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P R E F A C E

TO T H E SECOND E D I T I O N .

T H E expanding margin of botanical knowledge and

the trend of botanical thought have made necessary

much revision and rewrit ing; the original intention

of providing a general introduction to the problems

of plant metabol ism, adequate as a foundation on

which to base further study, has, however, been

maintained.
P. H .
T. G. H.

January•,

P R E F A C E

TO T H E F I R S T E D I T I O N .

I N the preparation of the present volume on the

Metabolic Processes of Plants two alternatives were

presented: the one to g ive as full an account as

possible of the literature, the other to g ive such an

account as would form a basis for further study.

The latter, and more difficult task, was chosen; for,

valuable though a digest of the relevant literature
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w o u l d b e , i t would t e n d t o c o n f u s e r a t h e r t h a n t o

ass i s t t h e s t u d e n t . F o r t h i s r e a s o n w e do n o t p r o -

fess t o h a v e m e n t i o n e d all r e s e a r c h , o n t h e sub jec t

m a t t e r ; i n d e e d in some ^ i n s t a n c e s , t h e c h a p t e r on

G r o w t h for example , some c r i t i c s w i l l s a y t h a t too

m u c h has been o m i t t e d ; w e t r u s t , h o w e v e r , t h a t no

w o r k of o u t s t a n d i n g i m p o r t a n c e a n d r e q u i s i t e for

o u r t r e a t m e n t h a s been o m i t t e d . D e t a i l s r e g a r d i n g

m e t h o d s of e x p e r i m e n t h a v e b e e n o m i t t e d s ince t h i s

a s p e c t of t h e subject m o r e p r o p e r l y be longs t o a

p r a c t i c a l t r ea t i se .

P . H .
T . G. H .

July, 1922.
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C H A P T E R I.

INTRODUCTION: THE LIVING PLANT.

THE problems involved in the study of plant life m.iv be<t bt
ordered and formulated by a consideration, mtcnti-nalty
elementary, of the history of a seed plant* d ;n k

r -d ^r-ur'l
The period of rest completed—a period whicii \a.n * nvd> h in
duration and in different species—a s-»wed $ied bc^m- its ;tr-
ruination by the imbibition of water, provided the ^'ruiitions,
chiefly of moisture, temperature and aeration, are >u it able.
When the. seed coat is saturated, water is absorbed by the
underlying structures both by imbibition and by osmosis., for
the seed coat, although it may be impermeable to certain
substances,* is permeable to water. Considerable swelling
commonly results so that the volume of the seed is much
increased and in this swelling a relatively great force is exerted :
Stephen Hales in his classical experiment found that the force
exerted by swelling peas was sufficient to raise a weight of
184 pounds.f

The second phase in germination now begins, growth starts :
but growth is impossible without food to supply the where-
withal for new structures and to make good the waste, for
vital activity requires energy which is obtained by various
catabolic processes* Thus aerobic respiration, the ordinary
oxidative process of green plants, is a marked feature con-
current with growth and may be sufficiently intense to cause
an obvious rise in temperature. The required food, chiefly
fats, carbohydrates and proteins, are stored in the embryo

* See Adrian Brown : " Ann. Bot.," 1907, 31, 790 ; " Proc, Roy.
Soc.Z* B, 1909, 8i, 82. Collins: "Ann. Bot.," 1918, ja» 381. Wolf*;
" Bot. Gai.," 1926, §2, 89. Kotowski: " Plant Phyvot./" 1927, a» 177,,.

f Hates: "Vegetable Staticks," 3rd Edition, London. 173s, p. 102.
VOL. II.—1



2 THE LIVING PLANT

itself or in special tissues, endosperm and perisperm : and
since the food is stored in a form mostly insoluble and non-
assimilable, water is the first essential and appropriate en-
zymes the second, for not before it is hydrolized can food be
translocated from its storage cells and passed by osmotic
processes to the active tissues. The enzymes may be elabo-
rated in the cells or tissues containing the food, or may be
secreted by specialized structures., the scutellum for example.
Often the products of hydrolysis may be recognized by simple
means, sugar for instance, in germinating barley: but some-
times their assimilation may be so rapid that identification is
difficult; indeed, on occasion their presence can only be in-
ferred from the results of carefully controlled test-tube ex-
periments, glycerol, for example, in germinating Ricinus.
The embryo thus presented with appropriate food, grows and
develops. Growth is in some degree an understandable
problem which, on the present elementary occasion, can be
sufficiently indicated in a few words. Of necessity must a cell
be nourished through its surface and growth will take place
if assimilation be greater than waste by oxidative and kindred
processes. But growth means increase, and as this increase
in bulk takes place the surface area of the cell is proportion-
ally lessened. A stage ultimately will be reached when the
area of the "surface is so limited in proportion to the volume of
the cell as to permit the entry of only sufficient food to make
good the losses ; thus the surface area is a limiting factor.
One of three things now is possible : the cell may remain as
it is, a permanent tissue element; it may develop further,
using up its own contents either entirely or in part in fitting
itself for another function, water transport, for instance ; or
it may divide and by so doing increase its surface area in
relation to its volume, in which event the cycle may restart.
Growth thus can be interpreted in terms of physical chemistry :
the first possibility mentioned hardly requires contemplation,
since nothing is easier to do than nothing. The third pro-
position is less easy to understand ; the second is a mystery.
Thus, why should the daughter of a merismatic cell develop
into a phloem element if it be cut off on the one side of its
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parent and into a xylem element if it be born on the other?
Is it due to some subtle influence or stimulus which has its
origin in the adjacent structural elements ; or is it due to
some quality in the cell itself, an heredital predetermination.

To these questions there are no real answers ; the facts
must be accepted, their explanation must be left to the
future.

The embryo grows and develops into the autotrophic
organism of a form and structure determined by its conditions
of life and by its ancestry, and exhibiting those actions and
reactions commonly associated with the higher plants. The
shoots and roots circumnutate and respond to various stimuli,
gravity and light being the most obvious. Circumnutative
and other autonomous movements may be explained by such
conceptions as rectipetality and associated engrams ; whilst
in explanation of tropisms various mechanistic hypotheses
have been formulated ; some chemical, the hormone theory
of gravitational stimulus of roots, for instance ; others physical,
the statolith theory, for example.

The highly organized root_§y§tem by means of its root
hairs takes up raw material by osmosis in the form of water
and its dissolved salts; in many plants, possibly in all, the
osmotic strength of the cell sap of the root hairs is continu-
ously adapted and is nicely adjusted to the osmotic strength
of the soil water. From the root hairs water is passed on
through the cortex to the water-conducting elements of the
vascular cylinder, and thus supplies the shoot system. The
shoot system, no less highly organized, is, in the first instance,
concerned with the manufacture of food, carbohydrate, fat and
protein. In this connection the leaf, a marvel of organization
—with its chlorophyll apparatus supported by the network of
veins which also are the conduits for the conveyance of fluid
raw materials and for the elaborated products, and with its
mechanism for the regulation of gaseous interchange—is the
great* synthetic factory, building up food apparently with the
greatest ease and certainly with remarkable rapidity.

In due season reproduction takes place. Of the problems
here involved the secretion of nectar, when it obtains ; the
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facts of fertilization and the stimuli w h i c h invoke the seg-
mentation of the egg; the transmission of hereditary charac-
ters ; the reconstruction of the food d e s t i n e d for the use of the
offspring ; and the mechanisms of dispersal, are of fundamental
importance.

Of the various aspects of the life of a h igher plant outlined
in the foregoing fleeting account, it is appropriate on the
present occasion to consider those associated with metabolism,
the making of food and the procurement of energy.

But hefore beginning this, it is not a l t oge the r out of place
to draw attention to certain features w h i c h , although obvious,
are sometimes overlooked. The invest igat ion of the meta-
bolic processes of plants is pursued by growing the plant in
controlled conditions and measuring the effect of a selected
factor by varying that factor only. A posi t ive result will be
the resultant of the combined action of t h e factors concerned,
and although it may be of the greatest value, it, obviously,
can give no information of what h a p p e n e d in the living
cells. To ascertain this, other m e t h o d s , chiefly chemical
and physico-chemical, are used : a t t e m p t s may be made
to bring about in the test tube processes which occur in
the plant, or analyses may be periodically made of the con-
tents of the tissues where metabolic a c t i v i t y is taking place
in order to find the sequence of the chemical change. The
former method is of value in giving informat ion of the chem-
ical possibilities and has led to great a d v a n c e s in knowledge ;
but it does not follow that because this o r t h a t can be accom-
plished in vitro, the same events happen in vivo, for the con-
ditions obtaining in the active living cell would appear to be
of infinite complexity ; metabolic ac t iv i t i es , both catabolic
amd anabolic, oxidative and reductive, t a k i n g place concur-
rently, and thus various actions, r eac t ions and digressions
may occur which never happen in the re la t ively simple con-
ditions obtaining in the test tube.

The second method, that of analyses o f cell contents, has
yielded valuable information about final products , but so far
has thrown but little light cm the sequence i n chemical change
since the intermediate phases may be t r a n s i t o r y in the plant,
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or, being highly reactive, may undergo change during the
process of extraction.

Often the presumed role of a compound can only be
established after it has been isolated from the organism
and its behaviour studied in conditions which never occur
in the plant. There is sometimes a tendency to discard such
evidence as having no bearing on physiological processes ;
this is not necessarily sound judgment, for a change which
can take place in the unnatural conditions of the test tube
may be effected with ease in the living cell.



C H A P T E R I I .

T H E SYNTHESIS OF CARBOHYDRATES.

T H E term carbon assimilation, although unfortunate from
some points of view, is employed to designate all those ac-
t ivi t ies , in part physical, in part chemical, which play a part
in t h e anabolism of carbon dioxide by green tissues. The
conspicuous facts of the process are that active chlorenchyma
o n exposure to light forms, by means of its chlorophyll,
carbohydra te from the initial substances carbon dioxide and
w a t e r ; oxygen, in volume roughly equivalent to the volume
of carbon dioxide consumed, is evolved during the process.*
Carbohydrate is the obvious and chief end product, but protein
also m a y be so formed, and such diverse materials as fat,
t a n n i n and various organic acids have been considered, prob-
a b l y on insufficient evidence, to be of direct photosynthetic
origin. The earlier phases in these synthetic processes are
photochemical, a mutation of radiant into chemical energy,
a n d i t is during this phase that the oxygen, a waste product,
is evolved. The presence of oxygen in the air-space system
of t h e active chlorenchyma may thus be considerably greater
t h a n in normal air, and since this gas is continually excreted
d u r i n g the process, it is not surprising to find that the quan-
t i t y of oxygen in the surrounding atmosphere is immaterial
t o t h e process and that it may be decreased to 2 per cent, or

* Bonnier and Mangin (" Ann. Sci. Nat. Bot./' 1886, 3, 1) found by
various experimental methods that the ratio 02fCOt was always greater
than unity for ordinary plants; the lilac gave the smallest value, 1*05, and
the liolly the largest, 1-24. A similar range was found by Aubert (" Rev.
gen. Bot,/ ' 1892,4, 203) to obtain in ordinary plants, but succulents, which
have a peculiar metabolism, gave generally a higher value, as high as
7*59 in Opuntia tomentosa. Maquenne and Demoussy (" Compt, rend./'
Z9*3> I5<>» 506) conclude from a large number of observations that the
assimilatory quotient approximates to unity.

6
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increased to 50 per cent, without adverse effect,* and, accord-
ing to Harvey,f many species of marine algae growing in a
medium entirely free from oxygen, but not from carbon
dioxide, evolve oxygen on illumination. But since the for-
mation of chlorophyll is dependent upon the presence of oxy-
gen, the prolonged maintenance of a low oxygen pressure will
inhibit the development of more chlorophyll and this will in
turn react on carbon assimilation.

Carbon assimilation is conditioned by various factors;
wherefore the rate of the process will vary considerably ac-
cording to the inter-relationships of these factors. For this
reason it is hardly remarkable to find that different values
of the rate of carbon assimilation have been reported by
different investigators : differences ia value due not only to
inappreciation of the conditioning factors, but also to different
avenues of attack. To consider a few examples: different
values may be expected in leaves of the same plant but
of different ages, and also in sun and shade leaves owing,
presumably, to their structural differences. Further, carbon
assignation and respiration proceed side by side and are
antagonistic with respect to oxygen and carbon dioxide;
wherefore to find the true assimilation, the respiration must
be ascertained; owing to the normal variation of daylight, a
balance between these two processes must be of common
occurrence, when, owing to the low light intensity, the rate of
evolution of oxygen during photosynthesis is so slow that it
is used up in respiration as quickly as it is formed.f Finally,
different methods of experiment in all probability will give
different values for one and the same subject,

* Friedel: " U.S. Dept. Agric.," 1901, Bull. 28.
•f Harvey : " Plant Physiol.," 1928, 3, 85.
X This light intensity- is known as the compensation point and differs

in different plants and in the same plant grown in different conditions;
also it -would appear to be lower in shade plants as the following values,
taken from amongst those given by Boysen-Jensen, indicate {*' Bot
Tidsk.," 1918, 36, 219. See also Plaetzer : " Verhand phys. med. Ges.,"
Wiirzburg, 1917, 45, 31; and Harder : " Ber. deut. bot. Ges.," 1923, 4*>

-
Sinapis alba, a sun plant . . . 1 -o Bunsen units x 100
Sambucus nigra, sun leaves . . 0*7 >r „

shade leaves . . 03 „
OxaJts acetosella, a shade plant . . 0-2 %, „
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The accompanying table gives a selection of values of the
rate of carbon assimilation in the open air of detached leaves
of the sunflower, Helianthiis annuus^ expressed in terms of
grams of increase in dry weight per square decimeter per hour,
obtained by the authorities named :—

Sachs* . . . -01882
Brown and Morris | . -00985
Brown and Escombe { -00361 — -00551
Thoday § . . -0169 (the average for fully turgid leaves)

•0016 (the average for quite flaccid leaves).

The figures of Sachs and of Thoday were obtained by the
direct determination of the increase in dry weight, whilst the
others were calculated from the amount of carbon dioxide
absorbed and assuming that carbohydrate only was ultimately
formed. Since the ultimate fate of the carbon dioxide is not
entirely known, the extent to which it is directly used in the
elaboration of fat or protein for example, the dry weight
method would appear to give the most accurate results.||

THE FACTORS.

It is obvious that little or no profit will accrue from the
contemplation of the above figures unless they be correlated
with the factors which determine and control the process.

These factors are both external and internal: the external
factors are amenable to experimental control whilst the
internal are much more evasive and thus are less understood.
Of the external factors, the supply of raw materials, the degree
of temperature and the intensity and quality of the illumina-
tion are the most conspicuous ; of the internal factors, the
chlorophyll apparatus and the products of carbon assimilation
are the least elusive.

The do t̂rJije ĵpjUixnilirig^ factors, now well known, is due

* Saeks : " Arbeit, Bat. Inst," Wiirzbxurg, 1884, 3, 19.
f Brown and Morris: " Joam, Cfeem. Soc.," 1S93, &3» 604.
% Brown and Escombe: " iProc. Itoy, Soc.,'* B, 1905, 7&, 29.
ITfcd U
1 Far % critical review of Sachs's and Brown a.nd Escombe's methods,

see Tbofay: " Ftoe. Stay. Soc./' B, 190$. 8a, %*
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to F. F. Blackrnan * who enunciated the axiom that when
a process is conditioned as to its rapidity by a number of
separate factors, the rate of the process is limited by that of
the slowest factor. The limiting factor in any definite in-
stance may be identified by the experimental application of
the principle that "when the magnitude of a function is
limited by one of a set of possible factors, increase of that
factor, and of that one alone, will be found to bring about an
increase of the function." f

The principle may be illustrated by oae of Matthaei's $
many experiments on the effect of temperature on carbon
assimilation in conditions constant except for temperature
and illumination. In Prunus laurocerasus there was a gradual
increase in the assimilation as the temperature was raised;
at about i i ° C. a maximal assimilation of 22 rng. of carbon
dioxide per 50 square cm. per hour obtained and was not
increased even by raising the temperature to 25 ° C. By
doubling the light intensity, however, the maximal assimi-
lation was equivalent to 37-5 mg. of carbon dioxide per 50
square cm. per hour and again there was no increase on raising
the temperature. This means that light intensity was a
limiting factor and only by its increase could a greater carbon
assimilation be obtained. In his original illustration of the
principle of limiting factors, Blackman graphically represented
the reaction as linear up to the point of limitation and then
abruptly horizontal; and it is this abruptness in the course of
the graph which has led to some controversy and has resulted
in an accretion of knowledge. But before dealing with this,
it must be pointed out that the graph originally presented was
an illustration of a principle, not necessarily a precise repre-
sentation of a reaction: " It is not claimed that a limiting
factor curve always adheres rigidly to a typical form with a
sharp angle a t the point of change of the limiting factor. It

* Blackman : " Ann. Bot.," 1905, 19, 281,
f Blackman and Smith : " Proc. Roy. Soc," B, 1911, 83, 3S9.
I Matthaei : "Phil. Trans. Roy. Soc," B, 1904, 197, 47. For the

application of the principle to the growth of field crops see Balls and Holton :
" Phil. Trans. Roy. Soc," B, 1915, 206, 103, 403 ; and Balls: id., 1917,
208, 157.
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is conceivable, and is indeed probable, tha t when two factors
are close to the limiting value a change in the one not limiting
may have some appreciable effect in assimilation. This will
show itself about the inflexion of the curve where the limiting
factor is changing. For example, when carbon dioxide is
limiting, increase of temperature may cause a small increase
of assimilation by increasing the rate of diffusion of the carbon
dioxide. But all minor details like these apart, the hypothesis
of limiting factors rests broadly on the possibility by its means
of interpreting simply and logically the greatest number of
known facts about the rate of carbon assimilation."*

Boysen-Jensen f studied the carbon assimilation of light
and shade plants : on plotting the r a t e of photosynthesis
in unit time for unit area against light intensity, he found
that the graph approximates to a logarithmic curve; at first,
*when light is limiting, the course is more or less linear ; at
last, when a factor other than light, temperature or carbon
dioxide for example, is limiting the course is again linear and
more or less parallel to the abscissa axis. Between these
extremes the curve is continuous and no t abrupt since it is
the resultant, not of a single factor, bu t of two or more which
come into play when their intensity is more or less equivalent
to that of the original limiting factor. Harder j : investigated
the problem, using, for the most part , the aquatic moss
Fcntirudis antipyretica which can be continually used in a
series of experiments so that the ill-defined factor of variation
ia material, inevitable when detached leaves are used, is
avoided. Using the three factors, l ight intensity, carbon
dioxide supply, and temperature, he found that when two
factors were kept constant and the third varied, the curve
obtained was approximately logarithmic. Further, he varied
light intensity and carbon dioxide supply, using potassium
hydrogen carbonate for its source. The following; table sets
forth some of his results:—

* Smith: " Ana. Bot./* 1919, 33, 535. See also Maskell: " Proc.
Roy. Soe.," B> 1928, i©2, 4&8.

f Boysea-Jensea : " Bot, Tidsk./' 1918, 36, 219.
% Haider: " Jahib. "wiss. Bat.," 1921, 60, 531.
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Per Cent, of
KHCO3.

O-OI
0*04
o-i6
0-32

Light Intensity in Metre Candles.

167

0*12
0*26

667

O'4I
O-9I
I'lO
1-23

2000

o-75
2-24
3*45
4-70

6000

0-90
3*45
6-40
8-6o

18,000

i-o6
470

"•35
15*20

36,000

1-07

16-64

It will be seen that the intensity of carbon assimilation
increases both in the vertical and the horizontal directions,
i.e. with increase in carbon dioxide and with increase in illu-
mination. Harder concludes that a single factor appears to
be limiting only when it is very much weaker than the other
factors. Its action is not directly proportional at all con-
centrations or intensities of the other factors, thus the higher
the light intensity, the greater is the augmenting effect of an
increase in the concentration of carbon dioxide. That is,
both of these factors become interlocked and play a part,
so that the rate of carbon assimilation is dependent on the
concentration of carbon dioxide as well as the intensity of
illumination.

Lundegardh * found that shade plants such as Oxalis
acetosella growing in an atmosphere containing the normal
amount of carbon dioxide and in varying intensities of illu-
mination gave a curve of the abrupt type, for in light above
one-tenth of full sunlight no increase in photosynthesis was
observed unless the amount of carbon dioxide were increased.
Sun plants such as Nasturtium palustre, on the other hand,
behaved differently: with low light intensities photosyn-
thesis was proportional to the illumination, but with increasing
light, photosynthesis was slower than the increase in carbon
dioxide concentration ; that is, a proportional relationship
no longer obtained. And in an atmosphere relatively rich
in carbon dioxide, carbon assimilation was observed even in
light of an intensity one-fortieth that of direct sunlight. In
such instances, the curves are of the logarithmic type and

* Lundeg&rdh : " Svensk. Bot. Tidsk./' 1921, 15, 46.
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Lundegardh agrees with Harder tha t t h e factors of light i n -
tensity and carbon dioxide concentrat ion, when above t h e
normal pressure of the natural a tmosphere, mutually influence
one another. A like difference between s u n and shade leaves
has been observed by Stalfelt * in t h e gyrnnosperms Picea
excelsa and Pinus sylvestris ; he found t h a t the intensity of
photosynthesis was greater in shade l e a v e s than in sun leaves
a t the same light intensity as is shown b y the following t a b l e
in which the light intensity is in pe rcen tages of open daylight:
and the photosynthesis is in mgs. of c a r b o n dioxide assimilated
per hour per gram of fresh weight.

light.

10
20
3°
40
50
6o
70
80
90

Carbon Assimilation.

Picea exulsa.

Sun Leaves.

•07
-34
•58
•78
"95

1-10
1-23
1-33
1-42

Shade Leaves.

•47
•93

1-24
147
1-64
178
i-8g
1-97
2-DO

Pinus sylvestris.

Sun. Leaves.

•40
•89

1-24
*\54
i-8o
2 0 2

—
—

Shade Leaves.

.72
125
1-62
I-9I
215
2-35
253
269
2«8l

The difference in the behaviour of sun a n d shade leases p r e -
sumably is due to the fact that the g r o u n d shade flora is, f r o m
the character of its habitat, sur rounded by an atmosphere
richer in carbon dioxide than the upper a i r arid the air of m o r e
open situations ; also shade leaves are characterized by a m o r e
delicate structure, wherefore imped iments to a rapid in te r -
change between the internal atmosphere of the leaf and t h a t
of the surrounding air are to a greater o r lesser extent removed.
This structural factor is of impor tance , possibly of g r e a t
importance, in the carbon assimilation of the higher p lan t s ,
wherefore comparisons of the pho tos^n the t i c ability of th .e
leaves of different plants or of t h e s a m e plant grown i n

• Stalfelt: " Medd. Stat. SkogsfflrsaksEtnsV 1921, 21, 22r.



INTERACTION OF FACTORS 13

different conditions may have no real significance. This was
recognized by Warburg * who used in his experiments Chlorella,
a green alga of the simplest possible morphology, the sphere.
With respect to the factors light intensity and concentration
of carbon dioxide, he found that when carbon dioxide was in
small amount, the intensity of carbon assimilation was in
proportion to this amount; that is, carbon dioxide was a
limiting factor. But when the amount of carbon dioxide was
progressively increased, the photosynthesis did not corre-
spondingly increase and the curve became logarithmic. War-
burg's conclusion is that the intensity of photosynthesis is
proportional to the concentration of carbon dioxide and to
the concentration of a second substance which enters into
combination with i t ; that is, the intensity of photosynthesis
is governed by the rate of a chemical reaction. It will be
obvious that the diffusion factor in his experiments is reduced
to a minimum.

The balance of evidence relating to the interaction of
the light intensity and carbon dioxide concentration factors
favours the view that a factor is strictly limiting only when it
is very weak, or " in minimum," to use Harder's terminology ;
when, however, their intensity or concentration more nearly
approach one another, an increase in either will result in an
increased photosynthesis ; that is, the reaction intensity is
controlled by both factors. This relates only to the two
factors mentioned; to what extent it applies to combinations
of other related factors is uncertain. It is not improbable
that the complete process of carbon assimilation consists of
separate phases,! the most obvious of which are diffusion,
photochemical, and chemical which is independent of light.
The intensity of each phase is conditioned by a set of factors
which may be peculiar to itself, thus light is effective in the
photochemical but not in the chemical, in which stage tem-
perature is highly important. Further, the intensity of one
phase may be governed by the intensity of another, thus the
accumulation of sugar in the leaves of the beet may effect a

* Warburg : " Biochem. Zeit.," 1919, 100, 230.
j See Briggs : " Proc. Roy. Soc," B, 1920, 91 > 249.
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cessation of the process at ^.bout noon on a bright day not-
withstanding the fact that the conditions for photosynthesis
apparently are most favourable.

The importance of the conditioning factors is obvious,
and it is clear that the significance of any one cannot be
evaluated without reference to others.

EXTERNAL FACTORS.

THE KAW MATERIALS.

Water and carbon dioxide are the requisite raw materials
for carbon assimilation.

WATER.—Water is essential not only as such for the fabri-
cation of food, but also to keep the leaf tissues in a condition

t^for the processes to take place. With regard
to the water supply, the transpiration current is the immediate
source; it is, however, not convenient on the present oc-
casion to consider the problems presented by this phenomenon.

Thoday found that the rate of carbon assimilation lessened
as the leaves of Helianthus annuus lost their turgidity; in
an extreme instance, when the leaves were very flaccid, the
stomates were all but closed and the increase in dry weight
was very small indeed. Some determinations by Thoday of
the average increase in dry weight of leaves in different con-
ditions of turgidity have been mentioned. If cells become
plasmolysed, constructive activities must cease; if in such
cells the turgid condition be not recovered, death supervenes.

Iljin * has obtained results similar to those of Thoday,
and his work stresses the indirect action of water, for the loss
of water from the leaf results in the closure of the stomates,
wherefore the supply of carbon dioxide is diminished and thus
the rate of carbon assimilation is depressed. If the loss of
water is temporary and not too great, the guard cells regain
their turgidity and the stomates open ; but if the loss of water
has been excessive, recovery may not tak£ place and the guard
cells die, wherefore the efficiency of the leaf suffers. In such
conditions, Iljin considers that the injury to the guard cells

* njin : " Jahrb. wiss. Bot.," 1922, 61, 670 ; " Flora/\i923, 16, 360.
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function. It was further observed that in starch-free guard
cells, severe desiccation resulted in the disappearance of the
sugar, presumably owing to the increased rate of respiration
which obtains in these circumstance. Dastur * al.-.o imd*
that the decline in the photosynthetie activity of leave* is
due to the shortage of the water supply, the inadequacy of
which eventually terminates this particular activity of the
leaf. The cessation of photosynthesis is, however, not abrupt;
the marginal and intervascular regions are the first to feel the
drought and from these regions the ending of photosynthesis
spreads towards the centre and the main veins of the leaf.
This shortage of water is due to two causes : the increase of
the leaf area creates an increased demand for water owing to
the increase in photosynthesis and transpiration, but the
specific conductivity of the wood f remains unchanged after
the trachea* have attained their permanent form, hence the
increased demand is not satisfied ; secondly, as more leaves
unfold, the pull exerted by the living cells of the upper leaves
on the water of the conducting columns increases whilst the
pull exerted by the older leaves remain the same, henct there
is a deficient supply to the older leaves.

There is, in fact, a distinct correlation between the decrease
in the rate of assimilation and the fall in water content per
unit of leaf area, and if the two values for a set of leaves arc
plotted, the points lie very nearly on a straight line. This
is shown by the following observations on Abutilm Dmnmmi
made in carefully controlled experiments:—

• Dastur : " Ann. Bot.," 1924, 38, 779 ; 1925, 39, 769-.
f See Fanner : M Proc. Roy. Soc.," B, 1919, £©» 218, aja.
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CARBON DIOXIDE 17

distribution of the stomates, results which Brown and Escombe
confirmed in respect to plants with stomates on but one sur-
face of the leaf, but in plants in which stomates occur on both
surfaces of the leaf, they found that in bright sunlight the
intake of carbon dioxide into the upper surface is greater than
would be expected from the ratio of distribution of the sto-
mates on the two sides ; in light of a lesser intensity, however,
there is a closer, but not very close, correspondence between
the intake of carbon dioxide and the proportional distribution
of the stomates. It is suggested * that the greater infusion
found to obtain into the upper side of amphistomatous leaves
may be accounted for in that partial opening of the stomates
is likely when the incidence of illumination is on that side, and
that since the palisade parenchyma is the more active part of
the mesophyll, there will be a steeper diffusion gradient in the
upper side which will promote a more rapid flow of carbon
dioxide through the stomates of the upper surface.

The movements of the carbon dioxide are in accordance
with the laws of gaseous diffusion; the pressure of carbon
dioxide in the active chlorenchyma will be very low, whilst
in the atmosphere surrounding the leaf it will correspond to,
say, three parts in 10,000. Thus there are set up diffusion
currents the gradients of which vary according to the con-
ditions, rate of use and degree of atmospheric motion. The
problem of interchange between the gases contained in the
leaf and in the surrounding atmosphere is not, however, so
simple as may appear from this statement. Brown and Es-
combe, experimenting with leaves of Catalpa bignonioideSj
found that the rate of absorption of carbon dioxide at normal
temperature and pressure was about 0*07 c.c. per sq. cm. per
hour; since the total area of the stomates was but 0-9 per cent,
of the total leaf surface, it follows that carbon dioxide must
pass through the openings at the rate of 777 c.c. per sq. cm.
per hour, an amount so considerable when regard is had to
the stomatal area and to the fact that this rate of absorption
is about fifty times greater than the absorption of atmospheric
carbon dioxide by a normal solution of caustic potash, that it

* Brown and Escombe: " Proc. Roy. Soc./' B, 1905, 76, 29.
VOL. II.—2
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INFUSION OF CARBON DIOXIDE ig

stomate varying from the atmospheric density, p, to a lower
density, p', at the stomate cut perpendicularly by the lines
of flow of carbon dioxide converging to the opening of the
stomate * (Fig. i) . Thus it is that the increased flow of gas
through the stomate is possible.

The second section in the route of the carbon dioxide is
through the tube formed by the guard cells. Through this
tube the flow is inversely proportional to the length of the
tube, but the system of external shells increases the resistance
to the flow (Fig. 2). Finally, in the third section the tube
opens into the air-space system of the mesophyll bounded by
the absorbing surfaces of the chlorenchyma ; here the con-

FIG. 2.

verse of the first part of the path obtains, diffusion shells over
the lower opening of the stomate, where the density of the
carbon dioxide is //, being formed (Fig. 3). Thus in the whole
system there is a gradient of density from p to, say, 0, with a
set of shells at both ends of the stomatal tube (Fig. 4).

The obstruction to gaseous diffusion inseparable from a
multiperforate septum such as -the stomatal epidermis of a
leaf, varies apcording to the distance apart of the perforations :
if they are placed at distances roughly equal to ten times the
diameter of a perforation, each will act independently without
interference by its neighbours and conform to the law of di-
ameters. When situated more closely together, it was found

• Q = 2k(p +
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that the obstacle to diffusion w a s m u c h less t h a n the a c t u a l

obstruct ion of area b y the solid port ions of the s e p t u m . T o

quote concrete examples , B r o w n and E s c o m b e ca lcu la ted t h a t

in Helianthus the leaves could absorb 2-578 c.c. of c a r b o n

dioxide per sq. cm. per hour in m o v i n g air and 2-095 c .c . per

sq. cm. per hour in still air, as suming that the s t o m a t e s are

circular in shape. B y actual measurement it w a s f o u n d t h a t

in this same plant * in diffused l ight at a temperature of 1 9 0 C ,

0-434 c.c. of carbon d iox ide per sq . c m . per hour w a s absorbed ,

a n a m o u n t m u c h less t h a n the capaci ty of the s t o m a t e s t o

supply . S o m e of B r o w n a n d Escombe ' s conclusions h a v e b e e n

criticized b y Jeffreys f w h o has made a mathemat i ca l s t u d y of

evaporat ion, the problems of w h i c h are m u c h t h e s a m e as

those of gaseous diffusion. H e points out tha t further in -

ves t iga t ion is required and remarks t h a t " i t is n o t o b v i o u s

t h a t the surrounding s t o m a t a will not interfere w i t h the a c t i o n

of any individual to an important e x t e n t , a n d a w i n d b l o w i n g

• Brown and Escombe: " Proc. Roy. Soc./' B, 1905, 76, 29.
t Jeffreys : " Pfcril. Mag./* 1918, 35, 270.
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over the surface, though unimportant for a single stoma,
may be important when there are thousands spread over a
considerable area." If there is no interference between the
density shells of stomata ten diameters or more apart, so that
each stomate acts independently according to the law of
diameters, an impossible situation results. Thus if there are
more than 600 stomata per sq. cm. of leaf surface, the rate
of evaporation from them, which is the same thing as carbon
dioxide diffusion, would be greater than that from the whole
leaf surface, wherefore it must be concluded that gaseous
diffusion must be greatly impeded by the presence of other
stomata. It is not until stomata contract to one-fiftieth of
their original diameters, that the rate of evaporation, or gaseous
diffusion, will be practically independent of the diameter.
When the air is in motion and the stomata are fully open,
their total evaporation, or absorption of carbon dioxide, does
not differ much from the evaporation, or absorption, from an
area equal to the leaf surface ; * it is only when the number of
stomates per unit area is small, that each may act indepen-
dently, and the law of diameters obtain.

The conditions of humidity of atmosphere, temperature
and illumination, which affect the size of the stomates, ob-
viously will affect the infusion rate of carbon dioxide.f In
addition to these movements, traceable to definite external
causes, there is sometimes—the leaf of the cherry laurel,
for instance—a diurnal rhythm of stomatal opening even when
the leaf is grown in controlled conditions and constantly
illuminated. The result of this is that in a normal atmos-
phere, when the leaf is in constant light, there is a diurnal
rhythm in the carbon assimilation, the rate of which falls to
a very low value during the night and rises again next morning.
This diurnal, and also seasonal, variation in the assimilation
rate runs parallel with the diurnal and seasonal rhythms of
stomatal openings. It is only when the external atmosphere

* Cf. Renner : " Flora/' 1910, 100, 451.
t See Darwin : " Phil. Trans. Roy. Soc," B, 1898, 190, 531 ; 1916,

107, 413. Lloyd : " Carnegie Inst. Washington," No. 82, 1908. Knight:
' Ann. Bot.," 1916, 30, 57.
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is so enriched with carbon dioxide that li^ht and not carbon
dioxide is limiting the rate, that a regular rate of carbon
assimilation is maintained for over twenty-f^ur hours in a
constant illumination. Maskell,* to wiu.nri these observations
are due, suggests that the apparent ran* of carbon assimilation,
when carbon dioxide is limiting, is determined by the external
carbon dioxide concentration and a series of resistances which
comprise the stomatal resistance to diffusion, the resistance
in the intercellular space system and m the liquid diffusion
path froni the cell surface to the surface of the chloroplast
together with the resistances associated with the photochemical
and dark phases of the actual process.

In natural conditions carbon assimilation is limited by the
low pressure of carbon dioxide in the atmosphere, the high
values obtained in experiments in conditions involving an
increased supply of the gas never being attained.

In experimental work with land plants a limit is set to the
increase of carbon dioxide supply by the narcotic effect of the
gas when in excess,t 25 per cent, generally will inhibit growth ;
aquatic plants, on the other hand, are able to withstand a
relatively high concentration. Blackrnan and Smith J found
that Fontinalis and Elodea in water, with a carbon dioxide
concentration of 33-92 and 35-82 per cent, of saturation, and
under identical intensity of illumination and at temperatures
of 23°C. and 280 C. respectively, assimilated -0223 and '0249
gram of carbon dioxide per hour per standard area of 137
sq. cm. Fontinalis is less efficient, for reasons not finally deter-
mined, than aquatic angiosperms such as Elodea, Fotamogeten
and Ceratophyllum in utilizing carbon dioxide. Blackmail and
Smith, experimenting -with Elodm and Fmtinalis in constant
conditions of light and temperature and with a carbon dioxide
supply ranging from -0025 to -0540 gram per 100 c.c. of water,
found that the carbon assimilation increases steadily in pro-
portion to the increase in the supply of carbon dioxide. When
the assimilation reaches about 023 gram of carbon dioxide

• Maskell: " Proc Roy. Soc." B, 1928, wi« 467. 4**.
f See C&apia : " Fkxm," 190a, ̂ t> $4!.
% Blackman and Smitt*: '* Brae, Key. Soc.,'* B, 1911,
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per hour, however, there is no further increase with an aug-
mented carbon dioxide supply unless the light intensity be
increased. In other words, light intensity in this connection
is a limiting factor.

In all such experiments with aquatic plants, it is to be
remembered that the conditions are not precisely the same as
for a subaerial plant, since the resistance to the din us ion of
carbon dioxide to the chloroplast is much less in the aquatic
habitat, being only the liquid diffusion phase of the land plant,
i.e. the passage of carbon dioxide in solution from the solution
in contact with the surface of the plant to the chlorophyll
surface. Further, in normal conditions the amount of carbon
dioxide dissolved in the water surrounding the assimilating
plant depends on the rate of diffusion from the source of supply;
it is, in general terms, slow and is dependent on such factors
as temperature, relative gaseous pressures, degree of agitation,
and so on. The work of Blackman and Smith has been fol-
lowed by others, Harder for instance, to whose observations
allusion has already been made, some of whom used a bicar-
bonate solution as a source of carbon dioxide. The results
obtained are not always comparable, and the question arises
whether the carbon dioxide in the free state only is assimilable
by the plant and not —HCO3 ions and the undissociated
fraction of such salts as sodium hydrogen carbonate. A com-
parison between the two types of solution has been made by
James * working with Fontinalis a?itipyretica in controlled
laboratory conditions. He found that a flow of 40a c.c. of
sodium bicarbonate solution per hour resulted in a higher rate
of carbon assimilation as compared with a solution of pure
carbon dioxide of an equal partial pressure when no other
factor was limiting ; but with a flow of 600 c.c. of bicarbonate
solution per hour and with a low intensity of light, and there-
fore a slow rate of carbon assimilation, the two solutions gave
the same assimilation values. An increase in the light in-
tensity resulted in the bicarbonate solution giving a greater
rate of carbon assimilation as compared with the carbon
dioxide solution. It thus appears tha t in bicarbonate solutions

* James: "Proc. Hoy. Soc.," B, 1928, 103* 1.
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only the free carbon dioxide is available for carbon assimi-
lation ; such a solution when dilute—the range used by James
varied between -05 to 0*4 per cent.—is suitable for experimental
work. Stronger solutions are to be avoided owing to the
injurious effect of the increased alkalinity.

The difficulties inseparable from critical investigations in
the field are obvious : of recent work, that of McLean * on
the carbon dioxide absorption of Cocos leaves in natural
conditions may be mentioned. He found that the rate of
absorption is at a maximum in the morning, a depression ob-
tains at mid-day, followed by an increase in the afternoon and
then a final decline towards sunset. Similar values were
obtained for detached leaves, but the curve showed a single
maximum at about noon instead of two maxima which nor-
mally obtain with attached leaves, for which difference there
is no adequate explanation. Clearly some internal limiting
factor is operating, possibly connected with the accumulation
of the products of carbon assimilation (p. 49). It was also
found that immature and old leaves absorbed carbon dioxide
at a lesser rate than leaves of an intermediate age.

In view of the small amount of carbon dioxide in the normal
atmosphere, it must not infrequently happen that the inten-
sity of carbon assimilation is limited by this factor, wherefore,
since the days of Kreusler,*f who was the first to consider
this aspect, much work has been done both on the Continent
and, more recently, in this country to increase the crop yield
by the enrichment of the atmosphere by the addition of
carbon dioxide supplied by artificial means. J The results
obtained are in some instances contradictory, presumably
owing to the difficulty of control in field cultivation, and also
in greenhouse culture where it is difficult to maintain a con-
stant increased pressure of carbon dioxide although tempera-
ture, humidity and soil conditions are amenable to regulation.

* McLean: " Ann. Bot./' 1920, 34, 367.
t Kreusler : " Landw. JanrW 1885, 14, 913.
% Cerigkelli ; " Ann. Sci. Agron./' 1921,38, 68. Demoussy : " Compt.

rend./' 1903, 136* 325 ; 1904, 138, 291; 1904, 139, 883. Fischer: " Beih.
deat. bot. Ges.," 1927, 45, 331. Lundegardh: " Der Kreislauf der
Kohlensattre in der Natar/' Jena, 1924. Reinau: " Zeit. angew. Oxem./1
1926, 16, 495. Reidel: " Chem. Zeit./' 1921, 104, 829.
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In consequence of these divergent results, Bolus and Hen-
derson * have undertaken a critical investigation of the subject
in laboratory conditions, and in their preliminary communi-
cation they report that the enrichment of the air with carbon
dioxide results in a large increase in the dry weight of plants
of Cucumis saliva as compared with the plants grown in
normal air, which increase is evident within two or three days
from the beginning of the experiment. The following table
summarizes their results :—

Days in
c62.

10
8
9

19
X4

Mean Day
Temp. °C.

27*0
29-0
29*9
25-6
36-2

Mean Night
Temp. °C.

22-4
22-2
23-0
14-8
25*0

Mean CO2 Cone.
Parts per 10,000.

Experimental.

25-8
27*5
42-4
28-9
3i'3

Control.

4-2
4-0
3'6
4-3
3*9

Per Cent. Increase
of Dry Weight

Experimental over
Control.

50-4 ± 3-15
78-7 ± 6-6
86-3 ± 6-2
42-0 ± 13-7
6o-6 ± 8-5

TEMPERATURE.

The statement that chemical change is profoundly in-
fluenced by temperature needs no elaboration : in the majority
of instances an increased temperature accelerates a reaction;
examples in which the contrary occurs are very few. The Law
of van't Hoff states that for every rise in temperature of 10° C.
the reaction is increased at a definite rate, in general terms
doubled or trebled, the precise value of which is specific to the
reaction, f The plant, however, is not a test tube but a very
complex system of reacting substances, wherefore it is only in
experiments most carefully controlled and skilfully conducted
that approaches to the mathematical preciseness of well-
ascertained physico-chemical laws will obtain.

Long has it been known that an increased temperature
results in an increased carbon assimilation, but it was not

* Bolus and Henderson : " Ann. Bot./' 1928, 42, 509.
f This factor is termed the temperature coefficient and is represented

by the symbol K with a number attached indicating the number of degrees
concerned, e.g. Klo.
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before F. F. Blackmail's experimental researches on vegetable
assimilation and respiration that the subject was really criti-
cally examined. Matthaci * at the outset of her work on the
effect of temperature on carbon assimilation found that in
addition to the influential external conditions there is an
important internal condition of a plant or plant member, the
result of previous treatment such as excess of food, starvation,
and change in temperature.

This is a common experience; thus Harderf found that the
blue-green alga Phormidiutn foveolarutn, if cultivated in a light
of low intensity, can, in the photosynthetic process, make
use of light of lower intensities than can plants grown in high
light intensity. Similarly plants cultivated in strong light
can assimilate more readily in such light than can plants
which were previously cultivated in weak light. Likewise
for temperature % : in submerged aquatic plants cultivated
for three months at a low temperature, 4°-8° C, carbon
assimilation is less at i8° C. than at 8° C , but those cultivated
at a high temperature, 2O° C, show a rise in carbon assimi-
lation with increasing temperature. In higher light inten-
sit ies, on the other handr both cultures show a rise in carbon
assimilation with increasing temperature, but the rise is more
rapid in those plants grown at higher temperatures. Warburg
and Negelein§ observed that when Chlorella was cultivated
in a high light, but a small proportion of the available energy
was photosyntbeticaily employed, but when grown under
a low illumination the reverse obtained Stanescue || also
found that lilac and other plants if kept in darkness for 48
hours, so that the leaves are freed from starch, show a more
rapid carbon assimilation than the leaves of plants grown
in normal conditions, although the maximum assimilation is
attained at about the same time of day.

Such facts have a most important bearing on experimental
results, so that in order to have comparable figures it is

* JCttttei: " miL Tram. Roy. Soc," B, 1904, I97» 47-
f Harder: u ftofct. Bet./' 1925,15, 305.
X Htankr : " Jalirb, idss. Bet./' 1924.64* 1%
§ Wstrfwirg aad Mcgeleia : " £dt* phys. Cbem,/* 1923, i©6* 191.
I Sfc " Compt. itnd. Soc* bW./' 1926, $$» 132.


