. It was suggested by Humphry Davy, and the view
has found many supporters, that the cause of the “laying”
of wheat and other cereals might be an insufficient supply of
silica.  On investigation this has been found not to be the
case. The structure of the haulm is not affected by the supply
of silica. The real cause of “laying” has been found to be the
imperfect development of the tissues due to an inadequate ex-
posure of light, a point which will be considered hereafter.

Inasmuch as all the chemical elements are present in one
Place or another in the soil, it will not be surprising to find
that they have nearly all been detected at different times in
the ashes of plants; there is no need therefore to enumerate
further the ash-constituents,

In the next lecture we shall consider the changes which






LECTURE IX.

THE METABOLISM OF PLANTS,

IN the first lecture we found that when the Yeast-plant is
adequately supplied with food-materials, it is capable of
forming from them proteid and cellulose. Inasmuch as the
size of the Yeast-plant is limited, the result of this formation
of proteid and of cellulose is the production of new cells,
cach of which consists, like the parent, of a cell-wall and
protoplasmic contents: and further, inasmuch as the Yeast-
plant is unicellular, each of the newly formed cells is a distinct
individual plant. In the case of multicellular plants, the
result of constructive metabolism is, as in the Yeast-plant,
the formation of new cells, but here the new cells remain in
connexion with and form part of the plant, and tend to
increase its size and weight. For example, if a seedling
be placed under such conditions that it can take up and
assimilate food, it will be found that it grows and that its
dry weight gradually increases to many times that of the
seed from which it was developed, the excess of weight being
a measure of its constructive metabolism.

But the whole of the organic substance formed by the
plant is not used for the building-up of its tissue. A certain
portion of it undergoes decomposition in the processes which
we include under the head of destructive metabolism, and
certain of the products of decomposition are excreted by
the plant, So the increase in weight is not an absolute
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one : it is simply the expression of the fact that the gain of
the plant is greater than its loss. Further, another portion of
the organic substance is in all cases stored-up in various
forms as reserve-malerial, in connexion either with the pro-
duction of new individuals or with the renewed growth of"
the plant itself at a subsequent period. For example, reserve-
material is deposited in all seeds and spores to serve as food
to the plant to be developed from them during the early
stages of its growth. Again, the most various parts of
perennial plants, stems, rhizomes, bulbs, roots, buds, etc.,
contain during the winter, ‘n our climate, stores of reserve-
material, which are deposited there whilst the plant is actively
assimilating in the summer, and which will supply it with the
means of recommencing its growth in the spring. '

In the last lecture we ascertained what substances consti-
tute the food of plants; we have now to enquire into the
nature of the constructively metabolic processes by which
the comparatively simple food-materials are converted into
complex organic substances.

1. The Formation of Non-nityogenowns Organic Substance.

We will take as our starting-point the fact mentioned
in a previous lecture (p. 81), that green plants and parts of
plants absorb carbon dioxide when exposed to bright light,
and that the absorption of carbon dioxide is accompanied
by an evolution of oxygen. We will endeavour to ascertain
the nature of the chemical processes of which this inter-
change of gases is an expression, and to determine the con-
nexion of these processes with the presence of chlorophyll
and with the action of light.

We shall find it convenient in discussing this subject, to
trace step by step the historical development of our know-
ledge concerning it. Priestley was the first to observe that
green plants absorb carbon dioxide and evolve oxygen under
the influence of sunlight, or, as he put it, © dephlogisticate ™
the air. Then Ingenhousz drew special attention to the
influence of sunlight upon this process, proving that it is
not the heat of the sun but its light which is of importance.
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Sénébier proved that the amount of “ pure air ” (O) evolved by
green plants in water is greater when a considerable amount
of “fixed air” (CO,) is held in solution. De Saussure
endeavoured to determine the relation existing between the
volume of carbon dioxide absorbed and the volume of oxygen
evolved, and found that the latter was smaller than the
former. He made, moreover, the important observation that
the decomposition of carbon dioxide by green plants under
- the influence of light is accompanied by an increase in their
weight.

Our knowledge on this subject at the beginning of the
present century may be briefly summed up as follows : green
parts of plants decompose carbon dioxide when exposed to
sunlight, and exhale a somewhat smaller volume of oxygen,
these processes being accompanied by an increase in weight.

Of the various facts which are included in this summary
the one which especially concerns us now is the increase in
weight. Many years after the publication of de Saussure’s
observations, von Mohl, in investigating the structure of
chlorophyll-corpuscles, noticed the almost universal occurrence
of starch-grains in them, and found that the starch-grains
are not constituent parts of the corpuscles, but are secondary
formations within them. These observations were subsequently
confirmed and extended by Naegeli and Cramer, and by
Boéhm, but no explanation was offered of the connexion
between chlorophyll-corpuscle and starch-grain. It was left
to Sachs to do this, In endeavouring to determine fully the
conditions of the decomposition of carbon dioxide by green
plants, he had become impressed with the importance of
chlorophyll in the process. The fact that in the absence of
chlorophyll no decomposition of carbon dioxide takes place,
led him to investigate the structure of the chlorophyll-cor-
puscles. As the result of careful and extended observation
he found that the presence of starch-grains in chlorophyll-
corpuscles is dependent upon exposure to light. The for-
mation of starch-grains in chlorophyll-corpuscles was thus
shewn to depend upon the same conditions as the decompo-
sition of carbon dioxide, and Sachs was therefore justified
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in concluding that these phenomena belong to the same
function, that the formation of starch is intimately connected
with the decomposition of carbon dioxide. Sachs’ conclusion
was fully confirmed by Godlewski, who found that if leaves
exposed to light are not supplied with carbon dioxide no
starch-grains are found in their chlorophyll-corpuscles. The
explanation of the increase of weight observed by de
Saussure is then this, that the decomposition of carbon
dioxide by the green parts of plants is connected with the
formation of organic substance, and that starch is the visible
product of the constructive processes.

But is the starch which makes its appearance in chloro-
phyll-corpuscles under the influence of light to be directly
connected with the decomposition of carbon dioxide which
goes on in them > Tt is generally held that this is the case,
a view which is based upon the fact that the volume of
oxygen exhaled is approximately equal to the volume of
carbon dioxide absorbed, the process being roughly repre-
sented by the equation

6 CDE+5 HgD=C5H1nC|5+6 Os.

Let us now submit this view to a critical examination. The
fact that the volume of the exhaled oxygen is approxi-
mately equal to that of the absorbed carbon dioxide may
be accepted as established. It is true that, as mentioned
above, de Saussure found the volume of the exhaled oxygen
to be considerably less than that of the absorbed carbon
dioxide, but it is probable that his method of observation
may have been imperfect. Boussingault, who subsequently
investigated the subject, obtained very different results. 1In
fifteen out of his forty-one experiments, the volume of oxygen
exhaled was perceptibly greater than that of the carbon
dioxide absorbed; in thirteen the volumes were approximately
equal ; in the remainder the volume of oxygen was perceptibly
smaller. Taking all the forty-one experiments together, Bous-
singault found that for every 100 volumes of carbon dioxide
absorbed, 9875 volumes of oxygen had been set free. Further,
it has been found by a number of other ODSErvers, such as
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Pfeffer, Godlewski, and Holle, that when a green plant is
exposed to sunlight in a closed glass vessel containing air,
the volume of the air remains approximately constant, It
must be borne in mind, however, that the interchange of
gases going on between a green plant and the outside air
is not merely the absorption of carbon dioxide and the
evolution of oxygen. We have seen in a previous lecture
(p.- 75) that plants also absorb oxygen from the air and
_ give out carbon dioxide. The change in the constitution
of the atmosphere in a closed vessel in which a green plant
has been exposed to light, is then the resultant effect of the
operation of these two processes. The green parts of the
plant have absorbed carbon dioxide and given out oxygen,
the parts which are not green have absorbed oxygen and
given out carbon dioxide. The fact that the volume of the
oxygen exhaled is frequently slightly smaller than that of
the carbon dioxide absorbed, is doubtless to be attributed
either to the exhalation of a small quantity of carbon
dioxide by the parts of the plant which are not green, this
exhaled carbon dioxide not having been subsequently decom-
posed in the green parts, or to the retention of a small
quantity of oxygen in the plant in the form of highly oxidised
organic compounds.

We accept, then, the fact upon which this view is based,
but we have yet to assure ourselves of the correctness of the
inference. Does the cquality in the volumes of the gases
absorbed and exhaled warrant the conclusion that the starch
which appears in the chlorophyll-corpuscles is connected
with the gaseous interchange in the manner indicated by
- the equation given above? It is €asy to point out that a
- gaseous interchange of this nature might accompany the for-
mation of a substance altogether different from starch ; for
instance, methyl or formic aldehyde might be formed accord-
ing to the equation

CO,+ H,0=CH,0 + 0,.

This very suggestion has, however, been brought forward
- In support of the view that the starch formed in chlorophyll-
corpuscles when exposed to light is derived from carbon
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the plant. It was pointed out in a previous lec?ure (p. 135)
that, according to Schmitz and Strasburger and in ha.rmcm}r
with the older statements of Pringsheim, the cell-wall is pro-
duced by the actual conversion of a layer of protoplasm, and
we shall see hereafter that the same is asserted of the layers
of the starch-grains found in seeds, tubers, etc. Translating
this into chemical language we find it to mean that molecules
of protoplasm may undergo dissociation in such a way as to
_give rise to molecules of carbohydrate among other products,
The conclusion to be drawn is, that the starch which is formed
in chlorophyll-corpuscles under the influence of light is also
the product of such a dissociation of protoplasm. Some
valuable support is afforded to this view by the observations
of Schimper and others that starch-grains may make their
"appearance in chlorophyll-corpuscles under circumstances
which preclude any formation of them from carbon dioxide
and water.

The non-nitrogenous organic substance which is first
formed in the chlorophyll-corpuscle from carbon dioxide and
water is, then, not starch, but a substance (possibly allied to
formic aldehyde) which goes to construct proteid, by com-
bining either with the nitrogen and sulphur absorbed in the
form of salts from the soil, or with the nitrogenous residues
of previous decompositions of proteid. The starch deposited
in the corpuscle is, however, the first zisiple product of the
constructive metabolism going on within it, for, unless proto-

| plasm is being formed, no starch can be produced : it may
| be regarded as a temporary reserve-material,

Inasmuch as we now know that the visible deposits of
| non-nitrogenous organic substance in the plant, in the form of
1 starch or cellulose, are derived from protoplasm, we can under-
| stand how it is that the great differences in dry weight which
i exist between plants which have and which have not been
| supplied with assimilable nitrogen during their growth, are
i brought about. The absence of assimilable nitrogen prevents
i the formation of proteids in the latter case; as a consequence,
| cellulose and starch are formed only in small quantity, and
| the plant remains small, its development being only due to
' V.

IO
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the nitrogenous substances stored in the seed from which it
was grown. On the other hand, when the plant is supplied
with assimilable nitrogen, the increase in weight which the
plant exhibits is much greater than can be accounted for by
supposing that just so much carbon, hydrogen, etc, is assimi-
lated as is necessary to form proteid with the absorbed
nitrogen ; there is evidently an accumulation of non-nitro-
genous organic substance as well.

In illustration of these points the results obtained by Boussingault
with Helianthus seeds and seedlings may be cited.

Weight Nitrogen  Nitrogen sup lied Dry Nitrogen

] in to the 501 weight of of

seed. seed, as nitrates. plants. plants,

I. 1 o'0b2 00019 0'1536 6685 o'r126 grammes.
z. | 0068 0’0021 0’0000 0'325 0'0022 5

3. k o116 0'0033 00111 1'168 00102

4. o116 0'0033 00222 2120 00148 -

Plants 3 assimilated 0'420 gramimes of carbon =780 c.c. COq, the daily
assimilation being 875 c.c. CO4: plants 4 assimilated 0’848 grammes of
carbon= 1566 c.c. COy, the daily assimilation being 17°6 c.c. COa.

We may here briefly notice the fact that in many cases substances
other than starch have been f ound in chlorophyll-corpuscles. For instance,
Briosi failed to detect starch-grains at any time in the chlorophyll-cor-
puscles of the Musace®, but found oil-drops instead, and Pringsheim
made similar observations on Vaucheria sessélis. 1t has been found, in
the case of the Musacez at least, that the organic substance first formed
:s not different from that in other plants. Both Holle and Godlewski,
who have carefully investigated the subject, point out that if oil be the
substance first formed, its production must take place according to some
such equation as the following :

57 COp+52 H,0 = Car Hypa Os+ 80 Os,

and that this would necessarily involve the evolution of a volume of
oxygen considerably larger than that of the carbon dioxide absorbed.
As the result of experiment they found that such a relation between the
volumes of the gases absorbed and exhaled does not exist, but that the
relation is in this case also that which obtains in other plants, namely,
that the volume of oxygen exhaled is approximately equal to that of the
carbon dioxide absorbed. The substance first formed in the chlorophyll-
corpuscles of the Musacez also is then one which has the ultimaté
chemical composition of a carbohydrate. :

The oil which was detected in the chlnrﬂphyll-mrpuscles of the plants
above-mentioned 18 doubtless derived from protoplasni. Its presence is
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not, however, confined to the chlorophyll-corpuscles, for Holle found that
it was also generally diffused throughout the protoplasm of the cells. The
formation of the oil is doubtless to be attributed to the action of certain
conditions which were unfavourable to the formation of starch from

proteid and which led to the decomposition of protoplasm in such a way
that oil was one of the products. In fact Godlewski found that when
an abundant supply of carbon dioxide and exposure to bright light were
ensured, starch-grains were abundantly produced in the chlorophyll-
corpuscles of the leaves, especially the younger leaves, of the Musacez.

Pringsheim has found that a substance which he terms Hypochlorin
can be made to appear in chlorophyll-corpuscles by treating them with
dilute acid. No analysis of this substance has as yet been made, but it
probably contains either no oxygen, or less than a carbohydrate. He
regards this substance as the first visible product of constructive meta-
bolism in the corpuscle, but this requires proof. The substance may be
merely a product of the decomposition of chlorophyll by the acid.

The conditions essential to the formation of non-nitro-
genous organic substance from carbon dioxide and water by
the chlorophyll-corpuscle are briefly these; exposure to light,
of some considerable intensity, and a sufficiently high tem-
| perature. De Saussure came to the conclusion that the pre-
sence of free oxygen is essential to the process, for he found
that green plants soon die in an atmosphere of pure carbon
. dioxide, and that plants which can live for a time in an
| atmosphere of nitrogen, die when a proportion of carbon
- dioxide, which would have been beneficial if added to ordinary

air, is added to the nitrogen. Boussingault carefully re-inves-
tigated the subject, and found that the effect of the presence
of any other gas, not in itself hurtful, upon the absorption of
carbon dioxide is simply a mechanical one (see p. 73).
~ The various processes which result in the formation of
- starch in the chlorophyll-corpuscles are gone through rather
- rapidly, especially in the more lowly-organised plants. Thus
Kraus found that starch-grains made their appearance in the
chlorophyll-corpuscles of Spirogyra within five minutes after
€Xposure to bright sunlight, within two hours in diffuse day-
‘light ; in Funaria they made their appearance after two hours’
“eXposure to sunlight, and after six hours’ exposure to diffuse
“daylight,
The great physiological difference between plants which
[O—2
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do and which do not contain chlorophyll is the fact which we
are now considering, namely, that plants which contain chloro-
phyll can, under the influence of light, construct non-nitro-
genous organic substance out of carbon dioxide and water.
A plant which does not contain chlorophyll cannot do this ;
it is therefore necessary that it should be supplied from with-
out with food in which carbon is already in organic combina-
tion (see p. 124). In connexion with this we may mention
the fact that no starch is ever found in the tissues of Fungi,
though it is difficult to say why this should be. It is very
remarkable that although the protoplasm of these plants
undergoes dissociation in such a way as to produce cellu-
lose and other carbohydrates, it does not undergo dissociation
so as to produce the carbohydrate starch.

. The Formation of Nitrogenous Organic Substance.

We learned in the last lecture that plants can only avail
themselves of nitrogen in the combined form, either as in-
organic salts or as certain organic compounds, for the purposes
of their constructive metabolism. With regard to the con-
ditions of the formation of nitrogenous organic substance in
the plant, we know, from our study of Yeast, that it is inde-
pendent of the presence of chlorophyll, and it apparently goes
on as well in the absence as in the presence of light. In these
respects it contrasts in a marked manner with the formation
of non-nitrogenous organic substance. All that we shall have
to say about it will refer to the probable mode and the
probable place of its occurrence, and unfortunately we are
compelled, in the absence of definite information on these
points, to confine ourselves to probabilities.
~ We know that green plants form non-nitrogenous organic
substance, that plants destitute of chlorophyll, parasites or
sapmph}rtes, ‘absorb substances of this nature, and that all
plants absorb inorganic compounds of nitrogen, such as ni-
trates and salts of ammonia, as well as sulphates: here then
are the materials for the formation of nitrogenous organic
substance. But though we know what are the necessary
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materials, we can only guess at the probable process, Em-
merling, from a series of analyses of the Bean ( Vicia Faba var.
major), comes to the conclusion that the nitrates absorbed by
the root are decomposed by the organic acids (especially the
oxalic) present in the plant with liberation of nitric acid, and
that this nitric acid is then used in the formation of proteid.
According to Holzner it is probable that the absorbed sul-
phates also are decomposed by the organic acids, sulphuric
_acid being set free. It is doubtless by the combination of
the nitric and sulphuric acids formed under these conditions
with some form of non-nitrogenous organic substance, Loew
and Bokorny suggest formic aldehyde, that nitrogenous
organic substance is ultimately produced.

In the detailed discussion of this difficult subject we will
principally direct our attention to the highly organised plants,
for our knowledge of their chemistry is relatively great. We
will begin by ascertaining what organ it is in which the
formation of nitrogenous organic substance takes place.

From what has just been said respecting the origin of the
starch which is to be found in the chlorophyll-corpuscles,
there can be no doubt that proteid is formed in cells which
contain this substance ; and since it is so abundant in leaves,
we may conclude that the leaf is more especially the organ in
which the formation of proteid takes place. Moreover this
conclusion is supported by other though less direct evidence.
Emmerling observed in the Bean that whereas the root con-
tained a quantity of nitric acid (0.0756 per cent.) and the stem
also (00891 per cent. in the lower part, 0'0238 per cent. in the
upper), no trace of it could be detected in the leaves ; from
- this he inferred that it is in the leaves that the nitrates
absorbed by the roots and conveyed through the stem are
- used up in the formation of nitrogenous organic substance.
- Further, Pott found that the proportion of proteid in the plant
increases from the roots towards the leaves, the proportion of
- proteid in the leaves being about twice as great as that in the
roots of many of the plants which he analysed.

With regard to the chemistry of the process, there can be
little doubt that proteid is not directly formed, but that nitro-
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genous organic substances of less complex composition are
formed as intermediate products. From the researches of
Biltz, of Kellner, of Emmerling, and of Borodin, it appears
that crystallisable nitrogenous organic substances, such as
asparagin, leucin, and others (we may, for the sake of brevity,
term them amides) are frequently to be found in leaves. Itis
quite possible, as Kellner and Emmerling have suggested,
that these substances may be formed synthetically in the leaf.
We may imagine the processes to be somewhat as follows.
Since all these substances contain nitrogen in the form of
ammonia, the first step would be the formation of ammonia
or ammonia compounds from the nitric acid absorbed as
nitrates by the root ; that some process of this kind actually
takes place is suggested by Emmerling’s observation that no
nitrates are usually present in the leaf, by the fact mentioned
in a previous lecture (p. 127) that certain plants are unable to
assimilate the nitrates which they absorb, and by Hosaus'
observation that ammonia salts were to be found in a number
of different plants which he analysed, even when they had
been supplied with manure which did not contain ammonia.
The ammonia thus formed combines with formic aldehyde or
one of its polymers to form one oF other of these amides, and
this combines with some form of non-nitrogenous organic
substance and with sulphur to form proteid. This view of
the mode of formation of proteid is supported by the fact,
mentioned in a previous lecture (p. 124), that even greeh
plants can take up their nitrogen in the form of amides.

But we must not overlook the fact that amides,and probably
also ammonia, are produced in the plant by an analytic pro-
cess, by the decomposition of proteid, and it must be admitted
that they may be formed in this way in the leaf. The condi-
tions which determine this process have been made evident by
the observations of Borodin. He found that no asparagin
could be detected in shoots of certain plants when they were
growing under normal conditions, but that the appearance of
asparagin in considerable quantity could be induced by cutting
off the shoots and keeping them for some time in the dark.
The explanation of this fact is doubtless this, that the proteids
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in the shoots undergo decomposition, asparagin being one of the
products, and that the asparagin accumulated in consequence
of the absence of any appropriate non-nitrogenous organic
substance with which it could combine to form proteid,

Taking all these facts into consideration, we may con-
clude that these amides are formed both synthetically and
analytically in the leaves. But in whatever way they may be
formed, they are used in the construction of proteid: hence
their presence or absence depends upon the supply of appro-
. priate non-nitrogenous organic substance; when the supply is
adequate, no trace of the amides can be detected, when it is
inadequate they begin to accumulate.

The synthesis of amides with non-nitrogenous organic
substance to form proteid is not, however, confined to the
leaf: probably every living plant-cell is capable of effecting it.
It has been found, for instance, by many observers that the
tissue of the growing-point, the primary meristem, never con-
tains any starch orsugar or asparagin, although these substances
are abundantly present in the rest of the plant. There can
be no doubt that proteid is being formed there in connexion
with the production of new cells. The only explanation
which can be offered is that the asparagin and the sugar with
which these cells are supplied are rapidly converted into
proteid. We shall have occasion to discuss these facts in
detail in a subsequent lecture.

Strasburger and Schmitz have suggested, as already mentioned (p. 27),
. that the nucleus is in some way connected with the formation of proteid
in the cell. This suggestion is based upon the following facts: that a
- nucleus has been found to be present in the living cells of the vast
majority of plants ; that it is the last structure to disappear from the cell
. when its death is approaching; that it is present in cells which never
- contain starch, and is therefore not directly connected with the production
of non-nitrogenous organic substance ; that it gives very marked proteid
reactions.

3. The Function of Chlorophyll.

We have seen that it is only the green parts of plants that
- are capable of absorbing carbon dioxide and of exhaling
- OXygen; it is only in these, then, that a formation of organic
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substance de novo can take place in the plant. We have now
to ascertain what is the part played by the green colouring-
matter, the chlorophyll, in the process.

Carbon dioxide is absorbed and oxygen is exhaled by some plants
and parts of plants which are not green, such, for instance, as the brown
Algz (Fucoides), the red Algz (Floridez), and the leaves of the Copper
Beech. Chlorophyll is, however, present in all these cases, but the green

colour is not perceptible on account of the presence of other colouring-
matters.

1t was pointed out long ago by Draper that the chlorophyll-corpuscles
of etiolated plants, of plants, that is, which have grown in darkness, can
absorb carbon dioxide and exhale oxygen under the influence of light, an
observation which has been recently confirmed by the researches of
Engelmann, These corpuscles are not green, but yellow ; they contain a
colouring-matter known as stiolin, which is doubtless closely allied to
chlorophyll and is converted into chlorophyll when the etiolin-corpuscles
are exposed to light. It appears from the above-mentioned observations
that etiolin plays the same part in relation to the decomposition of carbon
dioxide as chlorophyll: and Engelmann is of opinion that this is true
also of the colouring-matiers of the Alge (phycoxanthin, phycocyanin,
phycoerythrin).

In the simpler unicellular plants, Heamatococcus for ex-
ample, the chlorophyll is distributed throughout the proto-
plasm of the cell, but in all the higher forms it is confined to
specialised portions of the protoplasm, usually somewhat oval
in outline and discoid or lenticular in form, the chiloroplyll-
corpuscles with which we have already become so familiar. In
certain Algz, the Conjugat, a group to which the Desmids
and Spirogyra and its allies belong, these chlorophyll-corpus-
cles are imbedded in plates of green protoplasm, the chloro-
phyll-bodies, but it is apparently only in the corpuscles them-
selves that the formation of starch takes place.

We may begin our study of the function of chlorophyll by
saying that the absorption of carbon dioxide, the evolution of
" oxygen, and the formation of new organic substancé, are
effected entirely and solely by chlamphyll—curpuscles, for we
may be permitted to regard the green protoplasm of a unicel-
lular Alga as constituting one large chinroph}'ll-cnrpuscle.
These processes go on in the chlomphyll-cnrpuscle quite inde-
pendently of the uncoloured protoplasm of the cell, for Engel-
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mann has shewn, by an extremely ingenious method, that
isolated chlorophyll-corpuscles continue for a long time to
exhale oxygen.

We will now study the structure of a chlorophyll-corpuscle.
If a cell containing chlorophyll-corpuscles be treated with
alcohol, it will be seen that the corpuscles soon lose their
green colour; the chlorophyll is in fact dissolved out of them
by the alcohol. There remains a colourless corpuscle which
gives the reactions of proteid substance, and is, doubtless, of a
protoplasmic nature. As regards the mode in which the
chlorophyll and the protoplasm are connected together, our
- only information is afforded by the observations of Pringsheim,.
He has found that if chlorophyll-corpuscles be treated with
dilute acids or be exposed to the action of steam, the chloro-

F1G. 22 (after Pringsheim). Cell from a leaf of Vallisneria spiralis which had
been macerated in dilute hydrochloric acid for six days, and then exposed for
some hours to the action of steam. The chlorophyll of the corpuscles has
collected into drops at the surface, leaving the corpuscles colourless, The
corpuscles are seen to present a SPODEY or porous structure.

phyll will exude from the corpuscles in viscid drops, leaving
the corpuscles colourless. A colourless corpuscle obtained in
this way presents a Spongy or trabecular structure, the now
empty spaces between the trabeculae having been previously
occupied by the chlorophyll (Fig. 22). We learn from this that
the chlorophyll is not actually combined with the protoplasm,
but that it is retained mechanically within it; and further, that
the chlorophyll is in solution, most probably in some kind of oil.
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From the percentage composition of the crystals Gautier deduces the
formula CyyHwN,O,, and draws attention to its resemblance to that of
Bilirubin (C;sHsN,05). Hoppe-Seyler finds that when his chlorophyllan
15 boiled with alcoholic solution of potash, cholin, glycerin-phosphoric
acid, an acid which he terms chlorophyllanic acid, and possibly also some
fatty acids are produced. He concludes that chlorophyllan contains
phosphorus in its molecule, and is either a lecithin or a lecithin-com-

pound.

Now as to its physical properties. We have seen that it
is soluble in alcohol, and it is likewise soluble in ether, benzol,
- carbon disulphide, and in various oils. A solution of chloro-
phyll possesses the property of fluorescence, so that when it is
viewed in reflected light it appears opaque and of a deep lake-
red colour; the light transmitted through a thin layer is green.
If the light which has passed through a layer of a moderately
strong solution be examined with the spectroscope, a charac-
teristic absorption-spectrum will be observed. Beginning at
the red end of the spectrum (see Plate, Fig. 1, f) a well-
marked dark band will be seen between Frauenhofer's lines
B and C extending rather beyond C, a second dark band in
the orange between C and D, a third very faint band at the
junction of the yellow and green, and a fourth more distinct
band in the green near the line E; the whole of the blue end
of the spectrum beyond the line F is absorbed. The absorp-
tion of the whole of the blue end of the spectrum is due to the
coalescence of three bands which can be seen separately when
very dilute chlorophyll solutions are used (Plate, Fig. 1 ¢),
two in the blue between the lines F and G, and one at the end
of the violet. The absorption-spectrum of chlorophyll pre-
sents then seven absorption-bands,

The figure of the chlorophyll-spectrum in the Plate is due to Prings-
heim, who has devised an ingenious method for observing the spectrum.
Instead of using solutions of different degrees of concentration he employs
different thicknesses of a dilute solution. The numbers at the left-hand
- side of the figure indicate the thickness in millimetres of the layer
examined: thusin a the thickness of the layer was 1o millimetres, and so on.
| It may be added, with regard to the fluorescence of chlorophyll, that

when the light reflected from a solution 15 examined with the spectro-
scope, it is found to be all red, the red being most intense in the positions
. corresponding to the absorption-bands of the chlorophyll-spectrum.
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The views which have been held as to the probable rela-
tion between the presence of chlorophyll and the formation of
non-nitrogenous organic substance in the plant are so numet=
ous, that it will be possible only to mention the more impor-
tant of them here. The frst to be considered, which we may
term the chemical theory and of which Sachsse is the prin-
cipal exponent, :s that chlorophyll is actually converted into
starch, that it is 2 substance intermediate between carbon
dioxide and water on the one hand, and starch on the other.
The reasoning upon which this theory is based is very compli-
cated and abstruse, and cannot be regarded as conclusive;
besides, it 18 contradicted by Sachs’ observation that etiolated
plants turn green when exposed to a light in an atmosphere
which contains no carbon dioxide, that is, that chlorophyll is
formed under circumstances which render impossible the
decomposition of carbon dioxide. Then there is what we
may term the physical theory which seeks to connect the
function of chlorophyll with its absorption-spectrum. This
theory is held from two exactly opposite points of view.
Lommel and N. J. C. Miiller argue that, according to the
~ principle of the conservation of energy, the rays of light which

are absorbed by chlorophyll, that is, more especially the red
and the blue, must be converted into some other form of
energy, and they conclude that these rays supply the energy
necessary for the decomposition of carbon dioxide and water.
The correctness of this view is confirmed by Timiriazeff and
by Engelmann who find that the decomposition of carbon
dioxide by green plants is most active in those parts of the
solar spectrum which correspond to the more cONspicuous
absarption-bands of the chlorophyll-spectrum- It has indeed
been found by Draper and by Pfeffer, that the most active de-
| composition of carbon dioxide takes place when green plants

are exposed to yellow light, that is, to rays of the spectrum
which are not absorbed by chlorophyll: but this result is not
contradictory of those mentioned above; the discordance is
due simply to physical conditions which will be discussed
hereafter in connexion with the action of light. 1t appears
then, that the rays absorbed by chlorophyll are those which

-
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are active in the decomposition of carbon dioxide, The
other view is that taken by Pringsheim. He urges that
the rays absorbed by chlorophyll are not active in the
decomposition of carbon dioxide, but that still the absorp-
tion must have some physiological significance, and he con-
siders this to be that the rays absorbed are such as would
interfere with the synthetic processes; that the chlorophyll
acts as a kind of filter to the rays of light which fall upon the
- plant, allowing those to pass which promote the synthetic
processes and absorbing those which would be prejudicial to
them. As we shall discuss this view in a subsequent lecture,
it will suffice for the present to say that there is no evidence
to prove that the rays absorbed by chlorophyll have any effect
in diminishing the decomposition of carbon dioxide. It has
been further suggested that chlorophyll combines with and
fixes carbon dioxide just as the hamoglobin of the blood
combines with and fixes oxygen. But experiments made
with various solutions of chlorophyll shew that this is not
the case; still, it is possible that what the chlorophyll cannot
do when extracted in solution it may be able to do when
it is in the living chlorophyll-corpuscle.

Of these various views, the one which is most strongly
supported by experimental evidence is that of Lommel, and
it is therefore this one that we shall accept. The function of
chlorophyll may, then, be briefly stated as follows: that it
absorbs certain rays of light, and thus enables the protoplasm
with which it is intimately connected to avail itself of the
radiant energy of the sun’s rays for the construction of
organic substance from carbon dioxide and water.

4 The Action of Light.

Attention has been repeatedly drawn both in this and in
Previous lectures to the fact that the absorption of carbon
dioxide and the evolution of oxygen, in other words, the
formation of organic from inorganic substance, can only be
effected by green plants when they are exposed to light.
This subject will not be entered upon at present ; it will be
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more convenient to consider it when we are in a position to
discuss the whole question of the relation of the metabolism
of plants to external conditions (Lect, XIIL).

We may consider, in conclusion, the formation of organic
substance by the plant in its more general aspect. We have
found that the constructive metabolism of the green plant,
like that of all living organisms, has, as its end, the formation
of the extremely complex substance which we have termed
protoplasm ; this is destined to undergo decomposition into
simpler substances, some of which are and some are not of
use to the plant, the decomposition being accompanied by
the setting-free of energy in the plant. We have seen that the
materials which a green plant has at its disposal for this pur-
pose are of very simple composition, carbon dioxide, water, and
salts containing nitrogen and sulphur. The steps of the pro-
cess we have traced as closely as our information will allow;
the first is probably the formation of comparatively simple
substances containing C, H, and O (perhaps formic alde-
hyde and its polymers) ; then the formation of more complex
substances containing N in addition (asparagin, leucin, etc.);
and fnally, by further synthesis, of still more complex
substances (proteids). We have found that the starch which
makes its appearance in the chlorophyll-corpuscles when
constructive metabolism is in active operation, is not the first
product of the synthetic processes, but only an indirect
product : protoplasm is the substance which is formed in the
chlorophyll-corpuscles, and it is only in consequence of the
decomposition of the protoplasm formed that starch is pro-
duced. We will consider the nature of this decomposition in
detail in a subsequent lecture. :

We may enquire, too, if the constructive metabolism
is equally energetic in all green plants. We should be
inclined to say a priort that this is not the case, a decision
which is confirmed by Weber's comparative observations on
the leaves of certain plants. He determined the amount of
organic substance formed in 10 hours by one squarc metre of
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the leaves of the following plants under as nearly as possible
the same conditions. The following are his results :

Tropeolum majus . . 4466 grammes.
Phaseolus multiflorus . 3215 5
Ricinues commuenis . : 52092 5
Helianthus annuns . . 5°559 5

We are now in a position to compare the constructive
capacity of plants which contain chlorophyll, of plants which
do not contain chlorophyll, and of animals. The first of the
series of synthetic processes which we have traced above, the
formation of non-nitrogenous organic substance from carbon
dioxide and water, can only be effected by organisms (animals
as well as plants, according to the observations of Geddes)
which contain chlorophyll,and with this we must correlate the
‘production of starch. The second process, the formation of
proteid from organic non-nitrogenous carbon-compounds and
inorganic salts containing nitrogen and sulphur, can, appa-
rently, be performed by all plants alike, but it cannot, so far
as we know, be performed by animals, excepting, possibly,
those which contain chlorophyll. Stating the case in the most
general terms, we may say that whereas a plant is nourished
when nitrogen is supplied to it in the form of inorganic salts,
an animal can only assimilate nitrogen in the form of proteid.
The last of all the processes of constructive metabolism
yet remains to be considered, the conversion of dead unor
ganised proteid into living organised protoplasm, This must
take place in every cell so long as it is living, and it must
necessarily accompany the formation of new cells, But little
can be said as to the nature of this process, for our knowledge
of the differences between dead proteid and living protoplasm
is very slight. We are indeed acquainted with certain facts:
- we know, for instance, that the primordial utricle of dead cells
- readily allows of the passage into it and through it of sub-
 stances which could not enter or pass through it in life (p. 44);
' that the interchange of gases between the cell and the

atmosphere which goes on so actively during life, and which is
I the expression of unceasing chemical combination and decom-
| Position, is arrested ; that the evolution of energy in the form
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are equal, then it will be impossible to detect the substance
by micro-chemical methods, although the production of it
may be actively proceeding. It is in many cases possible so
to alter the conditions under which an organ is placed as to
disturb the relation between supply and demand (as we see in
Borodin’s experiments mentioned in the last lecture) and thus
to bring about the accumulation of substances which cannot
be detected in it micro-chemically under normal conditions.
All that we can detect by micro-chemical methods is then

- the excess of plastic material in the cell, and this we may

regard as temporary reserve-material,

With this preliminary caution in our minds, we will discuss
first the distribution of the non-nitrogenous organic substance
formed by the leaves. This we have found to be starch, in
the vast majority of cases, and we have seen that it is de-
posited in the chlorophyll-corpuscles in the form of grains,
The proof that this starch is conveyed away from the leaves
is afforded by the observation of Sachs that if a leaf which
contains starch abundantly in its chlorophyll-corpuscles be
placed in the dark for some hours the starch-grains will be
found to have disappeared, and by those of Godlewski, Pfeffer,
and Morgen, that the starch-grains disappear from the chloro-
phyll-corpuscles of a leaf when it is exposed to light in an
atmosphere containing no carbon dioxide, We learn, then,
that if chlorophyll-corpuscles be placed under conditions
which prevent the continued formation of starch, no trace of
starch will usually be detected in them. It is obvious that the
starch-grains cannot be bodily conveyed as such from one cell
to another inasmuch as the walls of the mesophyll-cells, so far
as we know at present, are closed membranes ; and even ad-
mitting, as was mentioned in a previous lecture (p. 23) that
the protoplasm of adjacent cells may possibly be continuous
through pores in the cell-wall, still the size of the starch-grains
is too great to allow of theijr passing through these pores.
The suggestion naturally occurs that the starch must pass
from cell to cell in solution, and that, since it is practically
insoluble in water, it must be converted into some substance

| Which is soluble. There are reasons for believing that this

IT—2
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travels from the leaves we should expect to find peptone
in leaves more commonly and in larger quantity than is
actually the case. On the other hand we have seen that
crystallisable nitrogenous organic substances, amides, have
been found in the leaves of various plants and in considerable
quantity. We may infer that the proteid which is formed in
the leaf is decomposed, and that these amides are some of the
products of the decomposition. These substances diffuse
readily, and, if we neglect the possibility of the direct conduc-
 tion of proteid by means of the communicating protoplasm of
adjoining cells, it is in the form of these substances that nitro-
genous organic substance is distributed throughout the plant.
Without entering at present into detail regarding the
chemistry of the changes which the organic substances formed
in the leaf undergo as a preliminary to their distribution
throughout the plant, we will proceed to ascertain what is the
mode of their distribution and what are the tissues in which
they travel. Their distribution takes place according to the
same principle as that of the substances absorbed from with-
out by the roots: they travel to those parts of the plant in
which a chemical alteration of them is going on, either to the
growing-points, at which new branches and leaves are being
formed and material is required for the formation of proto-
plasm and cell-wall, or to organs which serve as depositories
of reserve-materials such as buds, bulbs, roots, tubers, etc,, in
. which both nitrogenous and non-nitrogenous substances are
.~ being stored up for the use of the plant at the commencement
of its next period of growth, or seeds or spores, in which
similar provision is being made for the nutrition of the young
' plant to be developed from them during the early stages of
' its growth. They travel either in the parenchymatous tissues
| by osmosis from cell to cell; or in continuous vessels the
- Steve-tubes and the laticiferous cells and vessels, by diffusion,
their movement in these vessels being promoted by the sway-

ing to and fro of the subaérial parts of the plant under the
influence of the wind,

It has been observed that the sieve-tubes of many plants (Vine, Lime,
Poplar, Walnut) cease to be-continuous vessels during the winter in con.
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sequence of the filling-up of the pores of the sieve-plate by a formation of
callus in the autumn. In the spring the callus is absorbed and the con-
tinuity restored (De Bary, Janczewski).

From the researches of Sachs and others it appears that
the sugar and the amides travel in the parenchymatous tissues,
and Sachs observed that these tissues have an acid reaction.
But the conduction of these substances is, generally speaking,
not direct: it is frequently interrupted by their conversion into
an insoluble or at least an indiffusible form at some interme-
diate stage in their journey. For instance, there is in the
petioles and stems of many of the higher plants a layer (seen
in transverse section) of parenchymatous cells near the
periphery of the ring of fibrovascular bundles or of each
fibrovascular bundle, in which, so long as the plant contains
any excess of non-nitrogenous organic substance, starch-grains
are to be found, On account of the constant occurrence of
starch in its cells, this layer has been termed the starch-layer.
But a temporary deposit of starch may take place in other
cells as well. Thus Briosi has observed the presence of
starch-grains in sieve-tubes, they are present also in laticife-
rous tissue, and they may be found throughout the parenchy-
matous tissue. Again, drops of oil are frequently to be
found, especially in the laticiferous tissue, and even in the
chlorophyll—cc}rpuscles themselves ; these too may be re-
garded as transitory reserve-materials. Finally, the sieve-
tubes and the laticiferous tissue contain proteids, for the most
part unorganised and indiffusible, for, in the sieve-tubes at
least, they are soluble in dilute potash solution but not in
water; these proteids are probably to be regarded as tempo-
rary reserve-materials. Inasmuch as the sieve-tubes and also
the laticiferous cells and vessels are continuous throughout
the plant, the contained proteids can travel in them as such
from one part of the plant to the other; but doubtless their
distribution to the tissues involves a conversion intoa diffusible
form, for it has been found that the latex of certain plants is
rich in proteolytic ferment. It is worthy of note that Sachs
found the contents of the sieve-tubes to have an alkaline
reaction.
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F16. 23 (after Hanstein). Part of a sieve-tube (from the Hop) shewing a sieve-
plate. The central granular portion is the protoplasmic content of the tube;
the shaded portion around this is the cell-wall swollen by treatment with

potash. The dark lines traversing the sieve-plate represent protoplasmic
filaments, :

]
!
$
¥
1
%‘IG 24 (after Dippel). A, Part of a laticiferous cell from Euphorbia splendens ;

in the latex the peculiar rod-shaped starch-granules are to be seen.
8, Laticiferous vessels from the root of Cichorinm Tntybus.

~ The fluid contained in the laticiferous tissue is termed Jafexr. Itisa

8. . . + . .
watery fluid holding proteids, carbohydrates, and mineral matters in
solution. It is frequently milky in consequence of the presence of fats
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are well illustrated by experiments in which layers of tissue
are removed. Thus Knight observed that when a ring of
cortical tissue down to the wood was removed from the stem
of a dicotyledonous tree below the leaves, the part of the stem
below the incision scarcely grew at all, whereas the part of the
stem above the incision grew normally; again Hanstein found
that if a ring of cortical tissue be removed from a detached
branch of a tree of this kind, and the branch be placed in
water, roots are formed abundantly above the incision but
- scarcely at all below it; if, however, the experiment be tried
upon branches of plants which contain scattered fibrovascular
bundles in their medulla, the removal of the ring of cortical
tissue has no appreciable effect upon the development of the
roots: Faivre too has obtained similar results by the same
method. The significance of these facts is this, that the
removal of the ring of cortical tissue, including the soft-bast,
from a branch or stem of a normal dicotyledonous plant
almost completely cuts off the supply of organic substance to
the parts below the incision; if the branch or stem contains
fibrovascular bundles in its medulla, the supply of organic
substance is diminished by the operation, but enough is still
conveyed to enable the parts below the incision to maintain
their growth.

With regard to the laticiferous tissue, it appears, from the
researches of Faivre, that it contains organic substances which
are derived from the leaves and which are used up in building
up the tissues of the growing parts of the plant.

It has been suggested that a formation of proteid takes place in the
sieve-tubes ; Strasburger is however of opinion that, since no nuclei have
been found in them, this is not the case (see p. 151),

In order to obtain a connected idea of the changes which
these nitrogenous and non-nitrogenous organic substances
undergo in connexion with their distribution throughout the
Plant, we will trace them to Some organ in which they are
to be stored up for a time as reéserve-materials, and then from
this organ when, after a period of quiescence, it resumes
- active life. For this purpose we will take the seed as our
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example, for our knowledge of its chemistry is more com-
plete than is that of any other similar organ.

~ Non-nitrogenous organic substance is conveyed to the
seed in the form of sugar, the nitrogenous in the form of
amides, and they are there deposited, the non-nitrogenous
substances in the form of starch or of oil, the nitrogenous in
the form of masses of proteid (consisting of peptones, globulins
and albuminates) known as aleurone-grains. 1t appears, there-
fore, that a formation of proteid takes place in seeds doubtless
from the sugar and the amides which are supplied to them.
The greater part of the sugar, however, reappears in the form
of starch or oil. It has been found in many cases that aspara-
gin and other amides are present in seeds in small quantity,
and occasionally nitrogenous glumsides are present, as, for
instance, amygdalin in the Bitter Almond, potassium myro-
nate in the Black Mustard.

We may distinguish different kinds of seeds according to the form
and the place in which the reserve-materials are stored up. Thus there
are starchy seeds which contain much starch and more oF less oil, and
oily seeds which contain oil and no ctarch: in the former the aleurone-
grains are small, in the latter they are large. Further, in some seeds the
reserve-materials are deposited in the cells of the seed itself, either
outside the embryo-sac (perisperm), or within it (endosperm), and in
<ome both perisperm and endosperm are present; in others they are
deposited in the seed-leaves or cotyledons of the embryo which then
occupies the whole of the seed. Seeds of the former kind are said to be
albwminous, those of the latter exalbuminous.

We will defer, for the present, the consideration of the
structure and of the chemical composition of the starch-grains
and aleurone-grains. It need only be sfated now that aleu-
rone-grains always contain a mass of mineral matter, the
globoid, and frequently a crystal of proteid, the crystalloid.

These are the principal forms in which the reserve-
materials are stored up in seeds. Less frequently they
occur, in addition, .1 other forms; thus in the seeds of the
Date and of Phytelephas carbohydrate is deposited in the
form of thickened cell-walls, that is, as cellulose, consti-
tuting, in the latter case, what is known as “ vegetable
ivory”; again glucosides are occasionally present, substances
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which yield glucose as one of the products of their decompo-
sition ; these may be either non-nitrogenous (e. ¢ digitalin)
or nitrogenous (e. g&: amygdalin). Starch and oil are also the
forms in which the non-nitrogenous reserve-materials are
most commonly stored up in other depositories: thus starch
is to be found in the winter in the cells of the ground-tissue
of perennial roots and rhizomes, of the trunks of trees, also
in the septate and unseptate fibres and in the parenchy-
matous cells of the wood of the stems of Dicotyledons
~ (Sanio) so long as these cells contain protoplasm, in bulbs
and corms; oil occurs in some fruits, such as the Olive, and
in the spores of many Fungi. In certain cases, however,
carbohydrate is stored up in other forms; in the root of the
Beet it is present as cane-sugar; in the bulb of the Onion
and in many fruits as glucose; in the tuberous roots of the
Dahlia as inulin; glycogen has been found by Errera in
various Ascomycetous Fungi, especially in their asci, and by
Reinke in the plasmodium of Athalium ; mannite has been
found to be commonly present in Agarics by Miintz, and
many of these Fungi contain a form of sugar known as
trehalose ; mannite has also been found by de Luca in the
leaves, flowers, and unripe fruits of the Olive, and in various
parts of a great number of plants; the dried Juice (manna)
obtained from Frazinus Ornus consists principally of mannite.,
The proteid reserve-materials are not known to be deposited
in the form of aleurone-grains in any other organs besides
seeds, but crystalloids have been found free in the cells of
various plants, for example, in the peripheral cells of the
potato-tuber (Bailey), in the nuclei of the epidermal cells of
the integument of the ovule of L athrea Squamaria (Radlkofer),
| in the cells of the Floridea (Cramer, Klein), in the mycelium
- of the Mucorini (Klein, van Tieghem). Amides have been
- found stored up in roots and tubers. Schulze and Urich
- found glutamin in Beet-roots, and Scheibler found asparagin
and a substance termed betain ; it appears that in some
- years glutamin, in others asparagin is the more abundant.

- In potatoes Schulze and Barbieri found asparagin, leucin and
- tyrosin,
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Since Schmiedeberg, Drechsel, and others have succeeded in producing
proteid crystals artificially, we may infer that their formation in the plant
‘s not due to the organising activity of the protoplasm, but that it is a
process of ordinary crystallisation.

When once deposited the reserve-materials undergo no
further change, or at most the proteids may slowly undergo
some alteration, so long as the organ in which they are de-
posited remains in an ‘nactive condition, An organ in this
state is practically dead for the time being, all its metabolic
processes being arrested. It is capable, moreover, of resisting
injurious influences, such as extremes of temperature and
desiccation, which would prove fatal to it were it actively
living. Itis obviously in consequence of this property pos-
sessed by such organs during what we may term their state
of suspended animation, that vegetation is maintained in re-
gions in which the cold of winter is severe and in arid tropical
regions. The time of the possible duration of this state with-
out permanent loss of vitality varies very widely ; spores,
for example, lose their power of resuming the active vital con-
dition, of germinating, in a word, in a comparatively short
time ; oily seeds retain the power of germinating for a much
chorter time than starchy seeds ; in some instances starchy
seeds have been known to retain it for many years. When
the external conditions become favourable, when the tempera-
ture is sufficiently high and there is a supply of water, these
quiescent organs readily germinate, and then the reserve-
materials which they contain undergo great chemical changes.
Germination is essentially connected with growth; ina seed,
with the growth of the embryo; in a bulb or a rhizome,
with the growth of a shoot. The chemical changes which
the reserve-materials undergo are of such a nature as to
convert them into substances which can readily travel to
the seat of growth, and which can be used as plastic material
by the growing cells. We will study these changes as they
occur in a seed.

It has been observed by all who have investigated the
subject that, as the embryo grows, the reserve-materials in the
seed diminish in quantity. They are evidently conveyed to
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the seedling, and are used by it to form new protoplasm and
cell-wall. In considering the changes which they undergo
we will begin with the non-nitrogenous reserve-materials,
The starch (and cellulose, in the Date) is undoubtedly con-
verted into sugar; this is proved by the detection of sugar
as well in the seed as in the seedling, and further by the
detection in germinating seeds of an unorganised ferment
which possesses the property of converting starch into sugar,
The first change which the oils undergo is apparently a de-

. composition into glycerin and fatty acid, which is probably

effected by the action of an unorganised ferment (Schiitzen-
berger); these substances are then replaced by carbohydrate
(Sachs). The glucosides which, as we have seen, are present
in some seeds, are decomposed into sugar and other sub-
stances also by the action of an unorganised ferment, The
absorption of non-nitrogenous reserve-material soon makes
itself apparent in the embryo by the formation of a large
quantity of temporary starch in its cells, which gradually dis-
appears as its growth proceeds.

With regard to the proteid reserve-materials of the seed,
there can be no doubt that they are converted into sub-
stances which are diffusible. The visible effect of germina-
tion upon the aleurone-grains is, according to Pfeffer, that
they swell up and fuse to form a granular viscid mass; the
globoids undergo solution, and so do the crystalloids when
they are present. It was thought that the proteids which
are insoluble in water (globulins and albuminates) were con-
verted into peptone by the action of an unorganised ferment :
von Gorup-Besanez believed that he had extracted a ferment of
this kind from the seeds of Vetches, but Krauch has shewn that
his results are not trustworthy, In the absence of any evidence
to prove the conversion of these proteids into peptone, we
must conclude that they are directly split up so as to
give rise to amides. The peptone of the aleurone-grains
- undergoes the same change. It might be thought that the
- peptone, inasmuch as it is somewhat diffusible, is directly
. conveyed to the seedling, but this is not the case. In en-
deavouring to determine this point I found, in the case of
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Lupins, that whereas peptone was abundant in the coty-
ledons of seedlings a week old, it was not present in any
other part. Seedlings, it is well known, contain considerable
quantities of amides, and the presence of these can only be
accounted for by regarding them as having been derived
from the reserve-proteids of the seed. It is then in the form
of amides that nitrogenous organic substance is supplied to
the scedling. All the various crystallisable nitrogenous or-
ganic substances which have been already mentioned are
to be found in germinating seeds, but they are present in
various proportions in different seeds, For example, Vetch-
seeds contain principally asparagin and leucin, together with
small quantities of glutamin and tyrosin (von Gorup-Besanez):
Pumpkin-seeds contain principally glutamin and asparagin,
with some tyrosin {Schulze and Barbieri).

The effect of the absorption of these substances by the
embryo is that the cell-sap of the cells of its ground-tissue
become charged with them, for the supply is much more
rapid than the consumption in the formation of proteid;
consequently the seedling soon comes to contain a larger
percentage of them than does the organ in which they are
being formed. If the seedling is growing under favourable
conditions these substances gradually diminish in quantity
and finally disappeat, and this is accompanied by an increase
.1 the amount of proteid contained in the seedling.

The nature of these conditions has been clearly made out
by Pfeffer. He found that Lupin-seedlings grown in the dark
contained a very large quantity of asparagin so long as they
continued to live, but that if they were exposed to light the
asparagin gradually diminished. But he- ascertained further
that mere exposure to light < not the cause of this, since the
asparagin did not diminish in seedlings exposed to light
+n an atmosphere which contained no carbon dioxide. The
disappearance of the asparagin depended therefore upon con-
ditions which were essential to the formation of non-nitro-
genous organic substances by the seedlings. The accumu-
lation of the asparagin depended upon the absence of 2
supply of “appropriate non-nitrogenous substance with which
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it could combine to form proteid ; when this supply was pro-
vided the asparagin disappeared.

The following tables of analyses will illustrate the foregoing remarks :

1. The production of asparagin at the expense of proteid in the
depositories of reserve-materials.

Beyer's analysis of Yellow Lupin seeds and seedlings, 2—3 inches
long ; the cotyledons are the depositories, as the seed is exalbuminous,

|
et |! Seedling
L= ] TS .
dyweighe | Qs L -
contained Cotyledons Other parts
Proteids 61268 || 60450 ‘ 50'080
| |
Asparagin —_— I'450 | 29640
| .

2. The changes undergone by the non-nitrogenous reserve-materials,

These are well illustrated by Peters’ comparative analyses of the oily
seed and of the seedling of the Pumpkin (Cucurbita).

|
Seedling
100 parts dry Cuiescent =
weight contained | seed :
‘ 15t Period znd Period srd Period
|
0il 49°51 1722 I1'14 424
Sugar | traces ! 5°45 ‘ 541 | 5°33
Gum traces 173 2'20 i 2°70
Starch 0'00 4'17 761 2'77
l.‘.'ellulu_sc 302 787 1000 12'70
Albuminoids 3988 3988 | 39°67. 43'65
Ash | 510 || 762 8'10 9'33
Extractives 2°49 ' 1606 1587 1929
— - B |omrad i —
‘ 10000 _ 100°00 100°00 10000
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therefore be directly transferred to the growing shoot: when
it is accumulated in the form of proteid, as in the potato for
instance, the proteid is doubtless converted into amides, just
as in the seed, and these are used by the shoot for its nutri-
tion and growth.

It remains for us to become acquainted with the mode in
which the plastic materials are used for the building-up of
the structure of the plant. We may take the growing-point
as the object of our study. We know that in a growing-

. point a formation of new cells is taking place, that is, that

cell-wall and protoplasm are being produced. This produc-
tion must be effected at the expense of plastic materials
supplied to the growing-point from other parts of the plant.
But these plastic materials cannot be detected as such in the
tissue of the growing-point, the primary meristem (see p. 1 51).
Schacht, Sachs, and others have found that although starch
is usually present in considerable quantity in a growing
member, and can be traced into the immediate neighbour-

hood of the growing-point, yet it cannot be detected in the
cells of the growing-point itself. Sachs also failed to detect
sugar, and the various observers (Pfeffer, Borodin, Schulze,
de Vries) who have studied the distribution of amides in the
plant have likewise failed to detect them in the cells of the

- growing-point. On the other hand, proteids are abundantly

present, and these are doubtless formed from the amides and
the carbohydrates (together with sulphates and perhaps phos-

- phates) supplied to the cells of the growing-point. These

proteids serve as material for the construction of the proto-
plasm which is required in connexion with the processes of
cell-multiplication. The cell-walls are formed, according to
Schmitz and Strasburger, from portions of the protoplasm
(see p. 26). The processes going on in a growing-point are
| then these : the cells are being supplied with plastic materials
' from the cells lying behind them which contain these materials;

| from these plastic materials proteid is constructed so that the

 plastic materials themselves cannot be detected in the meri-
‘stematic cells; from the proteid living protoplasm is produced,
‘and from a portion of the protoplasm cell-walls are formed,

V. 12
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We have now obtained a general insight into the mode of
distribution of the plastic materials in the plant, as well as
some knowledge of the different forms in which they may
make their appearance. We will conclude our consideration
of this subject with a few general considerations, leaving the
discussion of the chemical details for another lecture.

We may gather from the facts before us that the parts of
the plant which do not contain chlorophyll are, as it Werc,
parasitic upon those which do. Just as a plant which does
not contain chlorophyll must have organic substances supplied
to it, so must also those parts of a green plant which do not
contain chlorophyll. The cells in which chlorophyll is
present can make organic substance, both nitrogenous and
non-nitrogenous, from carbon dioxide, water, and salts; those
:n which it is not present can only decompose and recombine
the organic substance supplied to them from those in which
it is present. This relation is well marked in the develop-
ment of shoots from bulbs, tubers, etc.; a shoot is incapable at
first of constructing its own plastic materials, and draws its
supplies from the depository of reserve-material with which it
is connected ; it behaves like a parasite. On the other hand,
s far as continuity of tissue is concerned, a parasite is as
closely connected with its host, as a shoot is with the organ
which bears it. The relation of the embryo in this respect is
peculiar. In albuminous seeds, the embryo is simply im-
bedded in the endosperm (or perisperm) ; there is no con-
tinuity of tissue. When the seed germinates and the further
development of the embryo commences, the reserve-materials
in the endosperm undergo the changes with which we have
become acquainted, and the products are absorbed by the
embryo through its external surface ; in some cases special
absorbent organ is present, as in Grasses (the scutellum), and
“at a later period in the development of the embryo the
cotyledons frequently act as absorbent organs.

Treub's interesting observations on the embryo of Orchids, the sus-
pensors of which grow out of the ovule, in certain species, and attach
themselves to the placenta from which they absorb nourishment, seem t0
suggest that possibly the suspensor may have an absorbent function 1n
all cases.
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The question has naturally arisen in reference to albumi-
nous seeds, as to how far the changes in the reserve-materials
of the endosperm are to be ascribed to the embryo. In order
to answer this question van Tieghem experimented with the
embryo of Mirabilis, depriving it of its endosperm and supply-
ing it artificially with nutriment ; under these conditions the
embryo grew and developed, but not so well as under normal
conditions. From this we may infer that, in the seed, changes
go on in the endosperm, independently of the embryo, by

_ which the reserve-materials stored up in it are prepared for
absorption by the embryo. The results of the similar ex-
periments of Blociszewski on Rye-seeds lead to the same
conclusion, and it is further supported by wvan Tieghem’s
observation that the isolated endosperm of Ricinus can grow,
under favourable conditions, and that the aleurone-grains
become disorganised and the oil replaced by starch. There
can be no doubt, however, that the embryo exerts an impor-
tant influence in bringing about the changes in the reserve-
materials of the endosperm, though it is difficult to determine
what the exact nature of this influence is. It may be that
the embryo excretes a ferment, or it may simply act by

- removing the products of ferment-action, thus preventing
their accumulation and so assisting the processes.
~ The difference in structure between albuminous and exal-

- buminous seeds is essentially this, that whereas in the former
the reserve-materials of the endosperm are only absorbed by
the embryo during germination, in the latter they are ab-
sorbed by the embryo during the ripening of the seed, and

- are deposited in the cotyledons.

We will now discuss the structure and composition of the

* starch-grains and of the aleurone-grains, The starch-grains

| Present evident structure: though they vary in size and shape

‘in different seeds, yet in all cases they present a stratified

' dppearance, consisting apparently of layers deposited concen-

trically or excentrically around a certain point, the ZAilum

(Fig. 26): in fact, as Strasburger points out, the optical section

1of a grain resembles the transverse section *of a thickened
stratified cell-wall, They are formed by the protoplasm ; and

12—2
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although the exact mode of their formation in seeds has not
been investigated, it may be assumed that it is the same as
in other parts of the plant. Schimper has observed that the
formation of starch-grains is commonly effected, in parts of
plants not exposed to light, by certain specialised portions of
the protoplasm which are termed starch-forming corpuscles or
amyloplasts. These corpuscles closely resemble the chloro-
phyll-corpuscles, though of course they contain no chloro-
phyll; in some cases, in fact, an actual conversion of an
amyloplast into a chlnmphyll-carpus-:le, under the influence
of light, has been observed. In both cases, if we accept the
view of Strasburger, the starch formed is a product of the
decomposition of protoplasm ; the difference in function ‘be-
tween chlorophyll-corpuscle and amyloplast is then this, that
in the former the synthetic processes begin with such simple
substances as carbon dioxide, water, and salts, and are
effected under the influence of light, whereas in the latter they
begin with tolerably complex substances (& £ asparagin and
glucose), and in this case the influence of light is not essential.
Strasburger has found that in certain Cases (macrospores
of Marsilia, cells of medullary rays of Pinus sylvestris) the
starch-grains are formed in the general protoplasm of the
cell. At their first appearance the starch-grains are minute
bodies usually more OF less spheroidal in form; as they
increase in bulk they begin to present the stratified appear
ance mentioned above. When the grains are formed in the

Fic. 26 (after Schimper). Group of amyloplasts, each bearing & starch-grain
collected round the nucleus in a cell of the tuber of Phajus grandifoli
(Bletia Tankervillie). .
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general protoplasm or inside the amyloplasts the spheroidal
form is retained and the planes of stratification are concentric
around the hilum which is the part of the grain which was
first formed : when, however, the grains are formed, as they
frequently are, on the outside of an amyloplast, they soon
become oval and the layers excentric ; the end of the grain in
~contact with the amyloplast becomes broad, and the number
of layers of stratification is greater there than at any other
part; hence the hilum is gradually removed further and

- further away from the amyloplast, so that the long axis of

the grain coincides with the direction of greatest growth
(Fig. 26). We naturally conclude from these facts that the
grain grows by the deposition of new layers on its surface,
and that the successive layers produce the stratified appear-
ance of the grain.

In addition to the planes of stratification, the starch-grain
is marked by lines radiating from the hilum, which are planes
of striation. Schimper and Arthur Mayer were led by this
to regard a starch-grain as a spherocrystal, consisting of a
number of radially-placed prisms. According to their view
the formation of a starch-grain is effected in this way, that
the amyloplast takes up sugar from the cell-sap and converts
it into starch, which is deposited in successive layers con-
sisting of prismatic crystals. Strasburger, however, finds that,
as in the case of cell-walls, each layer of the grain is formed from
a layer of protoplasm, and he thinks it probable that the
- striation of the layers, like that of the layers of cell-walls, is
| connected with the arrangement of the microsomata in the
- layers of protoplasm from which the layers of starch have
. been derived.

i According to Naegeli, a starch-grain increases in bulk not by apposi-
. tion but by intussusception, that is by the intercalation of new particles
(micellz) of starch between those which are already present ; he regards
the stratification of the starch-grain not as the result of the deposition of
successive layers one upon the other, but as being due to the differentia-
tion of the growing starch-grain into layers containing alternately a
. greater or a smaller proportion of water. The most important of the
facts upon which this view is based is that the most external layer of a
' starch-grain is always a dense layer, whereas the hilum is relatively
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watery : from this he argues that the layers cannot be successively depo-
sited for, were that the case, the most external layer would be the youngest
and therefore probably the most watery part of the grain. Schimper,
however, has pointed out that, under certain circumstances, a starch-
grain which has lost its regular outline in consequence of partial solution,
may have new layers deposited upon it with a regular outline, and that,
the irregular outline of the corroded grain can still be seen within;
this fact affords considerable support to the apposition theory. The
stratification of starch-grains, he admits, is due, as Naegeli states, to
the alternation of more and less watery layers ; he ascribes this distribu-
tion of water to tensions in the grain which cause each apposed layer to
become differentiated into three, a middle watery layer with a dense layer
on each side of it. Strasburger denies the alternation of more and less
watery layers. He comes to the conclusion that, in starch-grains as in cell-
walls, the layer last formed (7.e. the one next the cell-contents) is the most
dense one, and that the older layers gradually absorb water : hence the
external layer of a starch-grain is the most dense, and the inner layers are
successively more and more WAatery until the maximum proportion of
water is reached in the hilom. Each layer 18 therefore stretched by the

A ol

Fi1G. 27- Starch-grains (Potato) under the polariscope: A, (after Dippel) 2 starch-
grain seen with crossed Nicols: B (after Weiss) a starch-grain seen with
parallel Nicols.

layer within it (positive tension), compressed by the layer external to it
(negative tension). The tensions in a starch-grain are thus precisely the
opposite of those i1 a thickened cell-wall (see P 36), but this statement
of them applies quite accurately only to concentric starch-grains: 1t. 15
true of the older concentric part of excentric grains, and in these grains
the external layer is always the most dense, but the excentric incomplete
layers are not cuccessively more and more watery from within outwards.
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With reference to the optical properties of starch-grains von Mohl
pointed out that the interference colours of starch-grains are complemen-
tary to those of cell-walls, the former being optically positive and the
latter negative. Strasburger refers this difference in optical properties to
the differences of the tensions in the two cases, the tensions in starch-grains
being of the nature of traction, in cell-walls of compression.

A few words may be added as to the chemistry of starch. A starch-
grain consists of two forms of carbohydrate. If a starch-grain be treated
with dilute sulphuric or hydrochloric acid, a portion of it will be dissolved,
leaving a skeleton which retains the form of the grain, and which consists
of a substance termed starch-celinlose, closely allied to ordinary cellulose.
The dissolved substance is termed graniclose s it turns blue on treatment
with iodine, and it is in fact to the presence of this substance that the
characteristic blue colour which starch-grains assume with iodine is due ;
it appears to be slightly dissolved when starch-grains are rubbed in a
mortar with cold water ; it is soluble in dilute acids and in concentrated
solutions of certain salts such as potassium bromide and iodide, cal-
cium and zinc chloride. When a starch-grain is treated with a solution
of an unorganised ferment, the granulose first disappears, and then the
cellulose-skeleton is slowly dissolved (Fig. 28). -

From the researches of W. Naegeli and of Sachsse it appears that the
formula of starch (granulose?) is 6(CyH;,0;) = CeHwOy,: Pleiffer, how-
ever, concludes from the compounds which it forms with alkalies, that its
formula is probably 4 (C;H;,0;)= CaH 4,04,

F1G. 28 (after Baranetzky). Starch-grains from a potato in various stages of
solution under the action of a diastatic ferment : in ¢ and & scarcely anything
is left but the cellulose-skeleton.

The reserve-proteids of seeds are stored up, as before men-
tioned, in the form of granules, aleurone-grains. These gran-
ules are especially well-developed in oily seeds, being much
larger than they are in starchy seeds. When a section of an
_ “oily seed is examined, the aleurone-grains are seen occupying
the .interstices of the protoplasm in some or all of the cells.
On the addition of water they swell-up, and, owing to the
solution of part of their substance, their structure becomes
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LECTURE XI.

THE METABOLISM OF PLANTS (continued).

THE last two lectures have made us acquainted with the
more general facts as to the formation of organic substance
and as to the changes which it undergoes in connexion with
its distribution in the plant. We will now study the nature
of these processes in detail.

6. The Metabolic Processes.

Inasmuch as the processes of constructive metabolism
have been treated of as fully as our knowledge will allow in
a previous lecture (Lect. IX.), we need only repeat here the
principal conclusions at which we then arrived. We found
that the protoplasm of the plant is capable, under appropriate
conditions, of building up more and more complex organic
substances from the relatively simple materials of its food,
the last of the series of processes being the formation of living
protoplasm. Our conception of the nature of this last process
will depend upon the view which we take of the nature of
protoplasm. If we regard the molecule of protoplasm as a
highly complex one containing besides proteid, carbohydrate,
fatty, and other rad icles, the process in question will be one of
remarkable constructive activity : if, on the other hand, we

regard protoplasm as simply modified proteid, the process in
- question will consist essentially in the rearrangement of the
radicles in the molecule of proteid (see p. 160),
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But it is with the processes of destructive metabolism that
we are now especially concerned, the processes Dy which
complex substances are decomposed into others of simpler
composition. The principal factor in destructive metabolism
is doubtless what Pfliiger terms the “self-decomposition” of
the living protoplasm. According to this view living pro-
toplasm is constantly undergoing spontancous decomposi-
tion, and one important use of the various complex organic
substances present in the organism, such as proteids, fats,
and carbohydrates, is that they serve as plastic material for
the reconstruction of living protoplasm. The metabolism
of the protoplasm thus consists in unceasing construction
and decomposition, the constructive and the destructive
processes being intimately connected. Of the products of
decomposition some can be again used in the constructive
processes, whereas others are of no nutritive value.

This view of Pfliiger’s, though, from the nature of the case
somewhat hypothetical, 1s supported by some direct obser-
vations. In treating of the formation of starch-grains
(pp- 145, 180) it was pointed out that the starch is a product
of the dissociation of molecules of what we must regard as
living protoplasm, and the same holds good of the cellulose
produced in the formation of cell-walls (p. 15). Again,
Sachs has observed that .1 the autumn the cells of deciduous
leaves become entirely emptied of their protoplasmic con-
tents ; protoplasm, nucleus, chlurnph},rll-carpuscles, all dis-
appear: they are decomposed into soluble and diffusible
substances which are conveyed away to the persistent parts
of the plant.

But the destructive metabolism of an organism is not by
any means confined to the decomposition of protoplasm :
the various complex organic substances in the cells may
undergo chemical change quite independently of their enter-
ing into the metabolism of the protoplasm. We have already
learned that various substances ate decomposed by means of
certain bodies which have been termed wnorganised ferments
in order to distinguish them from the so-called organised
ferments such as Yeast and Bacteria. These unorganised
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ferments are formed by the protoplasm and appear to resemble
proteids in their ultimate chemical composition, but we do not
know what is the nature of the peculiarity of their chemical
structure upon which their characteristic properties depend.

The following are the analyses of certain of these ferments :

i apai Diastase
{Eﬁﬁﬂﬁ;}. {(Wurtz E;ﬂnll?auchut}. :'Enlli:;::sky:.

C 4876 4220 47°57

H il i 660 640

N 14'16 1222 5704
5 1°25 % :

O 2870 (and S?) 2608 37°64

Ash 12°go 316

100°00 100°00 100°00

mr—

Loew has come to the conclusion, by the analysis of ferments, that
they are proteids allied to the peptones.

The unorganised ferments may be classified, accordi ng to
our present knowledge in the following four groups, the
classification depending upon the nature of their action :

(1) Ferments which convert starch into sugar; the first
of these to be discovered was called dizstase and was found
in malt; we may speak of these ferments generally as dia-
static ferments. They are very widely distributed in plants :
they have been found in germinating seeds (Persoz and
Payen, von Gorup-Besanez), in leaves, shoots, etc. (Kossman,
Krauch); Wortmann has recently found reason to believe
that Bacteria convert starch into sugar by means of a dia-
static ferment which they excrete ; in fact it seems probable
from the researches of Baranetzky that a ferment of this kind
is present in all living plant-cells,

(2) Ferments which decompose glucosides with produc-
tion of sugar: the best-known members of this group are
emulsin or synaptase found in the Bitter Almond; HEYFOSIN
in the seed of the Black Mustard ; erpthrozym in the root
of the Madder,

It is doubtful whether or not these ferments are also
capable of converting starch into sugar. According to
- Schmidt, emulsin does not possess this property, its action
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being confined to the decomposition of aromatic glucosides;
Kossmann indeed states that the diastatic ferments which
he obtained acted also on glucosides, but it is probable that
his extract contained more than one kind of ferment.

(3) Ferments which convert cane-sugar into glucose: a
ferment of this kind, termed #nwvertin, has been extracted from
Yeast: it is probable that a similar ferment is present in
succulent fruits, for they commonly contain a mixture of
cane-sugar and glucose,

(4) Ferments which convert proteids into peptones;
these, which are only active in the presence of free acid,
are termed peptic ferments; such a ferment has been found
:n the latex of Carica Papaya and in that of Ficus Carica
(Wurtz and Bouchut), and in the liquid excretion of car-
nivorous plants- (von Gorup-Besanez and Will).

Von Gorup-Besanez believed that he had succecded in extracting a
peptic ferment from germinating seeds (Vetch, Hemp, Flax, and Barley).

Krauch has pointed out that this result is not trustworthy, inasmuch as
the glycerin-extract of Vetch-seeds, prepared according to von Gorup-
Besanez method, contains peptone to begin with (see last lecture, p. 173)-

These are the only ferments which have been actually
extracted, but it is probable that others may also be present
in plants. Thus, from the researches of Muntz and of von
Rechenberg, it appears that the quantity of free fatty acids
in oily seeds increases VELy much during germination, doubt-
less in consequence of the decomposition of fats into glycerin
and the respective fatty acids. It is well known that in
animals this decomposition is effected by a ferment con=
tained in the pancreatic secretion, and it may be fairly in-
ferred that it is effected by this means in plants also. In
fact Schiitzenberger states that when an oily seed is rubbed-
up with water, an emulsion is obtained in which glycerin
and free fatty acids soon make their appearance. Again,
there is, in the pancreatic secretion of animals, a ferment
(trypsin) which decomposes proteids with the formation of
crystallisable nitrogenous Organic substances such as leucin
~and tyrosin. We have learned that these amides are of com-
mon occurrence in plants, and it is possible that they may be




THE METABOLISM OF PLANTS. 191

formed by means of a proteolytic ferment, There is, however,
no positive evidence forthcoming in support of this view.
Finally there is probably, in certain plants at least, a ferment
which acts upon cellulose, converting it into sugar. For
instance, we have seen that carbohydrate is stored up in the
Date-seed in the form of cellulose, and that this cellulose is
used up during germination in supplying the embryo with
plastic material ; it is difficult to imagine that the solution
of the cellulose is brought about otherwise than by ferment-
~action. The penetration of the absorbent organs of parasites
into the tissues of their hosts is probably effected by the
same means,

We have now to enquire into the nature of the chemical
processes of which the decompositions enumerated above are
the result. The mode of action of unorganised ferments is
that they induce chemical change in the substance upon
which they act without themselves entering into or being
affected by the process. The change which they effect is
probably, in the first instance, one of hydration, that is, the
addition of one or more molecules of water to the molecule
of the substance acted upon; this appears to diminish the
.~ stability of the substance so that its molecules readily disso-
ciate to form two or more other substances.

The following examples will serve to illustrate ferment-action :

1, the conversion of starch into sugar by diastase ;

the relation of the quantity of the products to each other and to the
starch has been found to vary with the temperature ; the equations here
| Biven represent what takes place at ordinary temperatures (below 6a°C)
The conversion takes place in two stages :

Maltose, Dextrin,

a, 3(CH,0,) + H,0 = CieHy Oy + C, H;,0;;

Dextrin, Maltose,

l!f’, 2 {CgHI.;,Dﬂ.} + Hg{j = CuHﬂGu ('!'Dn Mﬂringj 3

 if the action be long continued the maltose is converted into dextrose
‘according to O’Sullivan,

CieHyuOy, + HyO=2 {CEHHDE}J

but Brown and Heron have failed to confirm this statement.
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2, the decomposition of glucosides ;
Amygdalin. Oil of Bitter Almonds.  Prussic acid. Glucose.
CﬂHm‘N Du + 2 HED = CT-H.ED + HC N H= {CﬂngDﬂ} i

3, the conversion of cane-sugar into glucose ;

Cane-sugar. Dextrose, Lazvulose,

C]gHgﬂDn 57 H-!D = C@I‘Ilgﬂq -+ CQH [r:ﬂ; .

it was long thought that the product was a substance termed “inverted
cane-sugar”; Dubrunfaut, however, pointed out that it is a mixture of
dextrose and levulose ; it rotates the plane of polarization to the left on
account of the more powerful optical properties of the levulose.

4, the decomposition of fats (glycerides) ;

Olein. Oleic acid. Glyecerin.
CHH mﬂn + 3 Ha_ﬂ - 3 ClnHH{j’: + CgHgDa-

No equation can be given of the conversion of insoluble proteid into
peptone for the formula of proteid is not known.

For the same reason no equation can be given of the production of
amides from proteid by ferment-action. It appears that in pancreatic
digestion the first step is the formation of peptone, and that the peptone
then undergoes decomposition ; leucin and tyrosin are the principal
products, and aspartic acid, bodies belonging to the xanthin group an
aromatic acid, and certain little-known substances, are also formed.

The action of the ferments of plants is considerably
affected by external conditions. For instance, it was pointed
out above that the action of a diastatic ferment on starch is
not the same at different temperatures, and it has been found
that there are limits of temperature above and below which
the action does not take place at all. This is doubtless true
of the action of all ferments. Again, Baranetzky has ob-
served that the diastatic ferments are only active when the
liquid in which they are dissolved has a distinct, but not too
strong, acid reaction, a condition which is also essential in
the case of the peptic ferments. [Further, it appears that
the presence of free oxygen is of importance in the case
of the diastatic ferments: thus Wortmann observed that
Bacteria do not convert starch into sugar in the absence
of free oxygen, and Baranetzky found that a solution of
freshly prepared extract (of leaves of Melianthus major, also
of patato-tubﬂrsj was inactive, whereas after standing for
a few days its action upon starch was rapid. But it is
probable that these conditions affect rather the formation
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than the action of the ferment. With the foregoing observa-
tions those of Brown and Heron and of Atkinson are doubt-
less to be connected. Brown and Heron observed that the
diastatic action of malt-extract is much increased after the
addition of Yeast, and Atkinson has made similar observa-
tions on rice when attacked by a certain Mould (apparently
a Eurotium). It appears from all these facts that the forma-
.tion of the ferment depends upon the decomposition of some
mother-substance, a zymogen, probably a proteid. This de-
composition is promoted in an organ by the presence of an
acid, and by the presence of oxygen ; when the zymogen has
been extracted from the organ (as in the case of malt-
extract), or when the organ has been killed (rice), it may be
effected by another organism altogether.

The ferments may be obtained by the following methods, Baranetzky
extracted the seeds or other parts of plants with water for about half an
hour; if much fat or chlorophyll were present the material was first
extracted with a mixture of ether and alcohol, then pressed and left to
dry; the watery extract was filtered and then precipitated with strong
alcohol; when the precipitate had collected the alcohol was decanted,
and the precipitate was washed with weaker alcohol (about 85 per cent,)
to remove all traces of sugar; the precipitate was collected on a filter
and treated with water ; the clear filtrate contained the ferment in solu-
tion. Another method is to extract the material with glycerin, after
having treated it for 48 hours with strong alcohol ; the glycerin-extract is
then to be strained and allowed to drop into a tall cylinder containing a
mixture of 8 parts of alcohol to 1 of ether; a precipitate is formed which
is to be kept for some days in alcohol, and then treated with glycerine

. which dissolves the greater part of it; the glycerin-solution is then
- Precipitated as above by alcohol, the precipitate being the nearly pure
- ferment which was readily soluble in both glycerin and water. Tt was by

this method that von Gorup-Besanez attempted to extract ferment from

- seeds (see p. 173), but it is doubtful if he extracted anything but peptone,

But there are certain chemical changes which we are
' unable to account for in ejther of the above-mentioned ways :
' these are the Jermentations, which we usually associate with
tthe life of lowly Fungi, such as Yeast and Bacteria. It is
difficult to believe that the sugar which is decomposed by
!.Yeast into carbon dioxide and alcohol, that the alcohol which
1s converted into acetic acid by the Mycoderina Aceti, that the

V. 13
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proteids which undergo putrefaction in the presence of Bac-
teria, are assimilated by these organisms, that they are built-
up into living protoplasm, and that the characteristic products
of the decomposition of these substances are set free in conse-
quence of the self-decomposition of the pmtuplasm-malccu‘les
of the organisms, for the weight of the organisms formed is but
a small fraction of the weight of the substances decomposed
in these processes. Taking the alcoholic fermentation for
cxample, Pasteur has shewn that for a weight @ of Y east-cells
formed, a weight of 100 @ or more of sugar may be decomposed,
and, if similar determinations were made with respect to the
other fermentations, the result would probably be the same.
Nor is it more easy to believe that these organisms contain
substances of the nature of unorganised ferments which effect
the chemical changes peculiar to them; that Yeast, for in-
stance, contains an unorganised ferment which is capable
of decomposing sugar into carbon dioxide and alcohol, or
that Bacteria contain some sort of trypsin by means of which
they decompose proteids. As a matter of fact all attempts
to extract such substances from Yeast and Bacteria have met
with no success, and, when we bear in mind that these fermen-
tations only go on in the presence of living organisms, the
existence of such substances is rendered extremely impro-
bable. It is urged, however, by those who hold that the
fermentations are effected by unorganised ferments produced
by the organised ferments, that these unorganised ferments
may be extremely unstable and that their formation may
only go on soO long as the organised ferment is living. But
this suggestion by no means accords with our present know-
ledge of unorganised ferments, for they have been found to
be remarkably stable; we must therefore regard this interpre-
tation of the phehomena of fermentation as highly hypo-
thetical.

But if we reject these two explanations of the nature of
fermentation, what other more satisfactory explanation can
be offered ? It seems to be a fair and unstrained inference '
from the facts before us, that living protoplasm, besides
undergoing decomposition itself, can induce decomposition
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in certain substances which are brought within the sphere
of its influence, though we can give no satisfactory account
of the mode in which such decomposition is effected, any
more than we can of the mode in which unorganised ferments
act, or of the mode in which the decomposition of protoplasm
itself is brought about. We may, for the sake of precision,
term this the fermentative action of protoplasm, and though
we usually associate fermentative action with the so-called
organised ferments, such as Yeast and Bacteria, it is by no
means peculiar to them, for, as will be shewn hereafter, it is
manifestly exhibited by all living plant-cells when placed
under appropriate conditions,

The characteristic accompaniment of the destructive meta-
bolism of plants, as of all living organisms, is, under normal

_conditions, that interchange of gases between the plant and

the surrounding atmosphere which has already been mention-
ed (Lect. V., p. 81) as Respiration, and which consists in the
absorption of oxygen and the evolution of carbon dioxide,
an interchange which is precisely the converse of that which
accompanies the constructive metabolism of green plants,
Carbon dioxide is not, however, the only respiratory excre-
tum, for de Saussure, and, more recently, Laskowsky have
shewn that watery vapour is also exhaled in the respiration
of plants. Respiration involves, therefore, a loss of weight to
the plant, inasmuch as the absorbed oxygen is given off in
the excreted carbon dioxide and water,

The following illustration of the loss in weight which is involved by
respiration is taken from Boussingault.

Furltjr-six grains of wheat were sown on May 5: the seedlings were
reaped on June 25, having been in darkness all the time.

At the commencement

i Taotal Diry
of the expt, the grains Weight, (. H. Q. N. Ash,
consisted of . , , 1665 0’758 0095 0718 o057 0'038 grms.
At the end of the expt.
the seedlings con-

sistedofi, oo 0712 0293 0043 0282 0057 0038 grms.

——
—

Loss during experiment 0'953 0465 0'052 0'436 0'0o0 0'CoO grms,
13—2
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It is comparatively easy to detect the evolution of .carbon
dioxide by plants which are not green, and even of those
which are green when they are not exposed to light. When
a green plant is exposed to light the gaseous interchange
which is the expression of its constructive metabolism is so
much more considerable than that which accompanies its
destructive metabolism, that (as pointed out in Lecture V.,
p. 79) the former obscures the latter. Still, as the researches
of Garreau shew, the respiration of green plants can be de-
tected even in the presence of light. In order to avoid the
disturbing influence of the action of light experiments upon
respiration are usually conducted in the dark. It may be
assumed that all the experiments which will be cited below as
illustrations were performed in the dark, unless the contrary
is expressly stated.

The respiration of young organs is, in general, more con-
ciderable than that of old ones, for it is in young organs
(germinating seeds, leaf-buds, etc.) that the metabolic pro-
cesses of which respiration is an expression are being most
actively carried on. In the case of flowers, in which respira-
tion is especially energetic (as compared with leaves, for
example), de Saussure states that they respire more actively
when fully expanded than when in the bud; this increased
respiratory activity is doubtless connected with the process of
fertilisation or with the preparation for it.

We will begin our study of respiration by endeavouring to
ascertain in how far the exhalation of carbon dioxide and of
watery vapour is rclated to the absorption of oxygen.

In considering the constructive metabolism of a green
_ plant under the influence of light we found that the volumes
of carbon dioxide absorbed and of oxygen exhaled are ap-
proximately equal, and we could account for this equality on
ascertaining the nature of the chemical processes in operation
in the chlc:-rc-phyll-cnrpuscles. But there is no such constant :
relation between the volumes of carbon dioxide exhaled and
of oxygen absorbed in respiration, and the processes of de-
structive metabolism are SO complex that we cannot account
for the relation, whatever it may be, between the volumes of
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these gases in any particular case. We may, in fact, say that
the evolution of carbon dioxide is not directly connected with
the absorption of oxygen, for it has been found that, in the
absence of free oxygen, Yeast can decompose sugar with evo-
lution of carbon dioxide, that Bacteria can do the same with
proteids, and that fruits, and seeds, and opening flowers con-
tinue to exhale carbon dioxide for a time: and again, it has
been found by de Saussure, by Mayer, and by Dehérain, that
plants may absorb oxygen without exhaling any perceptible
quantity of carbon dioxide.

The organs which have been found to be capable of absorbing oxygen
without an accompanying evolution of carbon’ dioxide are succulent
leaves, such as those of Agave (Dehérain), of Saxifragacez and Crassu-
laceze (Mayer), and stems, such as those of Cacti, and fruits (de Saus-
sure). The following table refers to an experiment of de Saussure’s with
Opuntia. A segment of the stem was placed in a closed receiver con-
taining air, and was left all night; on the following morning the volume
of the air was found to be diminished by 79 c.c.

The air contained at the commencement of the experiment 198 c.c. O

4 v conclusion 5. o T Cy IR (u)

Amount of O absorbed 79 ,,

Hence the amount of O absorbed exactly corresponded to the diminu-
tion in volume which the air in the receiver had undergone. No €a,
could be detected in the receiver., These results will be considered
subsequently.,

It has been found, however, in most instances that, at
ordinary temperatures, the volume of carbon dioxide exhaled
is approximately equal to the volume of oxygen absorbed,

In illustration we may cite the following experiments :

I. With Fungi (Marcet).

Three Lycoperdons, weighing 72 grains, were left in a closed receiver
contaming 100 c.c, of air for six days,

Composition of the ajr. At the commencement, Ay the end of the experiment,

N 79'0 c.c. 79'0 c.C.
O 2r'o ,, 180 ,,
CO, co'o ,, jo ,
._____p e
looa ,, 100°0 ,,
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With regard to the evolution of carbon dioxide, it has been
found that it is smaller at low temperatures than the absorp-
tion of oxygen, and more considerable at higher temperatures,

Pedersen determined the amount of CO, evolved by Barley-seedlings :
at 45" C. they evolved per hour g5 mgr. CO,.

iy S'In " L] Icr‘a ]
31 15+3ﬂ 1 3] 165 51
5 1800 T 1 24'3 1

Similar determinations were made by Rischawi with Wheat-seedlings:
at 5°C. they evolved per hour 330 mgr, CO,.

b1 ID{. b | L1 523 L1
s I5% T s 9'go 1
5y 207 " " 12°54 5
EE 250 1 + I?LSE +
» 30 TR T Il
» 35" 3 9 2838
7y 40‘] 13 1% 3?.60 b ]

Dehérain and Moissan experimented with leaves -

oo grmes. of leaves of Sinapis alba
evolved in 10 hours 0240 grme CO; at a temp. 14° C.

n 1 n n G'?EQ 11 h ] 3 10 ”
n 1 b)) 1n [ﬁﬁjﬁ 1% 1 4Dn iy
% n  Pinus Pinaster e 0031 = iy O
21 1 Lk 13 ﬂlﬂig h 1 BI] -5 )
bk | 23 n 23 QIDQS ¥ 37y I:‘.“ n
I 1] 3 b i ] D-?o-; ?-‘? k] 30:0 1
b ] 1y 3 I‘333‘ 1] 33 400 1y

It appears that in the experiment with leaves of Stnapis alba at
40" C,, the optimum temperature had been surpassed.

We may further illustrate this point by some of Moissan’s results,

Weight and natyrs Vol. of O Vol. of CO, Tempe.

of organ. absorbed in 16 hrs.  evolved in 1o hrs, rature.

10 grmes petals of Yellow Tulip TToY Ele, 7°41 c.c. 13° C.
2 r n I1°56 ,, 995 5 e

T vw {7is germanica 9'gz ,, 724 14°,,

T 1 " 1348 ,, 10°34 19" ,,

n " . 6°53 5'44 13°,,

100 4, buds of Horse-Chestnut 12190 ,, 9962 ,, E50y
” ” " 5966 , 15400 ,, 30%,

» branches 5 3733 » ISIET. 4 157,

” ¥ 1) 35'14 3 3?+53 n 3':'“!!'
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A consideration of the foregoing figures shews that the
absorption of oxygen and the evolution of carbon dioxide are
differently affected by variations of the temperature. This
may be stated in a general manner thus ; that at a low tem-
perature the absorption of oxygen is more active than the
evolution of carbon dioxide, whereas at a high temperature
the absorption of oxygen is less active than the evolution
of carbon dioxide. This suggests, and Moissan has actually
stated, that for every organ there is, generally speaking, a
degree of temperature at which the volumes of the oxygen
absorbed and of the carbon dioxide exhaled are equal,

Although, as we see, the relation between the absorption
of oxygen and the exhalation of carbon dioxide is so variable
that we may conclude that the one is independent of the
other, yet, under normal conditions, the presence of free
oxygen promotes certain processes of destructive metabolism
of which the exhalation of carbon dioxide is an expression.
For example, Wilson has observed that when seedlings are
deprived of oxygen, the amount of carbon dioxide which they
exhale is diminished, and similar observations have been
made by Broughton and by Wortmann,

We may cite some of the results of these observers in illustration.
Wilson experimented with germinating seeds of Lupinus luteus,
measuring the CO, evolved when the seeds were in air and in hydrogen.

- Perod—Air {1 st half-hour 57 mgms of CO4 evolved.

Zi'ld 2 '56 L n
s ard ” 1°4 1) »
1I. Period—Hydrogen {4th 1 13 : !
: : sth » 39 n »”

I * d-_ﬁ :
III. Perio 1T . {fuh i 57 s i

The following are some of Wortmann's results which tend to prove
the point in question, but which he has interpreted differently.

1. The mean of a number of experiments made with germinating
seeds in the presence or absence of free O, shews that the presence of O
‘promotes the exhalation of COq.

Average amount of CO; evolved by 1 gramme of seed in 1 hour in
presence of free O, "09g95 c.cm.

Average amount of CO: evolved by 1 gramme of seed in 1 hour in
absence of free O, 0855 c.cm. :
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2. When seeds are deprived of free oxygen the amount of CO, which

they exhale gradually diminishes.
Seeds of Vicia Fala exhaled, in a Torricellian vacuum, for each
gramme weight,
During the 15t hour, o'124 c.cm. CO,

2nd ,, o'II7 7

grd ,, or1o5

4th , 0'098 1

sth ,, ooy

6th ,, oo7I o

?th n D.Géﬁ n
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Broughton obtained the following results with leaves of the Box :
5 grammes of leaves were placed under two bell-jars over water, the one
containing air, the other nitrogen; the amounts of CO, in cubic centi-
metres evolved in 24 hours are given in the columns headed “Air” and
“ Nitrogen.”

Time. Air, Nitrogen. Difference.
Ist 24 hours 7T 507 I'T4
and 474 398 0'76
ardie s 4°38 2'74 164
4th 2'79 2'40 0’39
sth 0 186 161 0'25
6th e 2°32 207 025
th 1'53 129 024
8th r I1'22 I'13 0'cg
gth o 1'0g 1'09 0'00

The gradual decrease, in both cases, in the volume of CO, exhaled is
due to the diminished vitality of the leaves in consequence of their sepa-
ration from the plant,

In concluding our consideration of respiration, we may -
enquire whether or not the gaseous interchange of the plant
is affected by variations of the proportion of oxygen in the
surrounding atmosphere, Tt appears from the researches of
Rischawi and of Godlewski that the relation, whatever it may
be, between the amount of Oxygen actually absorbed and that
of the carbon dioxide evolved, is unaffected by variations in
the composition of the atmosphere, except when those varja-
tions are so great as materially to affect the absorption of
oxygen (see p. 74).
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We may briefly mention here that the inorganic sub-
stances which are absorbed by a plant may materially
affect its respiration. Kellner has observed, for instance,
that when germinating seeds were supplied with potassium
nitrate, they absorbed it, and they exhaled considerably more
carbon dioxide than others which were not supplied with
the salt. He concludes that the oxygen which would be set
free in the plant in consequence of the reduction of the ab-
sorbed nitric acid serves to promote oxidation and thereby
the exhalation of carbon dioxide as well,

He determined the relative amounts of carbon dioxide exhaled to be
as follows :

1o grammes of peas in distilled water in salution of KNO;.

Exhaled in 5 days 0'3869 04296 grm. CO,.
The peas in the solution of KNO, absorbed 0’1068 gramme N,0s.

It must be remarked, however, that Kellner's results are
not conclusive as regards the effect of the oxygen contained
in the nitric acid. It is quite possible that the effect of the
salt may have been to promote the metabolic activity of the
seeds including the absorption of oxygen from the air.

We have now to endeavour to ascertain what is the re-
lation of the absorbed oxygen and of the evolved carbon
dioxide to the metabolic processes, and we will begin with
the self-decomposition of the protoplasm. We may, at the
outset, make the general statement that the continual ab-
sorption of oxygen ;s essential to the existence of living
organisms (with certain exceptions which we shall notice
_hereafter), and that in the absence of such a supply of oxygen
they cease, within a longer or a shorter time, to exhibit those
phenomena in virtue of which we call them living, in a word,
they die. Death under these circumstances is to be attributed
to the arrest of the metabolic processes which are accompanied
by the evolution of energy in the organism, and of these
by far the most important is the self-decomposition of the
protoplasm. It appears, then, that the absorption of oxygen
is essential to the self-decomposition of the protoplasm-
molecule, It is of course impossible to make any final state-

L
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ment as to the mode in which the oxygen affects this process,
but we may provisionally accept Pfliiger's view that the
absorbed oxygen enters into the protoplasm-molecule as
“intramolecular” oxygen, that the molecule is thereby
rendered unstable, and that it readily undergoes decompo-
sition, carbon dioxide and water being amongst the products
formed. It must not, however, be assumed that the pro-
toplasm-molecule which has taken up oxygen alt once un-
dergoes decomposition, and that the carbon d]gx{de evolved
in any given short period of time actually contains oxygen
absorbed during that period. It has been shewn above that
there is not necessarily any definite relation between the
volumes of oxygen absorbed and of carbon dioxide exhaled
in a given time, and from this we may infer that there is
no definite relation between the taking up of oxygen by
the protoplasm-molecule and its decomposition. This in-
dependence is well illustrated by the statement made above
concerning the nature of the respiratory interchange of gases
at different temperatures, to the effect that the absorption
of oxygen is relatively greater at low temperatures, and that
the evolution of carbon dioxide is relatively greater at high
temperatures. Since it is known that a high temperature
promotes the processes of destructive metabolism, we find
the significance of this statement to be that at a low tem-
perature the storing-up of intramolecular oxygen is relatively
more active than the decomposition of the protoplasm-
molecules, whereas at a high temperature the converse is the
case. We can readily imagine that for each organ there
iS a temperature at which these processes are equally active,
and at which, therefore, the volumes of oxygen absorbed and
of carbon dioxide evolved are approximately equal ; this
equality in the volumes of the gases has been frequently
determined as pointed out above (p. 197).

It has been found, however, that the relation between the
volumes of the gases depends very much upon the nature
of the non-nitrogenous organic substances present in the
organ which serve as plastic material for the reconstruction
of protoplasm, It is only when the organ contains carbo-
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hydrate that the volumes of oxygen absorbed and of carbon
dioxide exhaled by it are found to be equal. It has been
suggested that this equivalence of volume is due to the oxi-
dation of carbohydrate to carbon dioxide and water, accord-
ing to the equation,

C,;H 20, + 6 0,=6 CO,+6 H,0,

for it has been found that the loss of weight which a starchy
seed, for example, undergoes during germination can be
accounted for by the disappearance of starch.

Thus Sachsse made the following determinations with peas:

Dry weight of peas at commencement 100 grammes.

% ,  after 184 hours’ germination 92'54  »
Loss 746
The peas contained Before germination.  After germination.

Fat 227 2'03
Dextrin 650 541
Cellulose 7303 810
Starch 42°44 33'43
Undetermined substances 1376 1574
Proteids 2382 2371
Ash 408 408

100°00 9250

If, in the case before us, we deduct from the amount of
starch lost (g grammes) by the germinating seeds the amount
of starch which is represented by the gain in cellulose and in
the undetermined substances (say 2 grammes), We arrive
approximately at the total loss of weight (7:46 grammes).

Though this appears to be a plausible explanation of the
loss of weight in these cases, yet it is extremely doubtful if
such complete oxidation as that assumed by this mode of
reasoning ever occurs in a plant. We should expect to find
that respiration would be most active in organs rich in non-
nitrogenous organic substances; but this is not the case.
Garreau has found, on the contrary, that respiration is most
active in organs which are rich in proteids. The following is
a view which is more in accordance with our general know-
ledge of the nature of the metabolic processes. We have
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just learned that the evolution of carbon dioxide in normal
metabolism is to be attributed to the oxidation and decom-
position of protoplasm, the decomposed protoplasm breaking
up into nitrogenous and non-nitrogenous (especially carbon
dioxide and water) substances of simpler composition, and
that, under ordinary conditions, the volume of carbon dioxide
evolved in a given time is approximately equal to, or rather
smaller than, the volume of oxygen absorbed. But if this
process were to go on without any corresponding constructive
process, the whole of the protoplasm would in a short time
be decomposed. We already know, however, that the plant
can construct protoplasm from the nitrogenous residues of
previous decomposition together with carbohydrates, and it
is shewn by Sachsse’s analysis that the amount of proteid
matter in the peas was approximately the same after as
before germination. It is evident, therefore, that a con-
struction of protoplasm must have accompanied the germi-
nation, and it is an obvious inference that this construction
of protoplasm was effected at the expense of the starchy
reserve-materials. The absorption of oxygen and the evolu-
tion of carbon dioxide by the seed is, then, to be attributed
to the oxidation and decomposition of protoplasm, and the
disappearance of starch is due to its having been used in the
reconstruction of protoplasm.

This explanation is not only satisfactory as regards this
special case, but it enables us to account also for certain facts
which we shall now consider. It has been already mentioned
(p. 173) that the germination of an oily seed is accompanied
by a disappearance of fat and a formation of starch, and it has
been observed, first by de Saussure and subsequently by many
others, that, in the course of germination, the absorption of
oxygen by these seeds is very much greater than the exhala-
tion of carbon dioxide. In the early stages of germination,
according to Godlewski, this is not the case; it is only when
fat is being replaced by starch at the time when the radicle is
beginning to protrude that the inequality of volume first

manifests itself, and it gradually diminishes as the fat disap-
pears from the seed.
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.S-nmf: examples of the gaseous interchange accompanying the germi-
nation of oily seeds are given on page 76: we may add some of Dehé-
rain’s and Moissan’s determinations.

Time. 0 absorbed. COy evolved.

Colza g days 20 LC.C. 11'3 C.C.
Linseed 3 0w 29'74 » 14°42
" : non 2028 1441 4

1 nooar g'79 » 491 5

With regard to the replacement of oil by starch we may cite
Detmer’s analysis of Hemp-seed (see also p. 175)

Seeds before. After germination.

Fat 32'65 1709
Starch 0’00 8:64
Proteids 25'00 23'99
Undetermined substances 2128 26°13
Cellulose 16°51 16'54
Ash 450 450

100'00 6689

Loss of weight during germination (CO, and H,0) 311

100°00

We see, then, that fat which is relatively poor in oxygen
(olein contains 10:86 per cent.) is replaced by starch which
is relatively rich in oxygen (49°38 per cent.), @ process which
necessarily involves the fixation of oxygen. Now we already
know, and we shall shortly reconsider the point, that starch is
formed from protoplasm. The processes which attend the
early stages of the germination of an oily seed may be briefly
stated thus; protoplasm undergoes decomposition to form
starch, and the continued formation of starch depends upon
the reconstruction of protoplasm from the nitrogenous resi-
dues of previous decomposition together with some form of
non-nitrogenous organic substance ; the non-nitrogenous sub-
stance in question is fat, and, inasmuch as fat contains less
oxygen than starch, oxygen is absorbed from without and
fixed : at the same time the decomposition of the protoplastn
involves an evolution of carbon dioxide. When the fat has
been replaced by starch, the volumes of oxygen absorbed and
of carbon dioxide exhaled become approximately equal.
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We are now in a position to consider the curious ab-
normal case afforded by de Saussure’s Opuntia. He found
that he could not extract, by means of the air-pump, any
appreciable quantity of either oxygen or carbon dioxide from
a piece of stem which had absorbed about 8oc.c. of oxygen
from the air contained in a receiver. From this it appears
that the absorbed oxygen was chemically fixed in the plant,
and that the oxidised substance had not undergone any
decomposition attended by evolution of carbon dioxide. It
is possible to conceive, however, that carbon dioxide may
have been formed and retained in the plant in some sort
of loose chemical combination, but it is probable, had this
been the case, that some considerable amount of this gas
would have been given off to the air-pump. We are appa-
rently bound to admit that no carbon dioxide was formed.

In endeavouring to account for this remarkable fact, the
explanation which naturally suggests itself is that the absorbed
oxygen is retained by the protoplasm as what we have
termed intramolecular oxygen, This explanation would,
however, involve the assumption that the decomposition of
the protoplasm is arrested, inasmuch as no carbon dioxide is
evolved. But there are no grounds for such an assumption,
The only alternative is to assume that in this instance de-
structive metabolism is unaccompanied by an evolution of
carbon dioxide. It has been ascertained by Mayer, who has
carefully investigated this matter, that there is a consider-
able increase in the amount of organic acid in the organ
during the experiment, and this is confirmed by an obser-
vation of Dehérain’s, Tt seems, then, that we have before us
a case in which the decomposition of protoplasm is accom-

panied by the formation not of carbon dioxide, but of g more
complex acid instead.

The acid which Mayer found in the succulent leaves of the Crassy.
laceous plants with which he experimented appears to be an isomer of
malic acid, whereas in the Opuntia it is oxalic acid, according to Dehérain,

We will now Pass on to consider those metaboljc processes
which we have termed fermentative, Of these, some are

essentially dependent upon the presence of oxygen, whereas
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others take place independently of it. A familiar example
of the former kind—of the exidative decompositions, as we
may term them—is afforded by the formation of acetic acid
from ethyl-alcohol under the influence of the Fungus known
as Mycoderma Aceti, a plant which is allied to Yeast. The
process may be roughly represented by the equation

CEI'IE,O IF DE=C1H|_62+ Hgo.

Another similar Fungus, the Mycoderma Vint, induces
more complete oxidation and decomposition of alcohol, carbon
dioxide and water being the products of its action. It is
probable that processes of this kind go on to a greater or
Jess extent in all living cells.

Of the fermentative processes which can go on in the
absence of oxygen the most familiar is the decomposition
of sugar into alcohol and carbon dioxide which is effected
by the Yeast, and which is known as the alcoholic fermen-
tation. It may be roughly represented by the equation

C;Hm[:J';: o CgI'I!.G -+ 2 EG‘!-‘

It is seen from the equation that the process does not
involve the presence of oxygen, and, as a matter of fact,
Pasteur, Hoppe-Seyler, and Brefeld have shewn that when
the supply of oxygen is abundant the alcoholic fermentation
is reduced to a minimum.

In a series of experiments instituted with the view of determining this
~point Pasteur found that whereas, in the absence of oxygen, the propor-
tion between the weight of Yeast formed in the fermenting liquid to the
weight of sugar decomposed was as 1 : 176, in the presence of oxygen the
proportion in an especially successful experiment was as I :4. From

this he concludes that in the presence of oxygen the fermentative action
of Yeast is diminished.

Although we usually associate the alcoholic fermentation
with the Yeast-plant, yet we must not conclude that it is peculiar
to it. Pasteur and Brefeld have observed that it is excited,
"in the absence of oxygen, by various other Fungi (species of
Mucor, Penicillium, Mycoderma) growing in saccharine solu-
tions; whereas, when free oxygen is present, no alcoholic
fermentation occurs.

T e P
fini '.r:-.-— i
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Nor is alcoholic fermentation confined to Fungi. Bérard
pointed out as long ago as 1821 that ripe fruits continue
to exhale carbon dioxide in an atmosphere destitute of
oxygen, and that this is accompanied by a diminution
of the sugar contained in them. Lechartier and Bellamy,
as well as Pasteur, have since shewn that the exhalation of
carbon dioxide and the disappearance of sugar is accompanied
by a formation of alcohol, that the phenomenon is in fact
one of alcoholic fermentation. More recently Brefeld and
de Luca have obtained the same results in experiments with
- fruits, seeds, leaves and branches,

Nor is the alcoholic fermentation the only fermentative
process which is induced by the absence of oxygen. So far
as we know the conditions of the butyric fermentation, the
lactic fermentation, and of the putrid fermentation, fermen-
tations which are effected by certain Schizomycetes, they
only take place in the absence of oxygen. It would ap-
Pear that similar processes may be induced in the cells of
any organ. Thus Boehm and de Luca have shewn that if
any part of a living plant be insufficiently supplied with
oxygen (in these experiments, by keeping it immersed in
a limited quantity of water), hydrogen is sooner or later
evolved, and, in the case of aquatic plants, marsh gas (CH,),
at a later period, Boussingault observed that leaves and
branches evolve combustible gas under these conditions, and
Schulz found that when seeds germinated in sealed glass
tubes, considerable quantities of hydrogen were given off,
Further, an evolution of hydrogen has been observed when
parts of plants which contain mannite (C,H,,0,), .. various
Agarics (Miintz), leaves, flowers, and unripe fruits of the
Olive, leaves of the Privet (de Luca), are deprived of free
9xygen. There can be little doubt that this evolution of

hydrogen is accompanied by a diminished formation of
Watery vapour.

~ Lactic acid and al substances capable of undergoing lactic fermenta-
tion (sugars, starch, many of the more complex organic acids, proteids)
are decomposed in such a Way as to give rise to butyric acid, carbon
dioxide and hydrogen being given off, thus :

V. 14
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Glucose, Butyric acid.
CﬁH mD; = C.‘HQGE S CD-; +2 Hﬂ-’
Malic acid. Lactic acid. Butyric acid.

2 C{an:Ia:z CEHl'.'Dﬂ + 2 CDjzc.*Hng‘F 4 CD'2+2 Hg-

De Luca observed, in his experiments, that some acetic acid, which 1s

homologous with butyric acid, was formed in the fruits, flowers and
leaves.

The decomposition of mannite mentioned above may be represented
by the following equations; it may undergo either
1, alcoholic fermentation, according to the equation,
C,H0s=2 C:H;0 +2 COy+ Ha,
or 2, lactic fermentation, according to the equation,
CH0s=2 C;H Oz + Ha:

butyric and acetic acid are the products of the decomposition of the
lactic acid or of the oxidation of the alcohol.

Further, the absence of free oxygen not only modifies the
destructive metabolism of the plant as regards the exhalation
of carbon dioxide and of watery vapour, but it apparently
modifies it also as regards the nitrogenous products of the
decomposition of proteid. Boehm found, in the experiments
mentioned above, that the water in which the plants were kept
gradually acquired an alkaline reaction, and that this was due
to the presence of ammonia. The conflicting statements as
to the evolution of ammonia by germinating seeds, some ob-

servers (Hosaus, Oudemans and Rauwenhoff, Schulz) asserting
'~ it, others (especially Detmer) denying it, are probably to be
harmonised by the consideration that although it does not
take place when free oxygen is present, yet it may do so
when the supply of free oxygen s insufficient. Under normal
conditions the products of nitrogenous metabolism are princi-
pally oxidised substances which are retained by the plant,
and if any ammonia is formed it is chemically altered on its
formation so that it is not exhaled by the plant: under the
abnormal conditions which we are now considering it is ap-
parently formed in such quantity that some of it is exhaled.

From the facts before us we gather that the absence of oxy=
gen profoundly modifies the metabolism of plants. The vast
majority of plants are SO constituted that they can only thrive
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when free oxygen is supplied to them, when their metabolism
is what we may term normal; but Pasteur has shewn that
certain forms of Saccharomycetes and of Schizomycetes thrive
best in the absence of ox gen, and that, in certain cases, the
access of oxygen proves fatal to the organisms. Pasteur
terms plants of the former kind aérobia, of the latter anaévobia,
It is difficult to say whether these anaérobiotic Saccharo-
mycetes and Schizomycetes are distinct species, or whether
they are physiological varieties, that is, individuals which
have become adapted to a life in the absence of free oxygen :
- Pasteur inclines to the former of these alternatives. The
absence of oxygen does not, however, prove immediately
fatal to an aérobiotic plant; it can live for a time without
being supplied with free oxygen, and it appears that the
more lowly the organism the greater its independence in
this respect. Thus, de Saussure observed that seeds do not
germinate in an atmosphere destitute of free oxygen, and
that, like all other parts of highly organised plants, they die
within a comparatively short time. Pasteur, on the other
hand, found that a Mould (Mucor racemosus) was still alive
after having been kept for six months in a vessel containing
no free oxygen; but that after being for nearly three years
in the vessel it was dead.

We have now to endeavour to account for the modification
of the metabolism which is induced by the absence of free
oxygen. One conclusion from the facts before us is suffi-
ciently obvious, namely this, that, in the absence of oxygen,
the activity of those metabolic processes which we have termed
fermentative js largely increased. We may say, indeed, of
every living cell what Pasteyr has said of Yeast—that in the
Presence of abundance of free oxygen it is not a ferment,
and that it is only in the absence of free oxygen that it
exhibits those properties which have earned for it this name,
It is evident, too, that fermentative decomposition serves to
' maintain the life of the plant: this is a simple inference from
‘the fact that anacrobiotic plants exist, The real difficulty
\is to explain the significance of fermentative decomposition,
to determine the mode in which it contributes to the main-

14—2
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tenance of life. Let us briefly consider the case of an aéro-
biotic plant. We have seen that, under normal conditions,
the principal features of its metabolism are probably these :
it absorbs oxygen ; this oxygen is fixed by the protoplasm
as intramolecular OXygen, and the protoplasm undergoes
decomposition with evolution of carbon dioxide. It is not
too much to assume that, when the supply of oxygen is cut
off there is a reserve of intramolecular oxygen, and that the
life of the plant is maintained for a time by the decomposition
of pmtnplasm-malmules .1 which intramolecular oxygen
is still present.' But now fermentative decomposition be-
comes energetic. It might be suggested that it is excited
and maintained by the decomposition of the protoplasm
which is still going on in virtue of the presence of the reserve
of intramolecular OXygen, and, as a matter of fact, Pasteur
has observed that alcoholic fermentation is most active when
the Veast which excites it has been previously in contact
with free oxygen. But this suggestion is untenable for
various reasons. In the first place fermentation continues
so long that it 1s impossible to imagine that intramolecular
oxygen is present during the whole period. Secondly, if
this suggestion be valid, then fermentation ought to go on
most actively in the presence of free oxygen, and it has
been shewn that this is not the case. Finally, it fails to
account for the existence of anaérobiotic plants. Pasteur’s
view of the significance of fermentative decomposition is this,
that it is the expression of the effort of the organism to
obtain oxygen from substances which contain it in combi-
nation. Another possible view :s this, that the organism
obtains by the fermentative decomposition of other substances
that necessary supply of energy which, in the presence of
free oxygen, it obtains by the decomposition of its oW
prutuplasm—molecule& In the case of most aérobiotic plants
the end, whatever it is, is only imperfectly attained, for the
vitality of the organism becomes gradually diminished, fer-
mentation becomes less and less active, and the organism
either dies at once, of passes for a longer or a shorter period
into a state of suspended animation from which it.can only
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be aroused by a timely supply of free oxygen. In the case
of anacrobiotic plants, it appears that they can maintain their
life so long as there is any substance left for them to de-
compose.

Finally, the accumulation of the products of metabolism
exercises an important influence on the activity of the
metabolic processes. In the case of carbon dioxide the accu-
mulation has to be very great before any evident effect is
produced. De Luca observed that when, in the course of
his experiments, the pressure of the carbon dioxide in the
- closed receiver became very considerable, the evolution of
this gas ceased, and Melsens found that alcoholic fermentation
was only arrested when the pressure of the carbon dioxide
amounted to twenty-five atmospheres. In the case of other
products the effect becomes more quickly apparent, Thus
alcoholic fermentation by Yeast is arrested when the ferment.
ing liquid comes to contain about 14 per cent. of alcohol; by
Mucor racemosus, when the alcohol amounts to 2— 5 per cent.;
by Mucor stolonifer, when the alcohol amounts to I'3 per cent,
(Brefeld). Similarly the lactic and butyric fermentations,
which are effected by certain Bacteria, are gradually arrested
as the proportion of acid increases, and they are resumed
when the acid is neutralised.

With this we complete our consideration of the metabolic
processes. In the next lecture we will especially study the
physiological significance and the chemical nature of the
products which are formed in connexion with these pro-
cesses,
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organic acids, but as our knowledge of their significance is
at present so incomplete, it will be better to classify them for
the present with the non-nitrogenous waste-products,

With regard to the formation of the carbohydrates in
the plant we have but little definite information. Of glucose
we may say that it is derived by the action of an unorganised
ferment from one or other of the carbohydrates, which, as we
have seen (p. 170), are stored up as reserve-materials, except
in certain plants, the Onion for example (Sachs), in which it
appears to be formed in the chlorophyll-corpuscles in the first
instance. Of the reserve-carbohydrates, all that we can say
is that they are derived, in the case of green plants, from
the non-nitrogenous organic substance, whatever it may be,
which is formed in the chlorophyll-corpuscles under the in-
fluence of light, and, in the case of plants destitute of chloro-
phyll, from the organic substances supplied to them as food :
but the only definite information which we possess as to the
mode of this derivation is confined to starch and cellulose.

It has been already stated (p. 180), upon the authority of
the observations of Schimper and of Strasburger, that the
starch-which makes its appearance in chlorophyll-corpuscles
or in amyloplasts is formed from protoplasm ; that mole-
cules of protoplasm undergo dissociation, and that starch is
a conspicuous product of the process. In support of this
statement we may now adduce some additional evidence,
The cells of the embryo of the Wheat contain, when the seed
- is quiescent, no trace of starch, but Just has observed that
if a seed be kept moist for twenty-four hours, the embryo
then contains starch abundantly, although the endosperm
has apparently undergone no change, and no trace of sugar
can be detected in it. - It is difficult to account for this fact
in any other way than that suggested by Just, namely, that
the starch is formed by dissociation from the protoplasm in
the cells of the embryo.

It has also been stated, upon the authority of Schmitz
and of Strasburger, that cellulose is likewise formed by dis-
sociation from protoplasm. In support of this statement it
may now be pointed out that Schmitz has observed that
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when a cell-wall becomes much thickened, that is, when
many layers of cellulose are found, the whole of the proto-
plasmic contents of the cell are gradually used up in the
process: and further, that, as has already been stated (pp.
151, 177) no non-nitrogenous plastic substances can be de-
tected in growing-points.

It appears, then, that in these cases the non-nitrogenous
organic substance, either formed from carbon dioxide and
water or absorbed as food, is not directly converted into
starch or cellulose, but goes in the first instance to build up
protoplasm, and that it is in consequence of the decom-
position of protoplasm that these carbohydrates make their
appearance : and we may, perhaps, go so far as to infer that
a1l the reserve-carbohydrates are produced in this way.

With regard to the fats, it is generally assumed that
they are formed directly from carbohydrates, because as the
fats increase in quantity the carbohydrates diminish. For
example, oily seeds contain starch whilst they are unripe,
but as they ripen the starch disappears and is replaced by
fat.

The first objection to this view is the obvious one that
the observed fact does not prove the direct conversion of
carbohydrate into fat. And further, we know of no means
by which such a conversion could be effected. Hoppe-
Seyler, in his investigations on this subject, has found that
when carbohydrates are heated with caustic potash, or when
they are caused to undergo putrefaction, they yield a series
of fatty acids, and he infers that the fats found in animals
and plants are derived directly from carbohydrate. But the
acids formed in his experiments are only the lower members
of the series, and not those which enter into the composition
of the more common fats: morcover, he does not suggest
how the necessary glycerin is formed from carbohydrate.

The evidence in favour of the view that fats are derived
from the protoplasmic cell-contents is of a more satisfactory
character. In studying the effects of starvation upon the
cells. of plants, Cunningham found, in the case of certain
Fungi, that if the spores be cultivated in distilled water, the

il
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resulting mycelium, instead of containing an abundance of
protoplasm, contains but little, and in this a number of oil-
drops are distributed (Fig. 30). It is obvious that, under

Fig. 30 (after Cunningham). Hyph= of Choanephora, the upper one
well-nourished, the lower one starved.

the conditions of the experiment, this oil could not have
been formed from any food materials absorbed from without,
and, when we note the diminished protoplasmic contents,
we cannot but correlate the diminution with the abundance
of oil, and conclude that the oil must have been formed
at their expense. Similar observations on F ungi have been
made by Naegeli He finds that the nature of the food
supplied has but little influence upon the amount of fat
formed, and he inclines to the view that fat is formed from
the protoplasmic cell-contents.

The experiments of Loew given in Naegeli’s paper tend to prove the
formation of fat from the protoplasmic cell-contents. Some Penicillium-
mycelium was left for four weeks in a dilute (1 per cent.) solution of
Phosphoric acid : analyses before and after gave the following results :

the mycelium contained before after the experiment
Proteid 427 16'5 per cent,
Fat 185 50’5 &
Cellulose
Extractives} 388 330
Ash

Admitting that the fats are formed from the protoplasmic
cell-contents, we have yet to ascertain whether they are
derived from the living protoplasm or organised proteid, or
from the dead unorganised proteid. If, as suggested in pre-
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vious lectures (pp. 160, 187) we regard the molecule of living
protoplasm as a very complex one, it is not improbable
that it contains fatty radicles, and that it may undergo
decomposition in such a way as to give rise to fats. On the
other hand, it has been found that fatty acids are among
the products of the artificial decomposition of proteid, and
it is therefore possible that fats may be formed in the living
cell by the decomposition of the dead proteid which it may
contain. In his researches upon the formation of fat in
Fungi, Naegeli made the important observation that this
process is dependent upon a supply of free oxygen. This
fact is, however, susceptible of various interpretations. It
may mean that, in the absence of free oxygen, the self-
decomposition of the living protoplasm does not take place,
and that therefore no fat is formed: or it may mean that,
under these conditions, the living protoplasm is incapable
of effecting the oxidative decomposition of the unorganised
proteid in such a way as to give rise to fat. We must be
content to leave this point undecided for the present.

In any case the formation of fat is apparently not direct :
fatty acids first make their appearance, and these subsequently
combine with glycerin to form fats. Von Rechenberg has
found that unripe oily seeds contain a considerable quantity
of these acids, and that it gradually diminishes as the seeds
become mature. As to the glycerin of the fats, we are
unable at present to make any definite statement concerning
its mode of origin.

Besides the fats (glycerides) already mentioned, other fatty bodies
have been found in plants. These are, chlolesterin (CosHuO), an alcohol
* which has been found by Hoppe-Seyler and others in seeds, in buds, and
in yeast; lecithin (CauHgoN PO,), a complex nitrogenous and phosphorised
fat, which has been found by Hoppe-Seyler to be widely distributed in
plants. Further, various fatty substances which are generally spoken of
as wax, are formed by plants: as these are to be rather regarded as
waste-products we shall treat of them subsequently. :

The nitrogenous plastic products are unorganised proteid
and amides. We have already discussed (p. 1 z0) the possible
mode in which these bodies are formed synthetically in
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plants. With regard to the possible destructive formation of
the proteid, there can be little doubt that it may be derived
from living protoplasm. If we regard the molecule of living
protoplasm as more complex than that of unorganised pro-
teid, we may infer that proteid may be one of the products
of the decomposition of the protoplasm-molecule. The
amides, as we have seen (p. 191), are produced from proteid
either by the action of an unorganised ferment, or by the
fermentative action of the living protoplasm ; in the latter
case the process would be probably one of oxidative decom-
position, for it has been found possible to obtain the amides
from proteid in this way by artificial means.

The following is an enumeration of the substances of this
kind which have been found in plants.

1. Amides:
Asparagin, C,H;N,O, probably the amide of succinamic acid, CyH,,
NH, CONH,, COOH,

Glutamin, C,H,,N,0,, probably the amide of glutaminic acid,
C;H;, NH,, CONH,, COOH.

2. Amidated fatty acids : )
Leucin, C;H,,NO,, amidocaproic acid, C;H,NH,COOH.
Betain, C;H,NO,, possibly trimethyl-glycocoll, C (CH,),, NHC H;,
COOH, or oxyneurin C(CH,), NH,, 0, CO.

3. Amidated fatty acids containing an aromatic radicle :

Tyrosin, C;H,;NO,, probably a parahydroxyphenylamidopropionic
acid, C,H,, NH,, C;H,, HO, COOH.

A body, C,H,NO, allied to Schiitzenberger’s tyroleucin, has been
found by Schulze in Lupin-seedlings: it is probably phenylamido-
propionic acid, C;H,, N H,, C;H;, COOH.

4. Bodies belonging to the xanthin-group :

Xanthin, C:H,N,0,, hypoxanthin, C;H,N,0, and guanin, C;H,N,O,
haveL: been found by Schiitzenberger in Yeast, by Salomon in
Lupin-seedlings, by Reinke and Rodewald in /thalium, and
Schulze and Eugster believe that they have found them in
Potatoes. Kossel, who has found them in various plants, is of
opinion that they are derived from nucléin. Allantoin, C,H,N,0,,
has been found by Schulze in the young leaves of the Plane.

.Thn_& view that the amides are products of processes of
oxidative decomposition is supported by the fact that the
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amides are all richer in oxygen than proteid, and by the fact
(p. 210)—though much stress cannot be laid upon it at pre-
sent—that, in the absence of free oxygen, ammonia is evolved
by plants. We cannot say at present whether or not all the
amides are directly formed in this way. It is possible to
imagine that the more highly oxidised of them—the xanthin-
bodies, for instance—may be derived from others by further
oxidation. On the whole it appears probable that this is not
the case, but that the different amides are derived possibly
from different forms of proteid, or that the nature of the de-
composition may vary under the influence of different external
conditions, so as to give rise to amides sometimes of one kind
and sometimes of another. In connexion with this point we
ust bear in mind Kossel's suggestion as to the origin of the
xanthin-bodies from nucléin.

Turning now to the waste-products, we find that those
with which we have become acquainted in previous lectures
(oxygen, carbon dioxide, water) are such as are excreted by
the plant; but the majority of the waste-products are retained
:n the tissues of the plant. Speaking generally we may say
that the ercreta of plants are given off in the gaseous form,
though to this statement there are a few exceptions. It was
thought at one time that a considerable excretion of waste-
products in solution was effected by the roots, and de Can-
dolle went so far as to found upon this supposed excretion a
theory of the rotation of crops: but the researches of Bra-
connot and of Boussingault have conclusively proved that no
<uch excretion takes place. It is true that if the roots of a
land-plant be removed from the soil and be immersed in dis-
tilled water, small quantities of salts and even traces of organic
matter will be extracted from them (Knop), but no inference
can be drawn from experiments of this kind in which the con-
ditions are so abnormal. '

With regard to the nitrogenous waste-products we may

say that the more important of them are compound ammo-
nias. In some comparatively rare cases they are excreted
by the plant. Thus, the peculiar odour of certain flowers,
notably those of the May (Crategus oxyacantha), depends
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upon the excretion of trimethylamin, N(CH,),, and the leaves
of the Stinking Goosefoot (Chenopodium Vulvaria) are con-
stantly giving off this gas. More commonly the compound
ammonias are not volatile at ordinary temperatures, and they
are then termed a/kalvids. The presence of these bodies
has been determined in a great number of plants, and it
is probable that they are more generally present in plants
than is usually supposed. They are not excreted by the
plant, but they are especially deposited in those parts which
become detached, such as the bark, fruits, and seeds, and it is
in this way that they are gradually got rid of.

With regard to the origin of alkaloids in the plant, there
can be little doubt that they are derived more or less directly
from proteid. Itis an almost necessary assumption that they
are built up from ammonia ; we have therefore to enquire into
the possibility of the formation of ammonia in the plant. It
has been already suggested (p. 150) that ammonia is formed in
connexion with the processes of destructive metabolism, and
it has also been pointed out (p. 210) that, under abnormal
conditions, ammonia may be even excreted. The mode of
the formation of ammonia in the plant is not difficult to ima-
gine. It is well known that the amides are readily decom-
posed into organic acids and ammonia. Thus, when asparagin
is boiled with dilute acids or alkalies, aspartic acid is formed
and ammonia is evolved according to the equation

QHHNQDE_}' H-ED = C{HTNO.’ + NHE-

It is therefore quite possible that free ammon ia may be formed
in the plant, and that from this the alkalojds may be built up.
It is interesting to note, in connexion with this, that neither
urea nor uric acid have ever been found in plants. According
to a commonly accepted view it would appear that these
bodies may be formed in the animal body from leucin and
tyrosin ; these substances apparently undergo decomposition
into carbon dioxide and ammonja and the carbon dioxide
a.n_d ammonia combine in other proportions to form urea and
ric acid. There is, in fact, a certain amount of evidence to
shew that urea is formed synthetically in the animal body,
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and it is probable that something of the same kind may
take place in the plant, the bodies formed being alkaloids
instead of urea and uric acid. As a matter of fact, certain
vegetable alkaloids, thein and theobromine, are allied to uric
acid. Further, Broughton has observed that when the
Cinchona is manured with highly nitrogenous substances, the
amount of alkaloids is very much increased : this is a parallel
to the well-known fact that when an animal consumes a large
quantity of nitrogenous food, the excretion of urea and of
uric acid is increased.

The alkaloids are of two kinds, namely those which do and those
which do not contain oxygen. To the former group belong the more
familiar alkaloid such as morphin (C;H,NO,) and the other opium-alka-
loids ; theobromin (C;HN,Oq), thein (CsH,N,0,), strychnin (CaHzuN:04),
atropin (Cy;HuNO3), quinin (CyHyN.0,): to the latter belong mercurialin
(CH,;, N) probably identical with methylamin (CH, HaN), coniin
(CsHyN), nicotin (CyHuNo), and spartein (CisHyN) It has been found
that an alkaloid which contains no oxygen can be obtained from one which
does : thus Wertheim has succeeded in preparing conlin (CyHysN) from
conydrin (CHON). It appears that most of the alkaloids can be
traced to the compound ammonia pyridin (C;HgN). The alkaloids occur
in plants in combination with organic acids.

We have every reason to believe that the alkaloids are in
reality waste-products, that is, substances which cannot enter
into the constructive metabolism of the plant, for the obser-
vations of Knop and Wolf shew that the demand for com-
bined nitrogen cannot be met by supplying the plant with it
in the form of alkaloids, although, as we have seen (p. 124),
the plant can take up urea, uric acid, leucin, tyrosin, or gly-
cocoll.

There is one point which deserves especial mention before
we leave this subject, namely this, that, as a rule, the nitro-
genous metabolism of plants is not accompanied by any loss
of nitrogen when the conditions are normal. In this respect
plants differ widely from animals. This difference is due
partly to the fact (p. 159) that plants are endowed with a
greater constructive capacity than animals ; animals excrete
the amides formed in the destructive metabolism of the
organism in the form of urea, uric acid, etc., whereas plants
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are capable of using them in the reconstruction of proteid ;
and partly to the fact that any nitrogenous waste-products
(alkaloids) which may be formed are not excreted. This
important point is illustrated by Boussingault’s comparative
analyses of seeds and of seedlings given on page 176, and his
results agree with those of all other observers,

We must not forget, too, that protoplasm contains sulphur
and phosphorus ; we will briefly consider what becomes of
these elements in destructive metabolism. It appears that
the sulphur is set free as sulphuric acid.  Schulze and others
- have found that the proportion of sulphates gradually in-
creases during the germination of seeds (Lupins, Pumpkins,
Vetches), and it.seems that the amount of sulphates present
bears some relation to the activity of the proteid-metabolism.
Probably the same is true of phosphorus. '

In certain plants sulphurised ethereal oils are found ; in the Onion,
Garlic, Horse-radish, etc,, allyl sulphide (C,H,).S; in the seeds of the
Black Mustard, allyl sulpho-cyanide, C,H;, CN, S. Attention has been

already drawn to the fact that a phosphorised fat, lecithin, has been
commonly found in plants,

We will now turn our attention to the probable mode of
origin of the vast number of other, principally non-nitro-
genous, waste-products which have been found in plants,
such as the organic acids, the aromatic substances, the colour-
ing-matters, etc,

The organic acids are very generally present in plants,
either free, or in combination with inorganic bases, forming
frequently acid salts, or in combination with organic bases
(alkaloids). It is to the presence of these acids or of their acid
salts that the acid reaction of plant-tissues is due.

The following enumeration includes the organic acids most commonly
found in plants : '

I. Fatty acids ; genera] formula C,H,,,,, COOH.

. Formic acid CH.0,, acetic acid CyH, 0., propionic acid C,H,0,, butyric
acid C,H,0,, valerianic acid CsHy,0, caproic acid C:H,0,, have been
fﬂ_und in various plants by many observers. Bergmann concludes from
II.HS researches that formic and acetic acids at least, are always present in
living plant-cells,

The higher members of this series such as caprylic acid C,H,,0,,
V. e 15
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capric acid CyHux0s, palmitic acid CyuHuOx stearic acid CyHgOy have
only been found to occur in combination with glycerin as fats (gly-
cerides).

2. Acids of the acrylic series ; general formula C,Ha,.; COOH.

Angelic acid, C;H:O,, has been detected in certain plants (especially
in the root of Angelica Archangelica) in the free state.

Oleic acid, CyHuOs, occurs in the form of fat (olein) in combination :
with glycerin.

3. Acids of the lactic series ; general formula C“HMH_..}{DH},CDDH.

To this group belongs carbonic acid, H.COy, which is produced by all
plants ; also glycolic acid, C,H,0;, which has been found in unripe grapes;
and lactic acid, C;HOs, which is probably produced, by the fermentative
action of Bacteria, from sugar and other carbohydrates.

4. Acids of the succinic series ; general formula C,H,, (COOH).

Oxalic acid, C;H:O,, is frequently present, combined with sodium or
potassium, in solution ‘1 the cell-sap of plants, especially in the leaves of
the Wood-sorrel, the Dock, and their allies. It is even more commonly
found precipitated in the form of crysta‘is'uf calcium oxalate.

Succinic acid, C;H.0,, has only been found in a few plants, but is =
probably widely distributed. It may be readily obtained from amber
which is a fossil resin.

a. Amidated acids of the succinic series : |
Aspartic or asparaginic acid (succinamic acid) C,H,NO, and gluta- '
minic acid, C;H,NO,, have not been found in the free state in plants, but
they commonly occur .1 extracts of plants as products of the decom- |
position of asparagin and of glutamin respectively. '

4. Hydroxy-acids of the succinic series.
Malic acid, C;HO; very commonly occurs in plants, especially in
unripe fruits. \
Tartaric acid, C;H;Og 15 probably (at least dextrotartaric acid) of
universal occurrence in plants, and is usually associated with nxali::,;
malic, and citric acids. ¥
These acids occur either free, or in combination with potassium, or -
calcium, or with organic bases. .

s e ——

5. Tribasic acids derived from the paraffins.

Citric acid, C.Hs0O; occurs in the free state in many fruits, and 1S
occasionally met with, in potatoes for example, in the form of acid salts ‘
of potassium Or calcium. :

6. Acids of the maleic series ; general formula, CoHes(COOH)x |

Fumaric acid, C;HOy, has been found in a considerable number of
plants.
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The mode of formation of acids in the plant is a subject
of considerable difficulty. The first attempt to explain it was
made by Liebig. He considered that the highly oxidised
acids were formed as the first products of constructive
metabolism from carbon dioxide and water in the cells con-
taining chlorophyll: that, for example, oxalic and formic
acids are produced according to the equations,

2C0; + H,0=C,H,0,+ 0.
CDQ = HED — CHEOE + D-

It has been already pointed out (p- 144) that a synthetic
~ formation of formic acid from carbonic dioxide and water
may, according to Erlenmayer’s view, take place as the first
stage in the formatian of organic substance, but the formic
acid so produced is at once converted into the corresponding
aldehyd, and this in turn into a polymer. It is doubtful,
therefore, if Liebig’s theory will satisfactorily account for the
presence of free formic acid, even in cells which contain chlo-
rophyll, and it certainly fails to account for the presence of
acids in Fungi and in etiolated plants. We are led to con-
clude, therefore, that the acids present in plants are products
not of constructive but of destructive metabolism,

- The next point to be considered is as to the substances
from which they are derived. It js commonly held that the
acids are produced by the oxidation of carbohydrates, espe-
cially sugar, but there is no direct evidence to show that
this is actually the case, though, from the facility with which
acids can be formed artificially from carbohydrates, it may
be assumed to be quite possible. This oxidation js usually
supposed to be more or less direct; for instance it is fre-
Quently expressed by the equation

sugar oxalic acid

CoH100,4+90 =3 ( C,H:0,)+ 3H,0.
But, even admitting that carbohydrate is thus directly oxi-
dised, it is hardly probable that the process is so simple as
this. It was pointed out in the last lecture (p. 202) that
the effect of oxidation is to diminish the stability of complex
organic substances and thuys to facilitate their decomposition,

I5—2
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the products of each successive decomposition being more
and more highly oxidised. A suggestion as to the possible
nature of this oxidative decomposition in the case of carbo-
hydrates is afforded by Hoppe-Seyler's researches upon the
decomposition of carbohydrates by the action of alkalies
and by heating in closed tubes with water. He obtained
formic and ethylidene-lactic acids, an aromatic substance
termed pyrocatechin, and carbon dioxide was evolved, It
appears to be probable that oxalic acid is formed in the
process, and that it is decomposed into formic acid and carbon
dioxide, for the commercial preparation of oxalic acid is
effected by heating cellulose (sawdust) with a mixture of
potassium and sodium hydrates. We may represent- the
formation of oxalic acid in this way by the following equa-
tion,
pyrocatechin oxalic acid

2CH0; + 40:= CH O+ 3CH.0,+ 6H.0.

It is not probable, however, that so highly oxidised an acid
as the oxalic is at once produced ; it is more likely that a
less highly oxidised acid, such as the succinic, is first formed,
and that from this, by successive oxidative decomposition,
the more highly oxidised acids are derived. The formation
of succinic acid may be represented thus,

succinic acid

3CH 05 + Qy=CeHiO: + 3CH O, + 3H.0.

Moreover all the more complex acids yield the simpler
ones on oxidation; thus, when succinic acid is fused with
potassium hydrate, a mixture of potassium propionate and
carbonate is formed; when malic, tartaric, or citric acid is
similarly treated, it yields a mixture of potassium acetate
and oxalate. :

It must not be assumed that the decomposition of carbohydrate -

always takes place in the manner described above ; this instance is only
cited to illustrate the point that the production of acids from carbo-
hydrates is not effected by simple oxidation.

There is, however, reason to believe that the particular decompo-
sition in question does take place in plants. Karl Kraus has found that
the external dry scales of the Onion contain pyrocatechin and crystals
of calcium oxalate, but no grape-sugar; whereas the internal succulent
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scales contain much grape-sugar, but neither calcium oxalate and
pyrocatechin. But if the internal scales be allowed to become dry,
they assume the brown colour of the external scales, the grape-sugar
disappears from the cells, and pyrocatechin and crystals of calcium
oxalate make their appearance. He has also ascertained that pyro-
catechin is commonly present in leaves and shoots, especially in the
auturmnmn.

But if it be admitted that the carbohydrates undergo

oxidative decomposition in the plant, it must be true of other
substances also. For instance, the alcohols which are doubt-
less formed in the plant, would be oxidised to acids, To take
- glycerin as an example. This alcohol is, as we have seen,
set free on the decomposition of glycerides (fats), but free
glycerin has never been detected in any plant. It probably
undergoes decomposition as soon as it is formed. It is well
known that glycerin is readily oxidised to carbon dioxide
and water, and that it is susceptible of more gradual oxida-
tion, a number of acids (oxalic, formic, glycolic, etc.) being
produced : this is probably its fate in the plant. Again,
the amides would yield acids on oxidation. Thus asparagin
is readily decomposed into aspartic acid and ammonia, and
aspartic acid, when oxidised, yields malic acid.

Aspartic acid is converted into succinic acid on fermentation. It is
probable that the succinic acid which is found among the products of
the alcoholic fermentation by Yeast, and of the conversion of alcohol
,into acetic acid by the Mycoderma acetz, is derived from asparagin
formed in the metabolism of the Fungus,

Again, there can be no doubt that acids are formed by
the oxidative decomposition of proteid. It has been found
that oxalic acid and amidated acids are formed when proteid
is decomposed artificially, that amidated acids, which we have
reason to believe are derived from proteids, are present in
plants, and that, in the process of fat-formation, fatty acids
are produced which doubtless owe their origin to proteids,

Finally, there can be Iittle doubt that the self-decom-
position of protoplasm is attended by a formation of acids.
This has already been alluded to in discussing de Saussure’s
observations on Opuntia (p. 207), and, if we admit that fat is
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formed from protoplasm (p. 218), we necessarily assume that
fatty acids are among the products of its decomposition,

It must be borne in mind that acids may be readily derived from each
other in various ways. To the examples already given (see p. 228)
the following may be added. Under the action of reducing agents,
succinic acid is produced from malic or tartaric acid : and conversely,
since malic (monohydroxysuceinic) and tartaric (dihydroxysuccinic) acids
are oxidised derivatives of succinic acid, it is quite possible that they
may be formed from succinic acid in the plant. Again, on heating malic
acid fumaric acid is formed, and fumaric acid is converted into succinic
acid under the influence of nascent hydrogen. Further, as has already
been pointed out, acids undergo decomposition by fermentation : thus
- malic acid yields on fermentation either (@) succinic acid, acetic acid,
carbon dioxide and water, or (&) propionic acid, acetic acid, and succinic
acid, or (¢) butyric acid, carbon dioxide, and water : the gradual con-
version observed by Schindler, of citric into tartaric acid in lemon-juice
which had been allowed to ‘stand for a long time, is probably another
illustration of the transformation of one acid into others by fermen-
tation.

Now as to the significance of the acids in the metabolism
of the plant. It has been already mentioned that Liebig
regarded the highly oxidised acids, especially the oxalic, as
being the first products of the constructive metabolism of
the plant, and he was further of opinion that by gradual
reduction of them carbohydrates and even fats were formed.
The most important piece of evidence which he offered in
support of his views was the fact that, as fruits ripen, they =
become less sour, a fact which he interprets to mean
that acid is converted into sugar. This may, however, be
explained in other ways : the sugar may be produced from
starch, and the diminution of the acidity may be attributed
to the neutralisation of the acid by bases. Still, it appears '
from Beyer’s analyses, that the proportion of mineral matters
diminishes in fruits as they ripen, and hence it may be
inferred that the acids do mnot become neutralised ; Beyer

also finds that the acids diminish and that the sugar increases
in plucked fruits. Again, it seems probable, as stated above
(p. 206) that the starch which makes its appearance in the
‘embryo of a germinating oily sced, is formed indirectly,
through protoplasm, from the fatty acids set free in the seed by
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the decomposition of the fats. Finally, though Schmoeger’s
observations (see p. 125) tend to prove that highly organised
plants cannot take up acids when supplied to their roots,
yet Naegeli has shewn that the lower Fungi will flourish
when carbonaceous food is supplied to them in the form of
various acids, acetic, succinic, and tartaric (p. 125).

But there are certain acids which, so far as our present
knowledge goes, cannot be reduced by plants, namely, the
formic and the oxalic. Naegeli found that Fungi could not
assimilate either of these, and the general occurrence of
crystals of calcium oxalate in the tissues of plants, which,
according to Hilgers, undergo no alteration after they have
been formed, clearly suggest that plants in general are in-
capable of reducing oxalic acid. Even admitting that some
acids may be used in the constructive metabolism of plants,
there is a strong presumption that oxalic acid at any rate—
and this is of importance, since oxalic acid is the starting-
point of Liebig’s theory—is of no value for this purpose. It
is only of the less highly oxidised acids that plants can avail

themselves.

Instances of the solution of calcium oxalate in the plant are, how-
ever, on record. Frank has observed it in the mucilaginous cells of
the tubers of various Orchids: Sorauer has found that young potatoes
abundantly contain crystals of calcium oxalate which disappear as the
tuber becomes mature, an observation which has been confirmed by
de Vries. Whilst admitting the accuracy of these observations it must
not be overlooked that they do not prove that the oxalic acid enters into
the constructive metabolism of the plants : they only prove that the
oxalate has been brought into solution, or that it has undergone decom-
position so as to give rise to soluble salts.

In connexion with Liebig’s view as to the reduction of acids in the
plant, we may recall the facts mentioned in the last lecture (p. 197) with
reference to succulent plants. De Saussure observed, namely, that when
a piece of Opuntia-stem which had been absorbing oxygen during the
night, was exposed to sunlight on the following day in an atmosphere
containing no carbon dioxide, it exhaled a volume of oxygen which
slightly exceeded that of the oxygen absorbed during the preceding
night (in one experiment the volume of O absorbed=74 c.c., the volume
exhaled=79c.c.). Mayer observed, in his experiments, that, under these
circumstances, starch-grains make their appearance in the chlorophyll-
corpuscles, care being taken to prevent any absorption of carbon dioxide
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from without. Mayer is of opinion that the oxygen absorbed whilst the
plant is in darkness 1s retained in the form of an organic acid, and that
it is in consequence of the reduction of this acid (he believes it to be
an isomer of malic acid) that oxygen is evolved and starch is formed
in the chlorophyll-corpuscles when the plant is exposed to light. He
conceives the mode of this decomposition to be the following. Relying
upon the fact that when uranium succinate is exposed to light it is
decomposed into uranium propionate and carbonate, he infers that when
this malic acid is exposed to light in a cell containing chlorophyll, lactic
acid and carbon dioxide are formed, and he points out that sugar may
be produced by polymerisation from the lactic acid. He actually found
that a mixture of malic acid and calcium malate was decomposed when
exposed to sunlight; carbon dioxide was abundantly evolved, but neither
lactic acid nor sugar could be detected in the liquid: it appears that,
under the conditions of the experiment, the lactic acid underwent further
decomposition. The evolution of oxygen by the plant under the in-
fluence of light is doubtless due to the decomposition of the carbon
dioxide thus formed, and with this the appearance of ‘starch-grains in
the chlorophyll-corpuscles is to be connected.

In addition to their possible significance in the construc-
tive metabolism of plants, the organic acids are of use in
other ways. We have seen, for instance (p. 41), that it is
probably to the presence of them that the turgidity is to be
ascribed ; that the presence of acid sap in the root-hairs
(p. 55) renders possible the solution and absorption of
mineral substances which are insoluble in water; that oxalic
acid, at least, decomposes the salts absorbed by the roots
(p- 149)-

We will now pass on to the consideration of the origin
of the aromatic substances. We have learned already (p. 21)
that an aromatic substance (lignin) may be formed from a
carbohydrate (cellulose), and Hoppe-Seyler’s observations
(p. 228) suggest a mode in which this may take place.
Hartig observed, and his observations have been confirmed
and extended by Wiesner, that the parenchymatous cells
of the trunks of many trees (Beech, Elm, Sycamore, Oak)
contain grains of resin. They conclude that these resin-grains
are derived from starch-grains, and it appears very probable
that tannin, an aromatic glucoside, is formed as an ante-
cedent of the resin. We would have then, in the process of

o ————— —h —
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lignification, the conversion of cellulose into an aromatic
cellulide; in the formation of resin-grains, the conversion
of starch into an aromatic glucoside. But it must not be
forgotten, as Miiller points out, that the simultaneous pre-
sence of starch and of tannin or resin in a cell does not prove
that the latter are directly derived from the former. It is pos-
sible that tannin is a product of the metabolism of the proto-
plasm, and that the starch-grains present in a cell in which
tannin is being formed become impregnated with it, giving
rise to the so-called tannin-grains and eventually to resin-
- grains. It is true that the starch gradually disappears, but
this does not prove the direct conversion of starch into tan-
nin; the tannin may be formed indirectly from the starch
through the protoplasm. The fact that tannin is constantly
present in the cells of parts in which destructive metabolism
is active—growing-points, motile organs of leaves, galls, for
example—tends to prove that it is, in fact, derived from
protoplasm. Further, we must not overlook the fact that
substances like tyrosin, which contain an aromatic radical,
occur in plants, and that they are probably derived more or
less directly from protoplasm: it is also quite possible that
these substances may take part in the formation of some of
the more familiar aromatic bodies which occur in plants,

It is possible, as Cross and Bevan point out, that the benzoic residue
which enters into the composition of the hippuric acid present in the
urine of the Herbivora is derived from the aromatic substances present
in the lignified cell-walls of the plants consumed. It may be, however,
that the aromatic body is also formed from cellulose in the manner
suggested by Hoppe-Seyler’s observations (p. 228).

We are already in possession of some information respect-
ing the conditions under which the formation of the celly-
lides takes place. It was pointed outin a former lecture (p. 18)
that lignification may take place in a cell-wall after the proto-
plasm has disappeared from the cell, but that the cell must
still form part of a living plant. But it is scarcely possible to
make any definite statement as to the chemical nature of the
process. Inasmuch as lignin, for example, contains relatively
less oxygen than cellulose (taking Erdmann’s formula for

-
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lignose, C,,H,,0,, as a basis) (p. 21), we may infer with Sachs
that it is a residue of the oxidative decomposition of cellu-
lose, carbon dioxide, water, and possibly a highly oxidised
acid such as the oxalic, being the other products. This
view harmonises with what has been said above (p. 228) with
reference to the oxidative decomposition of carbohydrates
in the plant, though in the illustrations there given the
oxidation is represented as being more complete.

[n view of the facts mentioned above with regard to
tannin, we must regard the glucosides as being, most pro-
bably, products of the destructive metabolism of protoplasm.
They occur normally in the cell-sap, but they can commonly
be detected in the cell-wall by which they are gradually
absorbed as the cell grows old and loses its protoplasmic and
watery contents.

The more common glucosides are tannin, salicin, phloridzin, coniferin.
They are decomposed by ferments according to the following equations.

1. Tannin, CyHxO0x (Schiff),
(glucose) (digallic acid)
&, CHH goﬂ it ZHQD = CﬁHﬂD.} + ZC:“IH]QDQ:
{gallic acid)
I.IJ'. CHHmGﬂ + chl = ZCTH ;D;-

2. Sa-liciﬂ, CIEH 13071
(saligenin)

CsH 0+ H,O= CeH 1204+ C;H;:0:.

3. Phloridzin, Cyy HaiOspy
(phloretin)
Cm HHD]:. + HQ'D = C‘H“CIE + CﬁH“D;.

4. Coniferin, CyHau Oy,
(coniferylic alcohol)

CouHuOs + Hy0 = CHu04 + CuyHiuOs.

It will be seen, from the foregoing decompositions, that
the glucosides yield various aromatic substances; they may
be regarded, therefore, as substances intermediate between
the carbohydrates and the purely aromatic bodies. - Though
~ they are products of destructive metabolism, yet they are
still of some use in the economy: by their decomposition
energy is evolved, and the plant may avail itself of the pro-
duced glucose.

-
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It is still a debated question whether or not the plant is capable of
making any use of the glucosides. The researches which have been
made on the subject refer only to tannin. It must be remembered that
micromechanical metheds do not enable us to distinguish between the
glucoside tannin, and tannic (digallic) acid : it is quite possible that the
glucoside is of use in that it yields glucose, and that the acid is not.
We will recur to this point below.

We will now treat of the aromatic substances other than
the glucosides. The following are those which commonly
occur in plants :

Pyrocatechin, Phloroglucin, Saligenin,
Benzoic acid, cinnamic acid, tannic acid, gallic acid, salicylic acid,
Resins, Balsams, and Ethereal Oils.

Pyrocatechin, C;H, (OH),and phloroglucin, C;H, (O H),, are derivatives
of benzene, the former being orthodioxybenzene, the latter prohably
paratrioxybenzene. Pyrocatechin has been found in various parts of
plants, more especially in fading leaves : the mode of its ‘origin has been
suggested above.

Phloroglucin (paratrioxybenzene), C;H, (OH), is a substance of common
occurrence in the bark of trees : it is a product of the decomposition of
substances like phloretin and quercitrin which are derived from glucosides.

Saligenin C;H,0.=C,H,(0H), CH, (OH), is a derivative of toluene ;
it is orthomethoxyphenol ; it is formed as shewn above, by the decom-
position of the salicin and of the populin which are present in the bark of
Willows and Poplars respectively.

The aromatic acids are of common occurrence in plants. Benzoic
acid (C;H,0,) is prepared from gum-benzoin, the produce of S#yrax
Benzoin, but it is present in small quantity in many other plants, and
together with cinnamic acid (C3H:0,) in various balsams, such as storax
and balsam of Peru. These acids are probably formed by the oxidative
decomposition of glucosides which, like amygdalin, yield benzoic alde-
hyde (oil of bitter almonds) under the action of ferments.

Salicylous acid (C;H,;0,) occurs in various flowers, especially in those
of the genus Spirea: it is probably formed by the oxidation of its cor-
responding alcohol saligenin.

Tannic and gallic acids are very generally present in plants. Tannic
acid (C,;Hy0,) occurs in two somewhat different chemical forms, in the
tissues of almost all plants ; it is found, according to the observations of
Sachs and u_f Petzold, in the immediate neighbourhood of those parts of the
plant, growing-points for instance, in which metabolism is most active,
It is doubtless derived from tannin as indicated above. Gallic acid
(C;H,0), though not so universally present as tannic acid, has been
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found in various parts of many plants: its derivation from tannic acid
has been mentioned above.

The resins are substances which are nearly always to be found in
plants and in all parts of them. Three kinds of resins may be distin-
guished, (@) True resins ; (5) Balsams, mixture of resins and ethereal oils,
together with aromatic acids; (¢) Gum-resins, mixture of resins, gums,
and ethereal oils.

Ordinary resin (colophony) obtained from the Conifers appears to be
a mixture of resinous acids, the most important of these being Abietic
anhydride, CyHwrO; (Maly). Resin is produced in cells, and it is ex-
creted into intercellular spaces termed resin-passages. According to the
researches of Wiesner, of Franchimont, and of Hlasiwetz, it appears that
the first step towards the production of resin is the formation of a gluco-
side, probably tannin; the tannin then undergoes decomposition, and
from the tannic acid resin is derived. Franchimont, especially, draws
attention to the relation of the cells containing tannin to the resin-pas-
sages in Conifers. He is of opinion that the decomposition of the glu-
coside is attended by the formation of oxalic acid. He also points out
that the secreting cells lining the resin-ducts do not themselves contain
resin, but that they excrete into the ducts a substance which becomes
converted by oxidation into resin. It seems probable that from the
tannic acid an ethereal oil (terpene) is formed in the cells, that this is
excreted into the ducts, and that it then undergoes partial oxidation into
resin, the turpentine which the ducts contain being a solution of resin
in an ethereal oil. Hlasiwetz represents the process of oxidation of
terpene into resin thus,

2C Hys + 30 = CoHyOs + HiO.

The group of ethereal oils includes a great number of substances of
very various chemical composition, which are present to a greater or
less extent in all parts of Flowering Plants: it is to the presence of
volatile ethereal oils that the odours of plants are due. These oils may
be classified into those which do and those which do not contain
OXygen.

a. Ethereal oils containing OXygen ; the following are the more
COMINON

Aldehydes: oil of cinnamon, C,H.0; oil of bitter almonds C;H,0.

Ketones: oil of rue, methylnonyl ketone, C,H=O : camphor, CypHyuO
is probably a ketone.
Acids: oil of cloves or eugenol, CH:043 coumarin, C;HqO4 to which
the odour of the Tonka Bean, and of new-mown hay is due, s
probably the anhydride of coumaric acid:’ eugenol is also re-
garded as being an ether-alcohol.
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Mixed ethers: anethol or oil of anise, C,;H,,0 = CH,, C,H, (C,H,), O.

Compound ethers : benzyl benzoate, CuHu0,, and benzyl cinnamate,
CisH Oy, in various balsams; methyl salicylate, C;H,0,=CH,,
C;H;0y, in the Winter-green (Gawltheria procumbens).

&. Ethereal oils not containing oxygen :

These oils are hydrocarbons of the formula C,;Hy;; but though they
have the same ultimate chemical composition they are not all iden-
tical, but some are isomers and polymers; they are commonly termed

terpenes. ,
Terebenthene is the terpene which is present in turpentine; a ter-

pene is also present in the essential oils of plants, such as oil of Neroli

obtained from Orange-flowers, oil of Lemons, oil of Peppermint, etc.

In connexion with the terpenes we may consider two hydrocarbons,
Caoutchouc and Gutta Percha which have the formula (C;Hy)x. Caout-
chouc is obtained from the latex of the Urticacewm, Euphorbiacez, and
Apocynacea: Gutta Percha from the latex of various species of Isonan-
dra (Dichopsis) and other Sapotacez.

With regard to the function and fate of these aromatic
substances, it appears that they are of no use in the con-
structive processes; they are to be regarded as waste-products,
destined, for the most part, to be thrown off. Even when they
actually remain in the plant, in resin-ducts or in laticiferous
vessels, they are outside the sphere of the metabolism of
the plant. Hartig was led, by his observations on the oak,
to the conclusion that tannin (tannic acid ?) is used in the
constructive processes, but Sachs and others do not find
that this is the case. According to Schell, tannin can only
serve as a plastic substance when the plant possesses in-
sufficient stores of carbohydrates and of fats: this amounts
to saying that, under ordinary circumstances, tannin is merely
a4 waste-product. Again, it has been found (Wagner), that
when hippuric acid is presented to the roots of one of the
higher plants, it is decomposed into glycocoll and benzoic
acid, and that only the former of these bodies is absorbed.
On the other hand, we must not forget that tyrosin is
absorbed when presented to the roots, but we cannot con-
clude from this that the: aromatic radical which it contains
is actually used in the constructive processes. Nor must we
- overlook the fact that Naegeli has succeeded in cultivating
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Fungi on dilute solutions of aromatic substances such as
carbolic, salicylic, and benzoic acids (p. 125). Taking all
this into consideration, we may venture upon the general
statement that the higher plants, at least, cannot avail them-
selves of carbon when combined in an aromatic molecule for
the purposes of their constructive metabolism.

Although the aromatic substances are probably to be
regarded simply as waste-products, yet some of them are
indirectly of use to the plant. We have seen that the
odours of plants are due to the presence of volatile ethereal
oils, and it has been ascertained that the odours of flowers
serve to attract insects and thus contribute to ensure fertili-
sation.

We have yet the group of colouring-matters to consider.
These may be conveniently classed as follows:

1. Phlobaphenes, or colouring-matters of the bark.
2. Colouring-matters of woods, etc.
3. Colouring-matters of leaves, flowers, and of Thallophytes.

The phlobaphenes are brown amorphous colouring-matters which are
present in the walls of the bark-cells of trees and shrubs. They closely
resemble the brown products of the oxidation of tannin and other
glucosides, and it seems probable that they are in fact formed in the
plant in this way. When they are fused with caustic potash they yield
protocatechuic acid as one of the products, and this acid is also formed
when the brown products of the oxidation of tannin are treated in the
same way (Hlasiwetz).

The colouring-matters of woods occur, like the phlobaphenes, in the
cell-walls, and, although nothing is definitely known as to their origin,
it is probable that they are formed in much the same way. There is,
however, reason for believing that they are not formed in the cell-wall,
but in the cavity of the cell, and that as the cells lose their contents and
become dry the colouring-matters are taken up by the cell-wall. Such
are Brasilin, C;H 05+ Hs0, obtained from Brazil-wood (Casalpinia brasi-
liensis), and Hamatoxylin, Cy;Hy0p+ 3H.O, obtained from the wood of
Haematoxylon campechianuin.

In some plants glucosides are present which, after extraction, undergo
decomposition, giving rise to colouring matters. Thus the root of Rubia
Tinctoruwm (Madder) contains a substance termed ruberythric acid,
CyHuOy, which decomposes, under the action of a ferment contained
in the root, into a colouring matter, alizarin, and glucose, according to the

equation
q 4 Cﬁ;HwD].‘,'I‘ ?-H]D _— C'HH ﬂG] + 2 {C.U,H ﬁDg}-
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Again, indigo is formed by the decomposition of a nitrogenous glu-
coside termed indican, CsHgxNO,, which is present in various plants,
Nerium tinclorium, Polygonum tinclorium, Isalis tinctoria, and especially
in Jndigofera tinctoria a Leguminous plant. The decomposition may be

represented thus ;
Indigo-blue

CEBHHNDH + Hnﬂ == CSHEND e SCE_HL-:D&-
The colouring-matter obtained from the indican of fsatis tinctoria
has the formula C;H;NO,, and is termed Isatin or Woad.

Other colouring-matters occur in the cavities of cells; for example
alcannin (C;;Hy0,) in the root of Anchusa tinctoria, and curcumin in the
root of Curcrma longa.

The green colouring-matter of plants, chlorophyll, always
occurs in intimate relation with the protoplasmic cell-con-
tents, and, as we have seen, it is confined in the higher plants
" to certain specialised portions of the protoplasm which are
termed chlorophyll-corpuscles. We have already discussed
the chemical composition and the physical properties of this
substance ; it only remains now to consider the conditions
of its formation, and the probable source from which it is
derived, .

The general conditions upon which the formation of
chlorophyll depends are three: 1, exposure to light; 2, a
sufficiently high temperature ; 3, a supply of iron. Of these,
the two first will be further discussed in a subsequent lecture,
in which we will consider the influence of heat and light on
the metabolism of the plant. The significance of the third
condition is not understood at present. It was thought that
iron entered into the composition of chlorophyll much in the
same way that it enters into the composition of the colour-
ing-matter (hamatin) of the red-blood corpuscles: but it
appears from the analysis of chlorophyll (see p. 154) that
no iron can be detected in it. It may be urged that the
chlorophyll when extracted is not identical with the green
colouring-matter in the living plant; but the extracted chlo-
rophyll has the green colour and the characteristic spectrum,
S0 we may conclude that neither of these important pro-
perties depends upon the actual presence of iron in the

chlorophyll-molecule, Arthur Gris came to the conclusion
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that the absence of iron not only prevents the formation of
chlorophyll, but even the differentiation of the corpuscles
(see p. 136). The recent researches of Schimper and of
A. Mayer prove, however, that this view is quite untenable.

Plants, then, which are normally green, are not green if
they have been grown in the dark, or if the temperature
has been too low, or if they have not been supplied with
iron: but the resulting colour is not the same in all these
cases. A plant which has been growing in the dark or at
a low temperature is usually of a yellow colour; a colouring-
matter has been formed in it, but instead of being a green
it is a yellow colouring-matter termed efiolin. A normally
green plant which has been grown in the dark is said to be
~tiolated. On the other hand, a plant which has been deprived
of a supply of iron becomes perfectly colourless, and is said
to be chlorotic. When an etiolated plant is exposed to light
and the temperature is sufficiently high it rapidly becomes
green : similarly when a chlorotic plant is supplied with iron
it also becomes green.

It appears that the formation of chlorophyll in the plant
under ordinary conditions :s mediate, that is, that it is not
directly formed, but that etiolin is first formed, and that
from etiolin chlorophyll is produced. In endeavouring to
ascertain the mode of formation of chlorophyll, the first step
will be to enquire into the origin of etiolin, and the second,
to determine the nature of the process by which etiolin
is converted into chlorophyll.

The process of the formation of etiolin appears, from the
researches of Gris, of Mikosch, and others, to be as follows.
When the protoplasmic corpuscle is fully formed, it produces
a starch-grain in the manner described in the case of the
amyloplasts in a previous lecture (p. 180); it then gradually
assumes a yellow colour, and, at the same time, the included
 starch-grain diminishes in size and finally disappears ; if now
the etiolin-corpuscle, as it may be termed, is exposed to
light, it assumes a green colour, the etiolin being converted
into chlorophyll. '

With regard to the chemical nature of this process,

e
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Sachsse is of opinion that the starch is converted into etiolin,
that the starch undergoes oxidative decomposition, that fatty
aldehydes and aromatic substances (e.g. pyrocatechin) are
among the products, and that these combine to form etiolin :
under the influence of light etiolin is reduced to chlorophyll.

It 1s not probable, however, that this is an accurate
account of the chemical changes in process. It has been
shewn (p. 154) that chlorophyll contains not only C, H, and
O, but also N, and probably also P, in its molecule ; and
reference has been made to Hoppe-Seyler’s suggestion that
- chlorophyll is a body allied to the lecithins. It is true that
we have no trustworthy analysis of etiolin, but all that is
known on the subject tends to shew that. etiolin and chloro-
phyll are closely-allied bodies: what is here said about
chlorophyll may therefore be regarded as true of etiolin also.
In consideration of the com plex composition of these colour-
ing-matters, it is probably nearer the truth to regard them
as derivatives, not of the starch, but of the protoplasm of the
corpuscle. From this point of view the correlated disappear-
ance of the starch and the formation of the colouring-matter
is to be explained thus: that as protoplasm is consumed
in the formation of the colouring-matter, the starch is used
in the construction of fresh protoplasm. With regard to the
nature of the change which etiolin undergoes on its conver-
sion into chlorophyll, we have no definite information. (The
Spectrum of etiolin is given in the plate.)

It has been ascertained by Pringsheim, Wiesner, and
others, that green parts of plants always contain both etiolin
and chlorophyll. Besides these, a third substance, xantho-
phyll, is commonly present. Pringsheim has shewn that
Xanthophyll is probably a derivative of chlorophyll, though
' ’fhe exact relation between the two js not determined. It
| 1S to xanthophyll that the autumpal colouration of leaves is
' principally due : in many cases the leaves also contain a red
| colouring-matter, erythrophyll, dissolved in the cel I-sap.

Thg CGIﬂuring-nlatters of flowers and of fruits are sometimes confined
to protoplasmie corpuscles, and sometimes they are dissolved in the
cell-sap: the former is the case with the yellow, orange, and Biods

3§ 16
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colouring-matters (in rare cascs also the blue), the latter with the white,
violet, blue, and red (rarely the yellow). According to the researches 1,
of Weiss, in particular, the fixed colouring-matters are derivatives of
chlorophyll; the corpuscles in: which they are present are first of all
ereen, and gradually change colour as the flower opens, or as the fruit
ripens. The best-known of these is anthoxanthin, the colouring-matter
of yellow flowers. The dissolved colouring-matters are, in white flowers,
antholeucin, in blue anthocyanin, The violet red and violet colours are
probably due to the presence of acids or acid salts in the cell-sap which
act upon the anthocyanin. In some instances colouring-matters are
present in both these forms, for instance, yellow corpuscles in a cell with
a red, blue, or violet cell-sap: in certain leaves, those of the Copper-Beech,
the Copper-Hazel, etc., the cells contain chlorophyll-corpuscles and
purple cell-sap. It is probable that the dissolved colouring-matters are
derived from tannin or other glucosides.

Among the Thallophytes, chlorophyll is always present in the Alge,
and it is always absent in the Fungi. Many of the Alga are, however,
not of a green colour. For instance, the Phycochromace® oOr Cyano-
phyce®, aré bluish-green, this colour being due to the presence of a
blue colouring matter, phycocyanin, in addition to chlorophyll: again the
Diatomacez and the Fucoidex are yellow or brown ; this is due to the
presence of 2 brown colouring-matter, phycoxanthin, which masks the

the chlorophyll which is present : finally, the red Seaweeds

in addition to chlorophyll, a red colouring-matter =
both soluble

green colour of
or Floridez contain,
termed phycoerythrin. Phycocyanin and phycoerythrin are

in water.
Although the Fungi do not contain chlorophyll, yet other colouring-

matters are frequently present in them. These occur in all Fungi, from
the Bacteria to the Agarics, and they are of different hues, yellow, green, =8
red, brown, and blue. The Lichens are especially rich in these sub-
stances: the Alga which from part of their structure (gonidia) contain of |
course chlorophyll, but the Fungus-part of the Lichen often contains
other colouring-matters in quantity. The Lichens which are used for =
the commercial preparation of certain pigments, such as Litmus (blue), .
do not contain these cubstances as such, but colourless bodies, such as
erythrin, lecanorin, etc., which, on decomposition give rise to substance
orcin (a dihydroxyl derivative of toluene), and it is from this that the

pigments are obtained by various processes.

With regard to their chemical nature the colouring-
dered to be closely connected with

the aromatic group of substances. As to their physiulngical}-
waste-products

significance, they may be regarded simply as bduct
their direct use in constructive metabolism 15

matters of plants are consi

in so far as
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concerned ; but indirectly they are, in many cases, of great
importance. The fact that chlorophyll is essential to the
process of the formation of organic substance from carbon
dioxide and water has been already dwelt upon at length
(p- 151). The colours of flowers play an important part in
attracting insects to visit the flower, and by this means cross-
fertilization is ensured.

In addition to the substances already enumerated, certain
others, known as ditter principles, are frequently present in
plants. It has been ascertained that some of these are glu-
- cosides, and some alkaloids, but the chemical nature of many
of them is still undetermined. Such are Santonin (C.Hi0),
Aloin (C,H,0,), Quassiin (C,H,O,). It is of course im-
possible to say anything as the possible mode of their origin
or as to their physiological significance in the plant.

We have, finally, to consider certain fatty bodies. It has
been already pointed out (p- 216) that the ordinary fats are
plastic products, but there are certain fatty bodies of which
we cannot make this statement : such are cholesterin, lecithin,
and wax, We do not know how these substances are formed,
though we may regard it as probable that they, like the
ordinary fats (glycerides), are derived from protoplasm : this
view is especially probable in the case of lecithin, which is a
nitrogenous and phosphorised fat. Nor do we know much
about their fate in the plant. Tt is possible that cholesterin
and lecithin may be used in the constructive metabolism of
| the plant, but wax is to be regarded as a waste-product,
' Wax occurs especially, and perhaps exclusively, in the
| external cell-walls or on the surface of those parts of plants
twhich have a cuticularised epidermis. The “bloom” on
fruits, for example, is a layer of wax, and it is in the presence
of such a layer that the glaucous dppearance of many suc-
'c.ulent leaves and stems js due. In some cases, more par-
‘beularly in Palms, the layer of wax is so thick that it is
ﬂ?llectefi for commercial purposes: the Palms which espe-
cially yield wax are the Carnauba Palm of Brazi] (Copernicia
\erifera), and the Wax-Palm of New Granada (Ceroryion

16—2
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The waxes are not, like the fats, compound ethers of glycerin, but
they are compound ethers of monohydric alcohols with the higher
members of the fatty acid series: with these, free acids, alcohols and
fats are mixed. Thus the Carnauba wax has been found by Maskelyne

and by Berard to consist of

Melissin or Melissyl alcohol CyHnO
Cerotic acid or Cerin CeHuls
Cerotin or Ceryl alcohol CorH 0.

Palmitin, Stearin, Laurostearin etc. (fats).

We will enquire, in conclusion, into the fate of the waste-
products. Some of these, such as oxygen, water, and methy-
lamin, are excreted in the gaseous form ; the greater part
of the carbon dioxide is also excreted as a gas, but some
of it combines with earthy bases to form carbonates, which
are either retained in the plant, or are excreted in solution:
the resins and ethereal oils, as well as wax, are frequently
excreted. i

The mechanism of excretion is widely different in dif-
ferent cases. The resins and ethereal oils are excreted
usually by means of special glandular organs. The gland
may be a hair on the surface, and it is then commonly the
terminal cell at the free end which is secretory (Fig. 32);
or it may be a group of epidermal cells between which large
intercellular spaces are formed which serve as receptacles
for the excreted substance; or the gland is formed by the
absorption of the adjoining walls of a group of cells belong-

ing partly to the epidermis and partly to the underlying
ground tissue, a cavity being thus formed which contains
the excreted substance: Orf again, strands of cells may be-
come separated so as to enclose an elongated intercellular
space into which they excrete; it is in this way that resin-
ducts are formed. In many cases the substance to be
excreted may be detected in the glandular cells; not unfre
quently, however (always in the case of wax), no trace of i
can be observed in the cells themselves ; it 18 first to be foun
in the cell-walls between the cuticular and the deeper layers.
We must not conclude from this, as de Bary points OUY
that the excretion is actually formed at the expense of the:
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Fig. 31 (after Kreuz). Section of a resin-duct containing resin (%) from
a leaf of Pinus sylvestris,

cellulose of the cell-wall; it is probably derived from the
protoplasm, and is merely deposited in the cell-wall. The
actual excretion is usually effected, in the case of superficial
glands, by the rupture of the cuticle which is continuous
over the gland, and the consequent escape of the contents
(Fig. 32) : in some cases the gland remains closed, and any
volatile substances (ethereal oils) which may be present
escape by evaporation,

| Fig. 32. (after de Bary.) Glandular hairs of Lrimuwla sinensis. The secretion

| collects between the cuticle and the deeper layer of the cell-wall. In a the
accumulation of the secretion is commencing : in 4 it has become consider-
able: in ¢ the cuticle has ruptured, allowing the secretion to escape,
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The excretion of salts in solution (principally calcium
and magnesium carbonates) is most commonly effected by
means of a well-developed gland. A gland of this kind,
from the leaf of Saxifraga crustata, is shewn in Fig. 19
(p. o1). The gland consists of a group of modified meso-
phyll-cells in connexion with the termination of a fibro-
vascular bundle: one or two water-pores are present in the
epidermis immediately over it. We have seen that, under
the action of the root-pressure, the gland excretes water.
The excreted water collects in the depression at the margin
of the leaf at the bottom of which the gland lies, and as the
water evaporates the salts which it holds in solution are left
behind in the solid form. This solid residue is prevented,
for a time at least, from filling up the water-pores (Fig. 19, ),
which are present upon the surface of the pit and upon
which the salts are especially deposited. The margin of the
leaf of this plant is marked by a series of mineral aggrega-
tions formed in this way, resembling beads, each of which
corresponds to a gland. Glands of this kind are commonly
present, though they are not so well-developed, in many
allied plants belonging to the Saxifragacez and Crassulacez.

In other cases these salts appear 1o be excreted by
ordinary epidermal cells. In certain Ferns (various species
of Polypodium and Aspidium) scales of calcium carbonate
are formed on the surface of depressions in the surface which
are situated immediately over the terminations of fibro-
vascular bundles. Similar scales occur also on the leaves
and herbaceous stems of various Plumbaginaceous plants,
but in these they bear no relation to the fibrovascular
bundles. In these cases no glands, like that described above,
are present; it is therefore to be concluded that the epi-
dermal cells themselves excrete the calcium carbonate.

It not unfrequently happens, however, that plants excrete
substances other than waste-products, but this has the effect
" of securing indirect advantage to the plant. In the great:
majority of flowers there are glandular organs which excrete
a watery fluid holding principally sugar in solution; the
organs are termed nectaries, and the excretion nectar. Al
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nectary has essentially the same structure as the water-gland
described above. It consists of a group of glandular cells
situated in close relation to the terminations of one or more
fibrovascular bundles, the only important difference in struc-
ture being this, that whereas the water-gland is sunk in the
tissue and is covered by the epidermis, the nectary has a
large free surface, so that the nectar is at once poured out on
the surface. The difference in function, to which attention
has already been directed (p. 101), is this, that the excretion
of the nectar is independent of the root-pressure, whereas
the excretion by the water-gland can only take place under
~ the influence of the root-pressure.

Another instance of an excretion of this kind is afforded
by the carnivorous plants. The glands of the leaves of these
plants excrete a watery liquid which holds in solution a
peptic ferment and one or more organic acids. The structure
of the glands is different in different plants. In Drosera the
gland is borne at the end of a filament (tentacle). It consists
(Fig. 33) of a group of tracheides which are connected with
the fibrovascular tissue of the leaf by a bundle which runs up
the filament : the group of tracheides is surrounded by one or
two layers of parenchymatous cells, and over these is the epi-
dermis. In Dionaa, Pinguicula, the gland is a modified hair
consisting of a group of cells borne upon a short stalk; in
Nepenthes it is sessile (Kurtz, Wunschmann). In Darlingtonia
and Sarracenia there are, according to Batalin, no specialised
glands, but the effect of the contact of organic matter
(insects, meat, etc.) with the cells of the lower part of the
pitcher is to cause the excretion of some substance (probably
the digestive excretion) between the cuticular and the deeper
layers of the cell-wall of the cells which have been touched,
and this is followed by the rupture of the cuticular layer.
This rupture has the effect not only of bringing the excretion
into relation with the introduced organic matter, but also
of enabling the cells which have thus lost their cuticle to
absorb the organic matter.

.T.he use of the nectar is to attract insects, and thus to secure cross-
fertilisation. The position of the nectary in a flower is usually such
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The waste-products are usually deposited in the cells in which they
are produced, or in intercellular spaces (¢.g. resin passages): there are
thus two kinds of receplacles for excrefions, cellular and intercellular,
Some of them (calcium carbonate and oxalate, alkaloids) are especially
deposited in parts of the plant which are deciduous, such as leaves, fruits,
seeds, and bark. Calcium carbonate and oxalate are deposited usually in
the form of crystals either in the cell-wall or in the cell-cavity, and silica
in the cell-wall. Allusion has already been made (p. 22) to the presence
of these substances in the cell-wall, especially to the deposition of calcium
carbonate in crystoliths (Fig. 34); these bodies are apparently peculiar

Fig. 34 (after de Bary). Cystolith from the leaf of IFrtica macrophyila.

to the orders Urticacez, Euphorbiaces, and Acanthacez. Molisch
has observed that calcium carbonate is commonly to be found in the
cells and vessels of the heart-wood (duramen) of dicotyledonous trees,
Calcium oxalate is deposited in cells as either single crystals or a cluster
of crystals belonging to the quadratic system (CaCy0,+2H,0), or in
groups of parallel prismatic crystals (raphides), resembling a bundle of
needles, belonging to the clinorhombic system (CaC,0,+6H.0). Some-
times the crystals, belonging to either system, are arranged in a radiate
manner so as to form a sphero-crystal, as in the hypha of Phallis
caninus, a Basidiomycetous Fungus.
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LECTURE XIII.

METABOLISM (continued ).

8. The Supply of Energy.

OUR consideration of the metabolism of plants will have
made it evident that the various chemical processes involve
an expenditure of energy : from this it follows that the con-
tinuance of these processes, in other words, the maintenance
of the life of the plant, is dependent upon a supply of energy.
The supply of energy will form the main subject of the
present lecture, but we may conveniently consider in con-
nexion with it the general relations of light and of heat to
plant-life.

In the case of animals, the food affords the principal
supply of energy. It consists for the most part of complex
organic substances which represent a considerable amount
of potential energy, and when these substances are decom-
posed in the body, this potential energy appears in the
kinetic form. This holds good also with reference to plants
which are destitute of chlorophyll, for their food necessarily
includes, like that of animals, complex organic substances,
But with plants which possess chlorophyll the case is entirely
different. We have learned (p. 121) that their food consists
of simple inorganic substances which do not represent any
considerable amount of potential energy ; from these simple
substances green plants build up complex organic substances
which do represent a considerable amount of potential energy,
substances which serve directly or indirectly as the food of
all living organisms whatsoever which do not contain chloro-
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phyll: it is evident, therefore, that green plants must be
largely supplied from without with kinetic energy in some
form or other.

We have already noticed more than once that the meta-
bolic processes of plants are materially affected by external
conditions, especially by the presence or absence of light, and
by variations in the temperature of the surrounding medium.
A somewhat elevated temperature is, in fact, essential to the
active life of all plants, but light is essential only to the
life of those plants which contain chlorophyll. This naturally
suggests that the energy requisite for the life of plants is
obtained by them either in the form of heat or of light.
With regard to heat, its importance is not that it affords a
continuous supply of energy to be converted into work in the
plant, but that it determines the initiation of chemical pro-
cesses which are carried on by means of energy obtained from
other sources: hence the supply of energy in the form of
heat is relatively small, as compared, on the one hand, with
the supply of (potential) energy afforded by their food to
plants which do not possess chlorophyll, and on the other
hand, with the supply obtained in the form of light by plants
which do possess chlorophyll. With regard to light, we
1now of a mechanism in plants, but only in plants possessing
chlorophyll, by which the radiant encrgy of the sun’s light
's converted into work: light then is the special form in
which kinetic energy is supplied to green plants. But in
addition to its importance in the constructive metabolism of
green plants, light has, as we shall see, a modifying influence
upon certain of the metabolic processes, the nature of which
‘s not in all cases perfectly understood. We will now study
-1 detail the relation of light and heat to the metabolism of
plants.

Light. We learned in a previous lecture (p. 157) that a
green plant is incapable of constructing organic substance
‘from the materials of its food unless it is exposed to light:
and not only does it not increase in weight, when in darkness,
but it loses weight in consequence of the exhalation of carbon
dioxide and aqueous vapour in respiration (p. 195)- Prolonged
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exposure to darkness must, therefore, eventually prove fatal
to the plant, the length of the time being determined by the
amount of reserve plastic material which the plant possesses.
On the other hand, adequate exposure to light enables the
green plant to assimilate its food, and thus not only to make
good the loss due to respiration, but to increase in weight.

The foregoing statements are well illustrated by some experiments of
Boussingault and of Sachs.

I. (Boussingault.) Two beans of known weight were sown in
moistened pumice-stone on June 26; they were allowed to grow until
July 22, the one exposed to daylight, the other in the dark. The weights
of the seedlings were then determined.

Plant in light. ’ Plant in darkness,
Weight of seed ... 0922 grme. | Weight of seed ... 0926 grme.
,, seedling... 1'203 5 seedling... o566 ,,
Gain tea7n o Loss o360 ,,

2. Boussingault ascertained with Oleander-leaves that for one
square metre of leaf-surface 6336 cub. centim. of carbon dioxide were
decomposed during 12 hours’ exposure to daylight, whereas only 396 c.c.
of carbon dioxide were exhaled during twelve hours’ darkness. It is
evident from this that the gain in weight during the twelve hours of day-
light was greater than the loss during the twelve hours of darkness,

3. Sachs sowed four seeds of Trope@olum majus in each of ten pots;
the seedlings appeared above the soil on April 28. They were then
treated as follows : 1. two pots were placed in a dark cupboard ; II. two
pots were so placed in a room that they received only diffuse daylight ;
ITL. two pots were so placed in a window that they received diffuse day-
light for seven hours daily ; IV. two pots were so placed in a window
that they received diffuse daylight and often direct sunlight for about
six hours daily; V. two pots were so placed in a window that they received
as much light, both diffuse daylight and direct sunlight, as possible. On
May 22 the weights of the plants in the different pots were determined,

10 II. I1I. IV. V.
Weight of seeds 0'394 0394 0394 0°394 0394 grme.,
% seedlings 0238 0264 o301 0’480  1°202

Loss o156 o130 0'093  Gain o086 0'8g8

A plant which does not possess chlorophyll is capable, on
the contrary, of assimilating its food in the absence of light,
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The reason of this is that the food, consisting as it does largely
of complex organic substances, supplies, on being decomposed
in the body, the necessary energy for the carrying on of the
assimilative or constructive processes. Such a plant is there-
fore independent of any supply of kinetic energy from without,
except in so far as it is dependent upon an adequate tempe-
ature for the initiation of the decomposition of its organic
food. A plant which does possess chlorophyll is incapable
of constructing complex organic substances out of the ma-
terials of its food in darkness, for it then has no supply of
energy by means of which the necessary chemical processes
could be effected. It can only do this when it is exposed to
light, and can absorb the necessary radiant energy. It is
true that a green seedling or a shoot can live for a time in
darkness, and also increase in weight, but it does so, not by
assimilating food-materials, but at the expense of complex
organic reserve-materials stored up in some depository with
which it is in connexion. Thus,a shoot may grow from a
potato-tuber to a great length in the dark, but this is accom-
panied by a decrease in absolute weight ; that is, that the dry
weight of the shoot and of the tuber, taken together, is less
than the original dry weight of the tuber. The same is true,
as shewn above, of seeds and seedlings.

In a previous lecture (IX. p. 1¢7) it was pointed out that it
is by means of their chlorophyll that green plants are enabled
to avail themselves of the kinetic energy of the sun’s rays; we
will now discuss this point more fully than we did then.. It
was then mentioned that there are two principal conflicting
views as to which of the rays of the spectrum are the most
efficacious in promoting the decomposition of carbon dioxide
by the chlorophyll-corpuscles of plants, that, namely, of
Draper and of Pfeffer, according to which the yellow rays are
the most active, and that of Lommel, Timiriaseff, and others,
according to which it is the rays which correspond to the
most conspicuous absorption-band (band I, see plate) of the
chlorophyll-spectrum, the rays, that is, between the lines B
and C of the solar spectrum, at the junction of the orange and
of the red, which are the most active. The obvious difficulty
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which presents itself in considering Draper's and Pfeffer’s
view is that, inasmuch as the yellow rays are not absorbed
by chlorophyll, it is difficult to see in what way chlorophyll
assists in the conversion of these rays into work in the chloro-
phyll-corpuscle, This is a difficulty which has never yet been
explained, and it is one which appears to be hardly susceptible
of any satisfactory physical explanation. The view held by
Lommel and by Timiriaseff is, @ priori, intelligible, for the
rays in question are absorbed by the chlorophyll, and it may
be inferred that they are converted into chemical work after
- absorption. Moreover, the experimental evidence is decisively
in favour of the latter view. In his experiments Timiriaseff
was careful to work with a pure spectrum, that is, he endea-
voured to prevent as far as possible any admixture of the
rays of different colours, so that the red portion of his spec-
trum consisted almost exclusively of red rays, the yellow of
yellow rays, and so on. Draper and Pfeffer clearly worked
with impure spectra, for in their experiments the aperture of
the slit by which the light was admitted was very wide in
order to increase the intensity of the illumination. Hence in
their spectra there was a considerable admixture of rays of
different colours. Their observations are doubtless accurate
enough, but their conclusions as to the relative efficacy of the
different rays of the spectrum in the decomposition of carbon
dioxide are vitiated by the imperfection of the method by
which their data were obtained. Timiriaseff’s results have
received important confirmation by the ingenious experi-
ments of Engelmann, to which reference has been already
made (p. 156).

Engelmann ascertained that certain Schizomycetes (Bacterium termo,
Cohn) only exhibit their movements in the presence of free oxygen ; if a
drop of water containing these organisms be examined under the micro-
scope, the Bacteria collect especially at the edges of the cover-glass and
there continue their movements, and those which remain at some distance
from _th[e edges soon cease to move., He observed also that if a cell
containing chlorophyll, such as a small Alga, be introduced into such a
Prepzfration, the Bacteria collect around it, provided, of course, that the
llumination is sufficiently intense to ensure the evolution of oxygen by
the chlorophyll. By observing the green Alga in the different regions of
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a relatively pure spectrum produced by means of a microspectroscope, he
ascertained that the Bacteria collected especially in the region between
the lines B and C, that is, at the junction of the orange and red, and that
there was a secondary maximum of aggregation in the blue just beyond
the line F: these regions coincide with the most marked absorption-
bands of the chlorophyll-spectrum. Inasmuch as the collection of the
Bacteria in these regions is an indication that oxygen is being evolved
there, these observations afford most valuable support to the view that
those rays are the most active in the decomposition of carbon dioxide
which correspond in position to the most conspicuous absorption-bands
in the chlorophyll-spectrum.

E b F

wha Fr dzig
+ il lrri:

F1c. 35 (after Engelmann). A pottion of a Cladophora-filament seen under the
microscope in the solar spectrum, the chlorophyll-corpuscles being omitted
from the drawing. The principal lines of the spectrum are indicated. The
aggregation of the motile Bacteria about the filament is seen to be greatest
between the lines B and C.

It has been mentioned (p. 152) that Engelmann is of opinion that
some of the colouring-matters which are characteristic of certain Algz
( pleycoxanthin, phycocyanin, and phycoerythrin) have the same func-
tion as chlorophyll. He obtained with various brown, bluish-green,
and red Algz, results similar to those given above with reference to
chlorophyll, though the points of maximum aggregation were not the
came inasmuch as the absorption-spectrum of these colouring-matters is
not the same as that of chlorophyll. Thus in the case of blue-green
Alga the maximum of aggregation is not in the red-orange, but in the
_yellow, and in the case of red Algze, in the green.

Engelmann was enabled to estimate quantitatively the relative activity
of the different rays of the spectrum by the following method. He
observed the moment when, in each successive region of the spectrum,
the movement of the Bacteria in the neighbourhood of the Alga began,
and then ascertained the width of the slit. The width of the slit is a
measure of the intensity of the light; therefore the wider the slit the
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greater is the intensity of light required to prcdutfe the movements of the
Bacteria in any given region of the spectrum, or, in ?ther words, tu. cause
an evolution of oxygen. Assuming that the evqunm'.f of oxygen is pro-
portional to the intensity of the light, that is, to the w1dl.11‘c:f thr.? slit, the
relative activity of the various regions of the spectrum will be inversely
proportional to the width of the slit. The maximum may be taken
as 100, !

The following are some of the results obtained in this way. The
observations were made with a prism-spectrum, but they are reduced to
| the diffraction-spectrum.

| I. Green Cells (Sunlight).
a BIC CJD D DIE E¥ E}f F FiG G
- 638 100 81z 557 412 363 699 861 8og 472

II. Brown Cells (Diatoms) (Sunlight).
133 946 770 771 100 893 793 737 538 366

ITI. Bluish-green Cells (Oscillatoria, Nostoc) (Sunlight),
— 853 967 ' 1c0 == e — I, = —

IV. Red Cells (Floridee) (Gaslight, calculated to Sunlight),

£ HACUCIDL D DR TIE - Bly BIF | F G

9 154 318 505 100 79y 622 365 464 191

We learn, then, that the chlorophyll (and the other colour-
| ing matters above alluded to) absorbs certain rays in different
| parts of the visible solar spectrum, some to a greater and
' some to a less extent, and that this absorption is the means
' by which the kinetic energy of the rays is made available for
| the work of constructive metabolism. * It is of interest to note,
ras Timiriaseff does, that the maximum absorption of chlo-
 rophyll coincides exactly with that portion of the spectrum in
| which, according to Langley, the maximum of energy falls,
- The whole of the kinetic energy thus absorbed is not trans- .
formed into work, but still the chlorophyll-corpuscle appears
to be a very perfect machine in this respect, for, according to
I Timiriaseff’s calculations, it transforms into work as much as
forty per cent, of the absorbed energy.

In concluding this part of the subject we will briefly con-
sider the relation between the intensity of the light and the
decomposition of carbon dioxide. It is obvious that there
must be a minimum intensity at which this process first

Ve 17
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begins to take place, and the results of a great number of
observers all tend to prove that a feeble light is less active
than one of greater intensity. It is probable, as Sachs points
out, that there is an optimum intensity above which the
activity of the process decreases, but it is a question whet