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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.
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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.
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essential that the previous history of all the material employed
should he the same.

In Primus lanrocerasus Matthsei found that for each tem-
perature to which the leaves were subjected there is a definite
amount of carbon assimilation, the maximal assimilation for
that temperature, which cannot be exceeded and cannot be
attained unless the illumination be of sufficient intensity and
the carbon dioxide be adequate in amount. These maximal
amounts of assimilation increase rapidly with rising tempera-
tures, but at the higher temperatures the initial rate for
that temperature cannot be maintained for long but falls off
regularly at a rate dependent on the temperature ; the higher
the temperature the quicker the fall, but the rate of fall is
not maintained. Thus there is a time factor for the higher
temperatures. Fig. 5 summarizes the results obtained by
Matthaei; it will be seen that the turning-point is 37*5° C.
which was found to be within a few degrees of the tempera-
ture fatal to the leaf.

The results obtained for temperatures below 25° C. con-
formed to van't HofFs Law, the coefficient of increase in the
rate of carbon assimilation for a rise of io° C. being 2*1. In
subsequent investigations Blackrnan and Matthaei found the
assimilation coefficient for the leaves of Helianthus tviberosus
to be K10= 2-3, whilst for Elodea, K10 = 2-05.* The culmi-
nating point of the assimilatory curve (Fig. 5) in respect to
increasing temperature is important and is paralleled in en-
zyme action ; in view of the results obtained by Willstatter
and Stoll, it is not unlikely that the inhibition or destruction
of an enzyme at these higher temperatures may be the limiting
factor. Osterhout and Haas | obtained a coefficient of 1*81
for Ulvarigida between 170 and 270 C, a figure which, accord-
ing to Smith % is probably too low. Warburg § investigated
the same phenomenon in Chlorella and thus avoided the diffi-
culties inseparable from morphological complexity with a
varying internal temperature and possibly an uneven rate of

* Blackmail and Smith : " Proc. Roy. Soc.," B, 1911, 83, 389.
f Osterhout and A.. R. C. Haas: " Jour. Gen. PhysioU," 1919, i» 295.
{ Smith: " Ann. Bot./' 1919, 33, 517.
§ Warburg : " Biochem. Zeit.," 1919, 100, 230.
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gaseous diffusion. The values he obtained show that tem-
perature has no effect on the rate of photosynthesis when the
illumination is very low ; with higher light intensities, the
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Q10 = l-6. Comparable observations \ave been made by
Yabusoe * and also by Lundegardh f who found the tempera-
ture coefficient to be 1-03-1-45 a t 3°c-35° in "a strong light
and with an atmosphere enriched to 1-2 per cent, of carbon
dioxide. The maximum rate occurred at 350 C. and provided
that the initial heating was not too prolonged, the time factor
was ill-defined. Blackman observed that under strong illu-
mination or in a high concentration of carbon dioxide, a rise
of io° in temperature, from 15° to 250, roughly doubles the
velocity of photosynthesis ; this is termed by Warburg % the
"Blackman Reaction " and it indicates that in the condi-
tions specified, the rate of carbon assimilation is determined
by a chemical rather than a photochemical reaction, for, as
has been seen, with a low light intensity a rise in temperature
does not affect the rate of the reaction. The Blackman
reaction was originally thought by Warburg to be a prelimi-
nary reaction which led to the formation of an unstable deri-
vative of carbon dioxide which was decomposed by light, but
later he and Uyesugi adopted Willstatter's idea that in an
early phase of photosynthesis a peroxide is formed and that
the Blackman reaction consists in the separation of oxygen
from this peroxide.

CH2O[OJ -*• CH2O -f Oa.
In much experimental work on photosynthesis, moderate

and higher temperatures have, for obvious reasons, been em-
ployed ; it is, however, to be remembered that carbon as-
similation takes place at extreme temperatures according to
the specific physiology of the plant. McGee§ found that
Opuntia can function at 55° C. aad Matthaei || found a measur-
able photosynthesis in the cherry laurel leaf at — 6° C.
Henrici |f similarly observed a definite photosynthesis in lichens
at — 200 C. and in alpine phanerogams at — 160 C.

* Yabusoe: id., 1924, 152, 498. | I/undegardh: id., 1924, 154, 195.
£ Warburg: " Biochem. Zeit.," 1919, 100, 230; 1926, i669 386.

Warburg and Uyesugi: id., 1924, 146, 486.
§ McGee : " Year-Book Carnegie last. Wash./' 1921, 20, 47.
|| Matthaei : lac. ciL
ĴHenxici : " Verhand. nat. G-es. Basel," 1919, 30, 43 ; 1921, 32, 107.

See also Ewart: " Jouni. Linn. Soc, Bot./' 1896, 31, 364. Wurmser and
Jacquot: " Bull. Soc. chim. biol.," 1923, 5, 305.
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The internal temperature of assimilating leaves will vary
considerably in accordance with such conditions as the inten-
sity and quality of the light, the character of the leaf surface
and so on ; Blackman and Matt had * demonstrated, by
thermoelectric means, an excess of 7° C. to 160 C. in the leaves
of Primus laurocerasus in bright sunlight above the adjacent
shade temperature.

ILLUMINATION.

The importance of light in the formation of chlorophyll
is a commonplace in. physiological experience ; chlorophyll
may, however, be formed in the dark, or in comparative dark-
ness, as was shown by Schirnper f for Alg<ne and Burgerstein $
for conifers, and in other plants.§ In the majority of plants,
however, some exposure to light is necessary to produce the
green pigment, presumably by its action on a precursor, termed
chlorophyllogen by Monteverde and Lubimenko,!] according
to whom plants grown in darkness for an excessive period
lose their ability to form chlorophyll when exposed to light.
In passing it may be mentioned that in addition to light,
other conditions are requisite for chlorophyll formation, es-
pecially an adequate temperature, again a fact of common
experience, and a supply of carbohydrate.^ Mention also
may be made of the well-known fact that a highlight intensity,
presumably owing to its destructive action on chlorophyll,
may bring about a cessation of photosynthesis.**

Of the light falling on a leaf, a portion only is available
for the chloroplasts since varying amounts, according to the
characteristics of the leaf surface, such as the presence of
cuticle and of hairs, the thickness of the leaf and so on, will

* Blackmail and Matthaei: Ice. cti.
t Sddmpcr : " Jahr. wiss. Bot./' 1&S5, 16, 1.
I Biirgersteia: " Ber. dent. "bot. Ges.," 1900, iS, 168.
§ See Vol. I., p. 311.
ijMoatevercle aad Lubimeako: "Bull. Jard. Iinp. Bot. St. Peters-

bewarg/' 1909, J>» 27; " Ball. Acad. Sci. St. "Petersbourg," 191 -2t 609.
f See Palladia: **Ber. deut. bat. Cka," 1891, ip» 229. Mansky:

"Itiodteoi. Zcfc." 1922,132, x8.
**Se®Ewart; "Ajia. Bot,/* 1S97, u r 459; 1S9S, 1:2, 379. Panta-

aoili: "J&kr. wisa. Bat," 1903, 3^, 167. Urspraiig: *f Ber. d«nt. bot,
& " M* 57-
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be lost by reflection, absorption or transmission. Of the
energy absorbed by the leaf, many have shown that a small
proportion only, and this in varying quantity, is used in car-
bon assimilation. Owing to ignorance of certain factors and
the degree of their significance in the sequence of carbon
assimilation, it is not possible to give a satisfactory account
of the energy relationships of the plant. It may, however,
be mentioned that Brown and Escornbe,* the first to attempt
the drawing of an energy balance sheet of the leaf, concluded
that Polygonum Weyrichii used from -42 to 1-66 per cent, of
the available radiant energy for carbon assimilation, figures
based partly on observation and partly on calculation:
Puriewitsch,f on the other hand, found that JPolygonttm
Sacchalinense similarly employed from 2*5 to 7*7 per cent, of
the radiant energy.

In no natural conditions is the full radiant energy made
use of by plants: the photosynthetic value of the noontide
sunshine at the summer solstice in these latitudes lies, accord-
ing to Blackman and Matthaei,f between -04 and -05 gram of
carbon dioxide per 50 sq. cm. of leaf surface per hour ; the
highest assimilation actually measured by these workers was
•0290 gram.

The general statement that carbon assimilation varies "with
the intensity of the illumination is true only when light is the
limiting factor ; other factors, particularly temperature, are
intimately associated in the process in nature. For this
reason it is impossible to consider the effect of one condition
to the exclusion of the other factors, a fact well demonstrated
by Blackman and Matth.3&i.§ In one of their experiments, an
abstract of which is given on p. 32, the leaves of Helicmikus
tuberosus were surrounded by an atmosphere containing on
the average 4 per cent, carbon dioxide and the light throughout
was diffused and of varying intensity.

It will be seen from observations 2 to 4 and 6 and 7 that
the assimilation was remarkably uniform in conditions of

* Brown and Escombe : " Proc. Roy. Sac./' B, 1905, 76, 29.
f Puriewitsch.: " Jafcrb. wiss. Bot.," 1914, 53, 210.
J Blackmail and Matthuei : " Proc. Roy. Soc.," B, 1905, 7 ,̂ 402.
§ Lac. dt.
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constant temperature and varying illumination ; this shows
that temperature was the limiting factor. The low value in
the first observation was due to the low light intensity. In
observation 5 in which the illumination was about the same as
in 4, the temperature was raised from 1770 to 30*5° C, with
the result that the assimilation was about doubled : but since
at this higher temperature an assimilation of at least -0289
gram is possible, it follows that here the illumination was the
limiting factor.

An important generalization arrived at by F. F. Blackman
and his collaborators is that equal intensities of light incident
on equal areas of leaf produce the same amount of assimilation,

IllumioatioB.

!
! 1, Very overcast .
i 2. Raining, but lighter .
i 3. Raining, but lighter still
I 4. Raining, heavy clouds
j 5. Raining
! 6. Much brighter .

7. Sunshine, but leaf in shade .

Temperature of
Leaf °C.

I7-7
18
18
17-7
30-5
18-2
18-4

Real Assimilation in Grams
per 50 Sq. Cm. per Hour.

•0062
•0089
•OO90
•0089
•OI63
•0089
•0092

provided that light is the limiting factor and that the tempera-
ture does not involve the so-called time factor; agreement
within 5 per cent, was found to obtain in such diverse in-
stances as Hdianthus, Prunus, Bomareaf Aponegeton, Elodea
and Fontinolis. Hence the conclusion is reached that " leaves
in general have the same coefficient of economy in the photo-
synthetic * economy/'

The amount of light required by a leaf is a specific value
for a given temperature; thus in the examples studied by
Blackman and Matthaei, Helianihus and JPrunus have at low
temperatures similar assirailatory maxima which diverge at
higher temperatures. At 29*5° C. Helianthus can assimilate

* The word " photosynthetic '* is here used in its literal sense, that
phase of carbon assimilation in which a chemical change is brought about
by light alone. This phase is followed by a purely chemical phase,, known
as the dark p&ue, which is independent of light hut is accelerated by an
increase in temperature.
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twice as much carbon dioxide as can Prunus, but in so doing it
requires twice the amount of illumination. The difference in the
two leaves lies in their having different coefficients of accelera-
tion of their assirnilatory activity with, increased temperature.

Of the use made by the plant of specific parts of the spec-
trum, it has been generally accepted that those wave-lengths
associated with the prominent bands in the red of the absorp-
tion spectrum of chlorophyll were the only ones concerned
with carbon assimilation. It is. however, to be remembered
that the light absorbed by such a structure as a leaf is not
necessarily all employed in the photosynthetic process, that rays
of different wave-lengths are not equally absorbed and that
different wave-lengths have different energy values. Further,
the most superficial chloroplasts are illuminated by practically
unaltered daylight, but those more deeply situated receive
light from which certain rays have been abstracted in various
degrees by the more superficial plastids and thus is of different
quality as compared with normal daylight. Wherefore,
in relevant investigations, light intensities must be known;
the quality of light, i.e. its range in wave-lengths, be ascer-
tained ; and light must be, as far as is possible, the factor
determining the rate of the process. Since radiant energy
must be converted into chemical energy, it is obvious that the
essential requirement is the amount of energy used, or at
any rate available for the use of the plant; in other words,
it is profitless to consider the intensity of carbon assimilation
in different coloured lights without determining their energy
values.

Ursprung * found that radiant energy of any wave-length,
including the greater par t of the ultra-violet, is capable of
inducing starch formation in green leaves, provided that a
sufficient time be allowed. He even found starch to be formed
on exposure to infra-red rays ; it is, however, not clear whether
this starch was a direct product of carbon assimilation since
starch can be formed in the dark from pre-existing sugars.
Ursprung found in Pkalaris arundinacea var. -picta,y which

*Ursprung : " Ber. deut. bot. Gesells.," 1917, 35, 44 ; 1918, 36, 73,
86, i n , 122.
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plant was selected since its variegated leaves permit a com-
parison between the green and non-green portions, that in
the red region of the spectrum the maximum absorption
obtains between the B and C lines, in the green the absorption
is general, whilst in the violet the absorption is greater than
between the B and C lines of the red, and beyond this there
is a rapid fall. Subsequent work on Phaseolus showed a sharp
rise in the assimilation curve from the outer limits of the red
to a maximum situated near the C line, from which point there
is a gradual fall towards the violet. This curve does not
correspond, more especially as regards the region of shorter
wave-lengths, with the curve of absorption which rises from
E, in the green region, to the violet. In view of the fact that
carbon assimilation takes place in this part of the spectrum,
it is obvious that some new conditioning factor is operative;
it is suggested that this is found in the action of the violet
rays causing the stomates partially to close.

Lubimenko* found from controlled experiments that photo-
synthesis is more active in the red than in the blue rays; it
is only in shade plants that the process is equally intense
in the two regions. Wurmser,f in his investigations on the
subject, used Ulva lactuca and from his measurements found
that the ratio of carbon assimilation to the amount of energy
absorbed was 1-0 for red light, 4*0 for green and 2*35 for violet
light, which means that the green rays although absorbed in
a much lesser degree are utilized four times more than the
red. From further investigations he found that Ulva has
a photosynthetic efficiency of 59 per cent, in red light and
83 per cent, in green light. The value obtained for the red
rays does not, he thinks, represent maximum efficiency. He
concludes that the efficiency is much the same for all wave-
lengths and lies between 70 and 80 per cent.

Warburg and Negelein,J in most carefully controlled ex-

• Lubimenko : " Compt. rend./' 1923, 177, 606.
t Wurmser : •*' Recherches sur l'assimilation chlorophyllienne/' Paris,

1921; " Bull. Soc. chim. biol./* 1923, 6, 487; " Ann. Physiol. Physiochim.
Biol./' 1925, if 47.

% Warburg and Negelein: " Zeit. pnysikai, Chem.," 1922, 102, 235 ;
3» l06f 191; " Natmrwiss," 1922, 10, 647.
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periments, investigated the quantity of-radiant energy ab-
sorbed in relation to the work done in carbon assimilation.
The ratio between these two values is a measure of the efficiency
of the organism in this particular connection ; thus if the rad-
iant energy absorbed by the plant be E and the energy utilized
be U, then the ratio U/E will give an index of efficiency. The
greater the value of E, the smaller is the ratio ; with decreasing
intensity of E the value rises until it reaches a limit, -which
limit marks the point of maximum efficiency. Using a culture
of Chlorella, which had been grown in uniform conditions
with a low light intensity, and keeping the illumination limit-
ing, a mean value of 59 per cent, and a maximum value of
63*5 per cent, was obtained in a red light of a spectral range
570-645 fLfx. Warburg and Ncgeiein also compared the
photosynthetic activity of the same plant illuminated with
light of different wave-lengths. The accompanying table
summarizes their observations :—

Light. Per Cent. Efficiency.
Red . 610-690 ftp 59
Yellow . 578 JU/U 53-3
Green . 546 fifx 44-4
Blue . 436 fifji 33-8

It will be seen that the efficiency decreases with the decrease
in the wave-length. Also, these values differ from those
obtained by other investigators, mentioned above, using dif-
ferent plants and different methods, a result to be expected
for the reasons earlier given.

CHROMATIC ADAPTATION.—This consideration of the quality

of light naturally introduces the problem of chromatic adap-
tation. As is well known, the colour of deep water is green
owing to the greater absorption by the water of the long rays,
which are strikingly absorbed and utilized by the chloroplasts.
A plant growing in deep water, therefore, is handicapped by
the different quality of light. Many marine algae have, in
addition to their chlorophyll, water-soluble pigments—-phyco-
erythrin for example *—-which are complementary in colour
to that of the surroundings and thus are able to increase the

* See Vol. I, p. 353.
3*
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amount of radiant "energy absorbed. This, in brief, is Engle-
mann's * theory of chromatic adaptation, a theory which
has been extended to include many plants, Phaeophyceae,
Bacilliariales, Bacteria, and terrestrial plants which possess
these extra pigments. Gaidukov f in his experiments with
Oscillaria found that the cultures changed their colour, violet
in dim light, to the complementary colour to that in which
they were growing ; thus if grown in red light, the new cells
would be green, and so on. Whether this is a true example
of chromatic adaptation is, perhaps, doubtful, for other
authors have found like colour changes to be effected by the
conditions of nutrition, a deficiency of iron, by wounding, and
so on.

Richter $ considers that the determining factor in the
colour of red algae is the intensity rather than the quality
of the light, the water soluble pigments playing no part in
the photosynthetic process. Wurmser,§ on the other hand,
whilst agreeing that the presence of phycoerythrin is an adap-
tation to weak light, concludes that it also is an optical sen-
sitizer which aids the chloroplasts to absorb green light.

Harder || studied Phormidium foveolarum, which is purple
in blue light, owing to the development of phycoerythrin, and
green in red light, owing to the development of phycocyanin.
He found that the purple plants have a higher rate of photo-
synthesis in blue light than in red, whilst the green forms show
a higher rate in red than in blue light. He thus supports
Englemann's hypothesis, but his experiments also show that
light intensity is of great importance, but even so there is
always a higher rate of photosynthesis in the plants which
have a complementary pigment. On an earlier page mention
has been made of Harder's observation that Phormidium
when cultivated in a strong light shows a higher rate of carbon

* Englemann: " Bot. Ztg./' 1883, 41, 1, 17 ; 1884, 4a, 81, 97.
f Gaidukov: " Preuss. Akad. Wiss./' 1902, 5, 1 ; " Ber. deut. bot.

Ges.," 1903, aif 484, 517, 535.
t Eickter: " Ber. deut. bot. Ges.," 1912, 30, 280.
§ Wurmser : " Recherches sur l'assimilation chlorophyllienne," Paris,

1921.
|| Harder : " Ber. deut. bot. Ges.," 1922, 40, 26 ; ." Zeit. Bot./' 1923,

*5> 305-
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assimilation in a high light intensity than do plants grown in
a weak light and vice versa.

The balance of evidence favours the view that comple-
mentary chromatic adaptation is a natural phenomenon
although not so widely spread as has been supposed, and that
it is of little value to study the effect of light quality without
considering light intensity.

To return to the main thesis: in all these observations the
significant fact is that the longer rays^bring about ajrofoujid
cherjaical.^change, whereas in inorganic photochemistry the
short rays are by far the most efficient, the longer having little
or no action. For this reason not a little work has been done
on the action of the short rays, the ultra-violet, in bringing
about the formation of organic compounds from carbon
dioxide and water. All such work, interesting though it
be, throws no light on the fundamental problem of carbon
assimilation, since the green plant can effect the transformation
in conditions which preclude the presence of ultra-violet
illumination. With this caution a brief r6sum6 of such
investigations may be given.

Stoklasa and Zdobnicky * brought about the synthesis
of carbohydrate in the absence of chlorophyll by passing light
from a quartz mercury lamp through a mica window into a
vessel containing a mixture of carbon dioxide and nascent
hydrogen. Formaldehyde was slowly produced, and this, in
the presence of caustic potash, was polymerized with the
formation of a sugar or a mixture of sugars which was optically
inactive and not fermentable by yeast. The authors suggested
that the chlorophyll in plants acts as a means of absorbing
ultra-violet rays, a suggestion which has since been found to
be true. Bertholet and Gaudechon f found that formalde-
hyde is produced by the action of ultra-violet rays on carbon
dioxide in the presence of a reducing agent, and, reversely, that
carbohydrates are decomposed by sunlight and by ultra-violet

* Stoklasa and Zdobnicky : " Chem. Zeit.," 1910, 945.
f Bertholet and Gaudechon : " Compt. rend./' 1910, 150, 1690, 151,

395 ; 1912, I55> 401, 831.
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light from a mercury-vapour lamp. The products of decom-
position are carbon monoxide, carbon dioxide, methane and
hydrogen; aldehydic sugars differ from ketonic sugars both in
the readiness with which they are decomposed and in the
composition of the gaseous mixtures produced.

Usher and Priestley * found that ultra-violet light can
bring about the decomposition of aqueous carbon dioxide with-
out the intervention of an optical or chemical sensitizer, a result
contrary to that of Stoklasa and Zdobnicky, who found that
formaldehyde was not produced by the action of ultra-violet
light on carbon dioxide and water. In view of these contrary
results, Spoehr f tried the effect of ultra-violet radiations on
carbonic acid and its salts ; in no experiment was a sufficiency
of formaldehyde produced to give a positive reaction with the
reagents employed. In all experiments Spoehr found that
formic acid was the only reduction product. Attempts to
reduce formic acid to formaldehyde by sun or by ultra-violet
light failed, but after ten to fifty hours exposure there remained
on evaporation a non-volatile yellow syrup, of a composition
not yet determined, which reduced Fehling solution.

A further study of the artificial photosynthesis of carbo-
hydrates was undertaken by Baly, Heilbron and Barker J who
by exposing a solution of carbon dioxide in water to ultra-
violet light of different wave-lengths obtained evidence of
the formation of formaldehyde and also prepared a syrup
which, according to Irvine and Francis § consisted of 80 per
cent, non-sugars and not more than 10 per cent, of a hexose-
like material from which ketoses were absent.

The views put forward by Baly and his collaborators
concerning the origin and mode of formation of the formal-
dehyde produced in the experiments mentioned above, were
criticized by subsequent workers || and in later papers Baly,

* Usher and Priestley: " Proc. Roy. Soc.," B, 1911, 84, 101.
t Spoehr: " Plant World/' 1916, 19, 1.
t Baly, Heilbron and Barker : " J. Chem. Soc./' 1921, 119, 1025.
§ Irvine and Francis : " Ind. Eng. Chem./* 1924, 16, 1019.
II Spoehr : ." J. Amer. Chem. Soc./' 1923, 45, 1184. Bauer and Reb-

mann ; " Helv. Chim. Acta,/' 1922, 5, 828. Bauer and Buchi: id., 1923,
•6» 959- Porter and Ramsperger : " J. Amer. Chem. Soc," 1925,47, 79.
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"1 hev t';:vi vj-n^vcr, that if carbon dmxide be. e\|>>-..d lo
the artiMfi r.f nltra-\'inlct light in the presence 3~>f sue!: sub-
stances as hamini sulphate, aluminium powder, the basic
rarboikites of aluminium, zinc or magnesium, which present a
surface upon which the gas may be absurbed, a condensation
compound is produced which is charred by sulphuric acid and
reduces Bem-dut solution afler hydr»>!ysis ; the exact nature
of this subst,-tTire has yet to be di'terminvd, but it possibly
contains carbohydrate.

Of more ininiediate interest in the problem ui natural
photosynthesis are the results obtained with the use of visible
light, from an ordinary tungsten .filament lamp or a ioo-watt
half-watt lamp, in place of ultra-violet radiation; using
coloured absorbing surfaces such as the basic carbonates of
nickel or cobalt, these authors were able to obtain a larger
yield of organic material than with the colourless substances
and ultra-violet light mentioned above. This material is a
mixture one component of which is a carbohydrate as is
indicated by the facts that it gives the reactions of Molisch
and Rubncr, it reduces Benedict's solution and also forms a
solid nzazone. The material also contains a more complex
substance which reduces Benedict's solution after hydrolysis
with acid. In these experiments no free oxygen is given off;
it is suggested that it is absorbed on the surface of the powder,
possibly forming a peroxide, and this in time may poison the
surface and stop the photosynthetic action. Thus with a
light of medium intensity^ photosynthesis stops after two
hours ; in a stronger illumination the organic material first
formed may be decomposed ; with a decreasing intensity of
light, the amount of material synthesized by unit quantity of
light increases.

* BaJy, Da vies, Johnson and Shanaasy : " Proc. Roy. Soc.," 1927, A
116, 197. IlAly, Strphen and Hood, id.f 212 ; Baly and Davies, id., 219,
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The results obtained by the use of visible light and a
coloured surface are of interest in that it would appear that a
closer imitation for the first time has been made in the test
tube of what occurs in the green cell. In each the process is
conditioned by visible light and a pigmented surface ; the
presumed poisoning effect of the cobalt surface by the oxygen
is paralleled by the fatigue effect exhibited by leaves in strong
illumination, and in both there is a recovery. The maximum
yield of organic material obtained by the authors was 0-075
gram in two hours, and assuming that the product be glucose,
it is calculated that the gain in calorific value is 0-48 calories per
sq. cm. of surface per hour, which just falls without the range
given by Puriewitsch,* 0-27-4-1 calories, for a number of plants.
But this for the time being has no significance ; the intensity
of carbon assimilation in the plant varies much with the condi-
tions, and, on the other hand, the material obtained by Baly
and his fellow-workers is not all glucose. The authors also
argue that the constant ratio of chlorophyll A to chlorophyll
B, observed by Willstatter and Stoll, is maintained by the
carotin which becomes oxidized to xanthophyll. Since the
ratio of xanthophyll to carotin tends to increase during photo-
synthesis, it is suggested that the slow recovery process in the
leaf is that in which the xanthophyll is again reduced to carotin.

Chemical change may be brought about by electrical
energy; indeed, in connection with plants, the effect of elec-
trical currents on vegetable growth is a not unimportant
branch of applied botany.

Royerf by electrical means brought about the reduction
of carbon dioxide, and similarly Coehn,J in 1904, produced
formic acid from this same compound. Brodie § found that
by means of a silent discharge formaldehyde, together with
marsh gas, was produced from a mixture of hydrogen and
carbon dioxide ; and L6b,|j in 1906, found that formaldehyde
may be produced by the action of a silent discharge of elec-

* Puriewitsch : " Jahrb. wiss. Bot.," 1914, 53, 229.
t Royer: " Compt. rend./' 1870, 70, 731.
j Coehn: " Ber. deut. chem. Gesells.," 1904, 34, 2836, 3593.
§ Brodie : " Proc. Roy. Soc,/' 1874, 22, 171.
II Ldb : ' ' Zeit Electrochem.," 1906, 12, 282.
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tricity through a solution of carbon dioxide in water. Fenton *
also has pointed out that the synthetic action of light and of
the silent electrical discharge are practically identical. Thus
there is evidence which suggests that electric energy may play
a part in the earlier processes of photosynthesis ; a suggestion
which is supported by the fact that, according to Polacci,f
the formation of carbohydrates is promoted in leaves by
electrical energy, provided it be not too intense, especially
when a continuous current is made to pass directly into the
tissues.

As a result of a number of experiments, Gibson % comes to
the conclusion that the light rays which are absorbed by the
chlorophyll are transformed into electrical energy, and it is
this transformed energy which brings about the decomposition
of carbonic acid to formaldehyde and oxygen. This opinion
is based on evidence the details of which apparently have not
been published.

Waller § and others have made many observations on the
photo-electric responses of plants, but much further investi-
gation is necessary before the correlation of these phenomena
with the photosynthetic process is possible. Attention may
also be drawn to the work of Kernbaum,|| who found that water
exposed to the influence of jS-rays and of ultra-violet rays led
to the production of hydrogen and hydrogen peroxide. Usher
and Priestley also found that an aqueous solution of carbon
dioxide could be decomposed by the a and j8-rays from radium
emanation. The action of #oooi c.c. of radium emanation on
200 c.c. of water saturated with carbon dioxide resulted in
four weeks in the production of hydrogen peroxide and for-
maldehyde. Most of the latter was in a polymerized state,
but the solution contained no sugar.

The effect of salts of radio-active metals such as potassium
and rubidium has been the subject of many investigations
but it is impossible as yet to draw any definite conclusions.

* Fenton : " Journ. Chem. Soc.," 1907, 91, 687.
t Polacci: " Atti. Inst. Bot.," Pavia, 1905, II., 11,7.
{ Gibson : " Ann. Bot./' 1908, 22, 117.
§ Waller : id., 1925, 39, 515.
[| Kernbaum : " Compt. rend.," 1909, 148, 755, 149, 273.
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In this connection it may be mentioned that Henrici *
concluded that ionized air accelerates carbon assimilation of
lowland plants, when the illumination is low, but not when the
light is of medium intensity; in strong light the ionized air
retards the process. In alpine plants, an acceleration was
observed both in weak and in medium light, whilst in strong
illumination neither increase nor decrease obtained. In some
examples the ratio of the rate of carbon assimilation in ionized
air to the rate in de-ionized air was as 5 is to I. This work is
criticized by Whimster f who points out that the results are
not based on the means of a number of experiments, wherefore
it is impossible to calculate the probable error. Further, the
figures given by Henrici represent apparent assimilation, no
allowance being made for respiration which, as will be seen
later, is markedly affected by an ionized atmosphere. Using
the leaf of Pelargonium zonale, Whimster found no further
effect on the rate of carbon" assimilation under the action of
ionized air than a 3 per cent, depression, a value of no sig-
nificance ; the real assimilation, in which the increased rate of
respiration is taken into consideration, showed a 5 per cent,
increase which again is below the significant level.

INTERNAL FACTORS.

CHLOROPHYLL. %—Plant physiologists for long have recog-
nized that the intensity of carbon assimilation must be de-
pendent on the chlorophyll and its amount; it is, however,
but recently that the problems involved have been critically
examined. Irving,§ who used the leaf's carbon dioxide of
respiration in her experiments, found by gasometric methods
that etiolated leaves, either when they are orange-yellow or
when they have attained a considerable degree of greenness,
do not possess any appreciable power of synthesizing carbon
dioxide. If there be any photosynthetic activity, it cannot
be greater than one-tenth part of respiration nor come within

* Henrici: " Arch. Sci. Phys. Nat./' 1921, 3, 276.
f Whimster : " Ann. Bot.," 1927, 41, 357.
% A general account of chlorophyll, its chemistry and constitution, will

be found in Vol. I.
§ Irving : " Ann. Bot.," 1910, 34,, 805.
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I per cent, of the activity subsequently developed. Carbon
assimilation thus begins only when the leaves are fully green
and develops very quickly ; wherefore it follows that the first
origin of this function is not correlative to the amount of
chlorophyll produced, or, in other words, that the amount of
chlorophyll is not a conditioning factor in the early stages of
carbon assimilation.

Willstatter and Stoll * were the first to make quantitative
estimations of the amount of chlorophyll in leaves, by the
methods already outlined.! Also they measured the amount of
carbon assimilation of the leaves of different plants and of the
same plant in different conditions—normal, etiolated, autum-
nal, and so on—and thus arrived at the assimilation number
which is the ratio between the amount of carbon dioxide as-
similated per hour and the chlorophyll content, both expressed
in milligrams. A selection of the values obtained are tabulated
below.

Willstatter and Stoll, whose experimental methods were
similar to Irving's, with the chief exception that they used
a 5 per cent, concentration of carbon dioxide, found tha t
leaves with but a small portion of their full chlorophyll content
developed can assimilate to a measurable degree.

WILLSTATTER AND STOLL'S ASSIMILATION NUMBERS.

Plant.

Primula .
Rubus
TUia {

PopulU3 \

Elm {

Kind of Leaf.

Normal
Normal
Young
Older

Dark green autumn leaves
Yellow-green autumn

leaves
Yellow variety
Green variety

Chlorophyll
Content in

Mgms.

n-4
16-2
5*2

22*5
15-2
3*9

9*5
I3*o

CO, Assimilated
per Hour,
Mgms.

IO5
94
74

148
152
3i

75
80

AssimOa-
tioa

Number.

9*i
5.8

14-2
6-6

IO*O
7-9

7-6

This conclusion is contrary to that of Irving, a difference
probably due to the fact that Irving used young leaves whilst

* Willstatter and Stoll: " Ber. deut. chem. Gesells.," 1915, 48, 1540.
f See Vole I., Section on Pigments.
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Willstatter and Stoll employed older and sometimes much
older material. This explanation is due to Briggs,* in whose
memoir a critical examination of the work of the above-men-
tioned authors will be found ; this author demonstrates that
the age of a leaf and the lapse of time from the greening to
the measurement of photosynthetic activity are all important.
If a leaf is cut from a seedling in the dark at an early stage
in its development and partly greened by exposure to light,
its photosynthetic activity will be zero or very small; if, on
the other hand, the same procedure is repeated with a similar
leaf from the same plant after an interval of a few days,
the photosynthetic activity will be strongly marked. Briggs
confirms Irving1 s main conclusions : a young green leaf may
show no or very little carbon assimilation and the power of
photosynthesis lags behind the development of chlorophyll.
This power increases with age whether the leaf be in the dark
or in the light, even though there be no concurrent increase in
the chlorophyll content. But the same phenomenon does not
necessarily occur in seedlings. In a further communication,
Briggs j* has shown that in Helianthus, Acer and Cucurbita, for
example, where the cotyledons serve as organs of storage and,
on becoming green, are the first organs of carbon assimilation,
there is no lag between greening and photosynthesis when
light or temperature is limiting. On the other hand, in
Phaseolus, Ricinus and Zea, plants in which there is formed a
carbon-assimilating organ distinct from the storage organ, the
photosynthetic power is not developed until some time after
germination, and in natural growth conditions the lag ob-
tains. It will be remembered that the cotyledons of Phaseolus
are entirely organs of storage, the first foliage leaves being the
first organs of assimilation; similarly in Zea, the first foliage leaf
is concerned with photosynthesis, the cotyledon being occupied
with the absorption of food from the adjacent endosperm ;
in Ricinus, on the other hand, the cotyledons are embedded in
the endosperm and afterwards expand to form the first carbon
assimilating organs. In these so specialized plants, the com-

* Briggs : " Proc. Roy. Soc," B, 1920, 91, 249.
f Ibid., 1922, 94, 12.
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The accompanying table gives some of Bri^s 's results, in
which the carl>on assimilation is represented in cubic centi-
meters of oxygen evolved per hour per 5*.) sq. cm. of surface
in a light intensity of 9000 lux.

Helumthus . . -' . *•» • 3s#"r> 3-00

« — • • ' :?. - : ^ . I S

14

10
17
8

20

; JO-7

• 133
11-9

; lO'O

i I2'6

O-CK>

Z # a . . { ! 1 9 : 1 3 ) 0 - 3 6

o ° 6 i

Dastur * suggests that the variation in the assimilation
numbers obtained by Willstatter and Stoll is due to loss of
water, a factor of great importance in photosynthesis. Further,
the irregularities observed in autumn leaves and also in normal
leaves may be explained by the difficulty in selecting leaves of
the same photosynthetic power, for this power is not neces-
sarily the same in leaves of apparently the same age or col-
lected at the same distance from the apices of the shoots,
notwithstanding the fact that they may appear equally healthy
and fresh.

T H E UNKNOWN FACTOR.—The fact that the temperature

relations of carbon assimilation are those of a chemical rather
than a photochemical reaction indicates the presence of an
internal factor, independent of the chlorophyll and associated
rather with the protoplasm, which controls the rate of carbon
assimilation. Irving concludes that this factor controls the

: " Ann. Bot.»" 1925, 3&, 769*
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beginning of the process since it is not developed so quickly
as the chlorophyll, wherefore the rest of the mechanism must
await its appearance.

The assimilation numbers arrived at by Willstatter and
Stoll * are inconstant, which is indicative of there being some
other operating factor : if they were constants, strong evidence
that chlorophyll was the all-important conditioning factor
would be provided. According to Willstatter and Stoll f
it is an enzyme which thus limits carbon assimilation. They
find that in leaves rich in chlorophyll, increased illumination
has but little effect upon assimilation nor is it diminished if
the illumination is decreased to one quarter. This indicates
that the chlorophyll is present in excess compared with the
assimilatory enzyme. The increase in carbon assimilation
following an increase in temperature they consider to be due
to the stimulation of the enzymatic process.

In leaves containing little chlorophyll and in yellow varieties
the conditions are reversed ; the enzyme here being in excess,
increased temperature has little effect in stimulating assimi-
lation. On the other hand, increased illumination has a very-
marked effect.

The remarkable phenomena accompanying autumnal
changes in leaves are due to the fact that either the chloro-
phyll suffers more than the enzyme, resulting in increase of
assimilation number, or conversely the enzyme suffers most,
in which case the assimilation number falls.

The failure to bring about carbon assimilation by means
of chlorophyll isolated from the leaf may be attributed, accord-
ing to the authors, to the absence of the enzyme.

This belief in the existence of a controlling enzyme also
is shared by Osterhout and Haas $ who experimented with
various plants, both fresh water and marine, grown in a culture
solution containing gaseous carbon dioxide. The removal of
carbon dioxide was followed by the method of determination
of the hydrogen ion concentration in the culture medium. It

* Willstatter and Stoll: "Ber. dent. chem. Gesells./' 1915, 48, 1540.
f Ibid,, p. 1552.
t Osterhout and A. R. C. Haas : " Proa Nat. Acad. Sci.," 1918, 4, 85.



WN K V T n R S 47

was found that pluit nsynllu'sxs l><*̂ ;tu iittittf*<Iia(:i*Iy on exposure
to li^'ht ; af first (hr rrnmval '4 rarhon din.Kidr was rapid,
then nun'** slnwly until a m;*\immn vv;t% rraclit-d when the rate
roinainrcl constant. Thr^r ;nit IKn*s nmsidrr that tiiultr tin;
mihimw ni li^ht smnr r;it.i!\Nl is tlrvrluprd which facilitates
the jihotosyiithetk pr<>*v^. B r i ^ s r«»itrlu<Ii\s that Hit? ac-
tivity of the jihot i>< hemiral plia^r uf tin* carbon assimilation
iMri'liauisin in a milling, as rnni |anul with that of more mature
leaves, is in some way limitc*I : the photochemical phase
depends for its intensity n<»f ttn\y tm the chlorophyll but also
upon some other far tor vvlii«ij itirrvascs with age during tin?
early stairs <>{ lc;if ili'vel»»|»iu«-nt.

Tin; <>hsfrvati»u»s of M*4iv.rh * that lcavfes after slow drying
or fret/zing, treatment H that it*» nut first n>y eu/,yme,s, rt'.taiu
some; [>(IW«T *»f rarhon ir^-iriulation and ran evolve; oxy^t'ii,
wfhcreas the s;tim« leaves killed by rapid drying or innnersicm
in hot vtatvr xhow no mirli \mw*rt :i|(ain iiuiirattrs the partici-
pation at an fnxyiiui in the pnm*?w.

There is llaw Htrung evidrnci: of the exmtcirieu of a control-
ling factor, pmhably fiizyniic, iHwtfiti;il in the: earlier phases
of carbon assimilation. Brigg^f ulsn draw» attention to the
probability that the amount *»f "* naci ive chlorophyll surface/1

whk:It i$ nctt neccH^ariiy flit; sunn*. A*m tlie total ciiloroplast
surface, k an importattt iftlcntal fa«rt«r ancl anything which
milm'm.%"* thr atnnunt *»f tliin mrUitv^ surh as age, iron chlorosis
and lark of r^i'iithtl rlrni* nt^ in the raw fowl matcriul, is
indirectly it factor rontmlhnj; th«? ratt! of <:arbc»n UMsiiutilation,
An inercuHc (*r dt'^rcaM: in thi: r«;.«i.iv« chlorophyll surface will
correspondingly $ncrca*« «#r thwnta*t* t\w mtlmn mnhml&titm
when a given tcmpt'raturi: in limit ing and also, in certain
ccmclition^ when a definite ligtit in t imi ty &nd partial premmire
of carbon dioxide are limiting. This conception in un tmtcxmw
of mvamnimcnlH *>f th« rarhon •i^irnilation of Phmealus grown
in culture Htilutions lsickini; »udt e**«t*ntial clemt:fit» as
sium, magnc2»itirn9 iron nr phoi|>linrii«*; in th«is«.j ctrc
the carbon assintiiatbn in always \vm tiiati in plantu grown in
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a complete culture medium whether light o r
limiting. This is shown in the accompanying
Briggs's results which gives the real a s s imi l ab l e
cm. of surface expressed in percentages of the r ^ - t
plants growing in the normal culture solution of i
when light and temperature were limiting.

Leaves.

First f
simple I
First f
pinnate \

Factor
Limiting.

Light
Temp.
Light
Temp.

Pot
Plant.

IOO
IOO

Normal
Solution.

IOO
IOO
77
79

-Mg.

82
82
64
64

- P-

103
97

65

It will be seen that photosynthesis is subnormal
temperature are limiting, which means that s u b ]
the photochemical phase, which is more i n f i u o n
mination, is accompanied by a subnormality i n . 1
phase which is mostly influenced by temperafct-i]
both phases generally show the same degree of s i

In passing it may be observed that the p a r t I c
which an element is presented to the plant m a y \
tance. This is shown by the following table t a t c e
kell's observations on starch production in t h e lc
potato,* from which he concluded that the a m o u .
varies not only with the ordinary c o n d i t i o n i n g
also with the nature of the available potash. T l n u
sulphate when added to the soil was found to b e rax
in starch production than treatment with p o t a s s i i
and other potassic manures. The figures given a t
values of colorimetric estimations made o v e r s

Treatment.
No potash, (control)
Potassium sulphate
Potassium chloride
" Potash, manure salts *'

Starch Product ioi
2-013
2*667
2-139
1-893

seventeen days in September ; the quantities of a,<i<
manure were so controlled that the culture plots w e

•Maskell: "Ann. Bot." 1927, 41, 327.
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amount of potash equivalent to two hundredweight of potas-
sium sulphate per acre.

The superiority of the plants treated with potassium sul-
phate is associated with a more rapid translocation of starch
from the leaflets.

THE PRODUCTS OF CARBON ASSIMILATION.—Much investi-

gation is necessary before the precise significance of this factor
can be determined: of the products of carbon assimilation,
^rbpjhy^drate and .oxygen are the most conspicuous.

It is well known that, according to the law of mass action,
chemical action diminishes as the products of the activity
accumulate ; the initial rate can only be maintained provided
the initial proportions of the reacting substances are preserved
and the products of the reaction removed. In the leaf a further
complication arises since sugar is an osmotic substance and its
undue accumulation may lead to a physical disturbance in the
synthesizing machine such, for example, as the closure of the
stomates. This may be averted by the conversion of the sugar
into search, a marked and well-known phenomenon in many
plants, which temporary reserve is translocated at nightfall
after hydrolysis. But a great accumulation of starch may
inhibit photosynthesis in that, presumably, it reduces the
effective surface of the chloroplasts which, according to Briggs,
Warburg, Wurmser and others, is the seat of the primary
photochemical action. Translocation is most apparent in the
dark, but it takes place also by day and it is only in sugar leaves
that the undue concentration of soluble carbohydrates, owing to
hindrances to rapid translocation, or to a high assimilatory effi-
ciency, is likely to prove an important factor in carbon assimila-
tion. Broock * found that the leaves of the sugar beet on
bright sunny days showed a rapid increase in their dry weight
up to midday, at which hour there was a sudden decrease : this
loss in weight was more or less uniform until about midnight.
The sudden drop in the carbon assimilation at noon indicates
that the process was brought to a standstill owing, in all

* Broock : " tJber tagliche und sttindliche Assimilation einiger Kultur-
pflanzen," Halle, 1892. See Thoday: " Proc. Roy. Soc," B, 1910,
&*, 443-

VOL. II.—4
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probability, to the closure of the stonuites rt-Mihn^ imn; the
accumulation of materials which wen* produm! at a ^rvaUr
rate than that at which they could he translncatnl.

Kostychew and his collaborators • t'nund :h.it the phut**,
synthesis of Arctium and Phragmites on bright warm days
reaches a maximum several hours before •runst.-T, UM.;a)]y in
the forenoon; which maximum is followed by a marked re-
tardation owing to the removal of the products of the iteration
not keeping pace with the formation of new m.'Urri.il, An
increase in weight of approximately 0*13 gram prr ;t>u >q. cm.
of leaf surface is enough to end photosynthesis When the
conditions of photosynthesis are not so favourable, fur example
in dull weather, the sudden retardation of the process is not
observable. Similar results were obtained in the study of
various aquatic plants.f It was also found that various
algae, e.g. Mougeotia, Spirogyra, Cladophara and Rhizoclonium,
exhibit different assimilation intensities which are invariably
greater than those of aquatic phanerogams, e.g. Ceratophyllum,
in spite of the fact that the latter generally contain a larger
quantity of chlorophyll per gram of dry weight. These ob-
servations, together with those of McLean alluded to on an
earlier page (p. 24), indicate that the phenomenon is widely
spread.

With regard to the oxygen evolved, since carbon assimi-
lation by green leaves is unaffected by various concentrations
of oxygen in artificial atmospheres, and since the oxygen
pressure of the internal atmosphere of plants is a very variable
quantity, it would not appear that the amount of oxygen is
a limiting factor of any great significance.

THE ORGANIC PRODUCTS OF CARBON ASSIMILATION.

The ultimate products of carbon assimilation are carbo-
hydrates ; Brown and Morris,% in their classical work on the
chemistry and physiology of foliage leaves, identified sucrose,

* Kostycbew, Kudriviewa, Moisscgewa awl Sm&mow*; '* Zeit. wiss.
Bc^.," 1926, 1, 679.

f Kostychew and Soklatenkow : id.. 1926, ̂  1.
} Brown aad Morris : " Joura. Chem. Soc,," 1S93. 63, 604.
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dextrose, levulose and maltose in the leaves of Tropceolum,
the sucrose being in greatest abundance. These results were
generally accepted, reinvestigations of the subject being of
recent date. Parkin,* in his investigation of the sugars of the
leaf of Galanthus nivalis) selected for its convenience as a
sugar leaf, found that a considerable quantity of sugars, 20
to 30 per cent, of the dry weight, occurred in the active leaves ;
sucrose, dextrose and levulose were recognized, but maltose
was never found, a result which was to be expected, since starch
is not formed in the leaves in any appreciable quantity. The
amount of sugar increases towards the base of a leaf and con-
currently the ratio of the sucrose to the hexoses diminishes.
The sucrose increases rapidly in amount after sunrise, reaches
a maximum and diminishes during the night; the percentage
amounts of the hexoses of the leaf, however, remain fairly
constant. As the season advances, the proportion of sucrose
to the hexoses decreases, the latter being formed at the expense
of the former. Parkin confirms Brown and Morris in the
observation that the levulose is, as a rule, more abundant
than the dextrose and supports the contention that sucrose is
the Jirst recognizableL .sugar.Jaxarbon assimilation, the hexoses
being formed from it by inversion. It has been suggested
that the reason for levulose being more abundant than dex-
trose is that the latter is more used by the leaf in its respiratory
processes, the fructose being more suitable for tissue formation.
The observations of Robbins j* and of Brannon { however,
indicate that fructose is not better than glucose for tissue for-
mation. In water culture it was found that glucose was the
better, whilst fructose may have a temporary toxic effect,
especially in the absence of glucose.

Davis, Daish and Sawyer, § in the instances of the potato and
the mangold, agree that sucro§£ is a primary sugar of carbon
assimilation and from it the hexoses arise. The cane sugar and
hexose are at their maximum at mid-day and the amounts
increase with the season. Unlike Brown and Morris they

• Parkin : " Biochem. Journ.," 1912, 6, 1.
f Robbins: "Bot. Gaz.," 1922, 73, 376.
t Brannon : id., 1923, 75, 370.
§ Davis, Daish and Sawyer : " Journ. Agric, Sci.," 1916, 7, 225.
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found pentose to be present whilst maltose was confiMt-M.y
absent, both by day and by night, from the Iravt^ mentioned.
In view of the presence of starch in the potato k-af, it is Mjr-
prising that the presence of maltose was not eMahhshed :
there is, however, good reason for supposing that maltase
is commonly present in plants in which starch occurs and
is digested ; this enzyme is rather indiffusible, is destroyed
by alcohol and chloroform in ordinary conditions, and is
very susceptible to heat, a temperature of 50° C. having a
marked adverse eifect upon its activity, whilst at $zc C. it
may be destroyed. It is these properties of maltase which
account for the varying statements regarding the occurrence
of maltose in green leaves: if the procedure of experiment is
such as to destroy the maltase, maltose will be found ; if, on
the other hand, the enzyme is not destroyed, the maltose is
converted into hexose sugars. * Davis, Daish, and Sawyer
dropped their material of experiment into boiling alcohol and
thus destroyed any maltase that might have been present ;
their inability to detect maltose was therefore not due to the
activity of maltase- The conclusions of these authors regard-
ing the presence of pentose—--they estimated that pentose
represented from 5 to 25 per cent, of the total sugars—is ad-
versely criticized by Colin and Franquet f who found that the
amount of this sugar in the leaves of the potato and of the
beetroot is at most less than 0*03 per cent, of the total sugars.

Gast % examined the carbohydrate content of the leaves of
Tropaolum, Vitis, Mas a and other plants collected in the early
afternoon and early morning: he found that sucrose always
was more abundant than maltose and the other sugars identi-
fied ; he is in accordance with Brown and Morris regarding*
the absence of pentose. Kylin § found that in general terms
tbe amount of glucose varies inversely as the amount of starch.
Sticrae Is generally the most abundant sugar, especially i n
sugar teavtst but Gentiana hrewidms, a sugar leaf, does not

* Starts: - ttacfcML Jem*.," 191% *% n , 49, 36.
f GaD* and Franquet: ** Bull. Sac* cite. Httt," 1917. % 114.
t O t * : " ft*. fiiiysM. Qm*V 1*19, ffe 1.
I Kytfcn: «&» tfiS, 101, 77.
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contain any sucrose, whilst Tilia europcea, a starch leaf, con-
tains much sucrose.

These authors, together with others, conclu.de that sucrose
is the first sugar of photosynthesis, but, on the other hand,
there is evidence which may indicate that hexose, the sugar
required on current theoretical grounds, is the first sugar to
be formed, and various arguments have been formulated to
show that the results of the work outlined above really in-
dicate that hexose and not sucrose is the first sugar formed in
the photosynthetic process.

Lepovsky and others * from their study on the sugars of
the sugar beet, conclude that reducing sugars are amongst the
first products of carbon assimilation. Weevers f compared
the nature of the sugars in the green and non-green parts of
a number of variegated leaves. In ten out of the twelve
examples examined, sucrose was the only sugar identified in
the non-green parts, whilst the green portions contained both
sucrose and glucose. Further, hexoses were the first sugars
to appear and then sucrose in the chlorophyllous parts of
these leaves on exposure to light after a period of darkness
sufficient to ensure depletion of carbohydrate. Invertase was
present both in the green and in the non-green regions, which
suggests that this enzyme by a reverse action condenses mono-
saccharides to disaccharide. Priestley,% in his review of the
evidence, points out that the sugars formed in the green leaf
are intermediate steps in the formation of more complex bodies,
such as polysaccharides and proteins, for the prompt formation
of which the intermediate steps must be rapidly accomplished.
Wherefore it is reasonable to conclude that the substances
formed in the intermediate stages, including the first sugar
of photosynthesis, would show but little change in their con-
centration ; they would not accumulate in the light and thus
would not show fluctuation in amount. In other words, the
fact that of the sugars of the green assimilating leaf, sucrose
shows the greatest fluctuation in amount during the day

• Lepovsky, Schulz and Link : " Journ. Agric. Res./' 1926, 33, 59.
f Weevers : " Proc. Kon. Akad. Wetens., Amsterdam," 1923, 27, 1.
% Priestley: " New Phyt.," 1924, 23, 255.
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I>rji **tlt \ ion>hults that neither phv-i >l ^1 ,̂1! n r ihcmical
data >upi »>rt the \ii\v that cane suj;ar ii.i* it- nn^in in >tareL.
If starch he a g]uc«»e anhydride, it ft»l! »ws Jiat if sucrose is
it>TTPX\l from starch iome of the glur* -i must be converted
into kvulose. There is, however, some evidence that starch
is converted in sucrose. Schroeder and Horn * found that the
rane sugar content in detached starch containing leaves of
Trop&olunt varies with the water content, an increase occurring
with a falling water supply and a decrca.se with a rising water
content, It was also observed that in the detached leaves of
many plants the starch disappears more rapidly if the leaves
are allowed to wilt. Ahrens f also observed that in the wilting
had starch was converted into sucrose and hexose, presumably
by hydrolysis ; but from what is known of enzyme action,
the hydrolysis of starch should accompany an excess of
water whilst a lack of water should promote synthesis.
For this reason Priestley discounts t h e above work, in so far
m it affects the present problem ; it has., however, been sup-
ported by the observations of de Wolff, J who found that sucrose
was produced from starch grains containing not more than
53 per cent, of dry starch when slowly dried, but if the grains
coii'taintd mote than the stated amount of dry starch, no
•derate was formed on similar t reatment . This indicates that
\&m ft&tkM»bft|» between the amount of water and starch is a
factor of faufxwtft&ce, amd presumably in Ahrciufs wilting leaves

• Sfkm^m ami Hora : " Biocfcem, Z*-itV iff2» lJ®» 165.
f mmm: m Smt ***** *P4> 5*
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there was a sufficiency of water for the reaction to take place.
Priestley's thesis is examined by Parkin * and by Chapman f
whose papers may be consulted in the original. Attention
may be drawn to two facts : that all sorts of mutations,
sometimes chemically obscure, obtain between various car-
bohydrates both in the plant and in the animal; and that the
methods of chemical analysis are in the main too gross for the
identification of the subtle changes which rapidly occur in
the green leaf in which in the light anabolic and katabolic
changes are taking place together with others concerned in
translocation. For these reasons it is not illogical to assume
that the results so far obtained have no significant bearing
on the point at issue. As Spoehr J justly remarks, " I n a
complex system such as that with which we. are dealing here,
in which the synthesis and hydrolysis of complex compounds
are affected by a variety of conditions, the quantity of any
particular substance gives little information regarding the
role of that substance in a series of reactions. All of the car-
bohydrates, monosaccharides, disaccharides, and starch are
capable of conversion into each other quite independently
of the photosynthetic process, and even the identity of the
hexoses is not fixed, but they may undergo stereoisomeric
change. Unquestionably it would be very helpful if it were
known just what the first sugar is that is produced in photo-
synthesis. In the present state of our knowledge glucose
fits the theoretical requirements most adequately. Yet the
fact cannot be entirely disregarded that the demonstration of
glucose actually being the first sugar formed is still wanting."

Fats sometimes have been described as direct products of
carbon assimilation, more especially in plants, such as Van-
cheria, which have an abundance of fat-like substance in their
green tissues. The evidence for the contention is anything
but satisfactory, especially in view of the transmutation of
carbohydrate into fat in various plants and under the influence

* Parkin : " New Phyt.," 1925, 24, 57.
f Chapman : id., 1925, 25, 308..
J Spoehx : " Photosynthesis/' New York, 1926, p. 219.
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of certain external conditions such as low temperature.* The
problem has been considered by Meyer j* who describes the
presence of a colourless fluid of unknown composition and
having the physical properties of an oil which occurs in the
chloroplasts of Tropceolum. This substance, which is not a
fat, since it gives on distillation hexylenealdehyde, increases
with assimilation, and is considered by Meyer to be a definite
product of carbon assimilation.

HYPOTHESES CONCERNING THE SYNTHESIS OF CARBO-
HYDRATE BY THE GREEN PLANT.

With the problems associated with the march of events
from the initial carbon dioxide and water to the final carbo-
hydrate, the realms of theory are entered. The hypotheses
are many and have this in common—none entirely satisfy the
plant physiologist; for which reason it is proposed to consider
but few in any detail on the present occasion, not that those
discarded are barren of ideas—indeed, some contain valuable
suggestions—but that their examination, more especially
when unsupported by experimental evidence, would tend rather
to obscure than to clarify the problem.

In 1870 Baeyer put forward the hypothesis that the carbon
dioxide is split up by the plant into carbon monoxide and
oxygen, and that the water is concurrently resolved into its
constituent elements. The carbon monoxide and hydrogen
thus produced then combine to produce formaldehyde, which
undergoes polymerization, and so forms a hexose.

These changes may be represented in the following equa-
tions :—

ri. CO2 = CO -f o
U. H2O = H2 + 0
3. CO -h H, = CHaO
4. 6(CH2O) =

Thus, according to the theory, there are two distinct actions,
the first leading to the formation of formaldehyde, and the
second to the production of sugar.

* See Vol. I.
tMeyer: "Ber. dent. bot. Geselis.," 1917, 35, 586; 1918, 36, 235,

674.
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Considering the first part of Baeyer's theory, it is seen that
both carbon monoxide and hydrogen are supposed to be pro-
duced, but carbon monoxide has been found but once in a
free state in the living plant (p. 105), and it is a substance which
does not lend itself at all readily to constructive metabolism,
the evidence as to whether plants are able to make use of it
for synthetic purposes being contradictory. Bottomley and
Jackson * state that if the carbon dioxide normally present
in the atmosphere be replaced by about twenty times as much
carbon monoxide—the increase in the amount of the latter
being necessary on account of its lesser solubility in water
as compared with carbon dioxide—plants of Tropceolum
formed starch and flourished. Preliminary analyses also
showed tha t seeds, when germinated in an atmosphere in which
the carbon dioxide had been replaced by carbon monoxide,
there was an increase of organic carbon in the seedlings.
Further, they found that a negative pressure obtained in the
vessels containing the plants assimilating carbon monoxide.
This was to be expected if the hypothesis be accepted, for if
the carbon monoxide be used up in photosynthesis, then the
amount of oxygen set free would be half that evolved in normal
photolysis. On the other hand, Krash&iinnikoff f has come
to the conclusion, based on a number of experiments, that
green plants cannot make use of carbon monoxide ; he points
out, however, that his evidence does not prove that carbon
monoxide is not formed in the early stages of photosynthesis.
It may also be remarked that according to the investigations
of Sulander,$ carbon monoxide acts as an anaesthetic, but is
much weaker in its action than chloroform. He found that
0-5 per cent, of this gas was sufficient to inhibit the growth
of seedlings of the lupin and the germination of the spores of
many Fungi. On the other hand, Wehrner§ found that the
seedlings of cress arid barley are not injured by exposure
to an atmosphere containing 50 per cent, of carbon monoxide.

* Bottomley and Jackson : 0t Proc. Roy. Soc.," B» 1903.7*, 13a*
I Kra^L^nitmikofi : " Rev, g6n. Bat./* 1909,31»177.
% Salan.de* : " Beth, bot. Centrbl./* 1909, 24, I., 357.
§ Wefcsaer: " Ber. deut. bat. Ges.," 1925, 43* 184,
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It does not therefore follow that carbon monoxide is not formed
in plants. As is well known, carbon dioxide is itself an anaes-
thetic if present in a sufficient amount, and possibly it is more
potent in this respect than is carbon monoxide, for Sulander
found that often the streaming movements of protoplasm was
not affected even after several hours' exposure to the last-
named gas.

According to Baeyer's hypothesis oxygen and formalde-
hyde are early products of the process and these may now be
considered.

ORIGIN OF THE OXYGEN.

On the thesis that there are two phases in the photo-
synthetic process, one a light reaction and the other a dark,
or chemical, reaction, the oxygen may be split off in either the
one or the other. Accordingly Warburg * and others tried the
effect of increased temperature, poisons and narcotics on
Ckforella under high illumination, the Blackman reaction, and
under low light intensity. In both conditions carbon assimila-
tion was inhibited by narcotics and the Blackman reaction also
by hydrocyanic acid, but not that in low illumination. Further,
the former was accelerated by a rise in temperature, the curve
showing a linear function of temperature between IO°~3O° C.;
but when light was limiting, an increased temperature was
without effect on the photochemical reaction. The alga was
thtti grown in the dark with hydrogen peroxide added to the
culture solution and the rate of the evolution of oxygen, by
the action of the Ckhrella on the peroxide, measured after
treatment with narcotics, poisons and varying temperatures.
With regard to temperature the same linear function was found
as in the Blackman reaction, and the action of hydrocyanic
acid and narcotics was the same. In view of this parallelism,
tltese ftuthws support'Willstatter's hypothesis that the oxygen
tvolvtd during carbon assimilation owes its origin to the split-
ting irf the chlorophyll peroxide combination (p. 65).

230; 1920, i©& x8S
| « 9 4 4 ^ 4 Yabusoe: id,, 1924,
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FORMATION OF FORMALDEHYDE.

Formaldehyde, as is well known, is poisonous, so that, if
formed, it must be polymerized before it has time to injure
the protoplasm, and experiments have shown that, in certain
conditions, formaldehyde may be made use of by the plant.
Thus Bokorny * showed that Spirogyra in the absence of
carbon dioxide can make starch when supplied with a compound
of formaldehyde and sodium hydrogen sulphite ; also Tre-
bouxf and Bouilhac have stated that Elodea, Sinapis, and
certain Algae can form starch in the dark when supplied with
dilute (-0005 per cent.) solutions of formaldehyde.

Grafe J found that green seedlings grown in the light, in an
atmosphere free from carbon dioxide and containing not more
than 1*3 per cent, of formaldehyde vapour showed a greater
increase in growth and in dry weight as compared with the
controls. These results were corroborated by Baker,§ who
concluded from most carefully controlled experiments that
formaldehyde could be assimilated to a certain extent in the
light, but not in the dark, in an atmosphere void of carbon
dioxide.

Jacoby || compared the dry weights of starch-free leaves
of Tropceolwn, grown in an atmosphere lacking carbon di-
oxide, with and without the addition of gaseous formaldehyde.
Those treated with formaldehyde were more green and showed
an increase in dry weight varying from 17 to 5-4 per cent,
over the controls. He concluded that in all probability not
only was the formaldehyde fixed, but underwent a conden-
sation similar to that formulated by Willstatter and Stoll;
in other words, formaldehyde is an intermediate product in
carbon assimilation.

Bodna'r, Roth and Bernauer f̂ similarly found an increase
in the dry weight and carbohydrate content of leaves exposed

* Bokorny : " Biol. Zentrbl.," 1897, 17, 1; 1916,36, 385 ; " Ber. deut.
chem. Gesells./' 1891, 24,, 103.

f Treboux : " Flora/' 1903, 92, 49.
X Grafe : " Ber. deut. bot. Gesells./' 1911, 29, 19.
§ Baker: " Ana. Bot./' 1913, 27, 411.
|| Jacoby : " Biochem. Zeit./' 1919, 101,1.
f Bodnar, R6th and Bernauer : " Biochem. Zeit.," 1927, 190, 304.
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to the vapour of formaldehyde, and Sabalitschka and Weidling *
observed that El ode a is able to build carbohydrate from solu-
tions containing 0*024 per cent, of formaldehyde or 0*032 per
cent, of acetic aldehyde in darkness as well as in light.

There is much positive evidence of the presence of formal-
dehyde in green leaves. Tims Klein and Werner f from their
experiments conclude that formaldehyde and acetic aldehyde
thus occur; the former was only found in leaves in which
carbon assimilation had taken place; it was absent in leaves
kept in an atmosphere free from carbon dioxide, or grown in
darkness, and in leaves narcotized by phenyl urethane or by
hydrocyanic acid. Acetic aldehyde, on the other hand, was
found in narcotized leaves, and also in leaves kept in darkness ;
it is regarded by the authors as a product of respiration.

Mention has above been made of the formatioa of formal-
dehyde and of formic acid from carbon dioxide and water
under the influence of different forms of energy.

Willstatter and Stoll J argue that the "assimilatory ratio,"
COr ( \ should provide evidence regarding the possible inter-
mediate products; they point out that oxalic, formic and
glyoxylic acids and formaldehyde are possible intermediate
products between the carbon dioxide and carbohydrate. The
assimilatory ratios of these substances are respectively, 4, 2,
1*33 and 1. In their experiments, they found the assimilatory
ratio to be I and it remained constant, even in succulents, in
varying amounts of carbon dioxide and oxygen and with the
temperature ranging from 10° C to 350 C; it is concluded
therefore that the carbon dioxide is reduced to formaldehyde,
this bung the only product having a single carbon atom.

POLYMERIZATION OF TORMALBEHYDE TO SUGARS
IN VITRO.

Laboratory experiments on the polymerization of formal-
dehyde to sugars not infrequently are quoted in support of
tb* formaldehyde hypothesis.

t Sabalitschka: #i JL aagew. €H«m.r" 193a. £& 684. Sabalitschlca

•JEfcto *ttt Wwmmi * MKtaB. &*L0
n 19a*, i&S, 3*1. See also

t taH 00 A14hd
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The first successful attempt to bring about such a poly-
merization was made by Butlerow in 1861, who, by the
catalytic action of lime water, at ordinary temperature, on
trioxymethylene (itself a polymer of formaldehyde^, obtained
a syrup with a somewhat bitter taste, which he called methyl-
enitan. Subsequently Loew undertook an investigation of
the action of milk of lime on formaldehyde, and devised the
following experiment. A 4 per cent, solution of formaldehyde
is mixed with an excess of milk of lime and repeatedly shaken.
for about half an hour ; after filtering, the mixture is set aside
for some days unti l the pungent smell of formaldehyde has
disappeared. The solution, which will now reduce Fehling's
solution, yields a colourless syrup with a very sweet taste,*
This substance, which is known as crude forrnose, was exam-
ined by Emil Fischer, who found it to consist of a mixture of
various hexoses and succeeded in isolating from it a small
quantity of a sugar—acrose. Acrose can also be obtained by
the action of dilute caustic soda on glycerose, a substance
obtained by the oxidation of glycerol. From the acrose thus
formed Fischer was able by an elaborate series of reactions to
prepare ordinary fructose or levulose. In respect to the action
of weak alkalis, Spoehr found that sunlight had no action on
a 3 per cent, solution of formaldehyde in the presence of such
salts as calcium carbonate, potassium carbonate, and potas-
sium nitrate in decinormal concentration, no trace of sugar
being found after a n insolation period of four months.

With, regard to the formation of the higher carbohydrates.
Fisher aad Armstrong f were able to synthesize a disac-
charide—isolactose—by the action of an enzyme, Kefir lactase,
on a mixture of glucose and galactose; the same authors
also syn thes ize qjelibiose ; similarly isotnaltose has been ob-
tained by Croft-rlill £ by the action of maltase on glucose;

•More recently Ewart (" Proc. Roy. Soc.," Victoria, 1919, 31, 32S)
has worked out the best conditions for the polymerizatioa of formaldehyde
to sugar, aad finds that the most rapid reaction is produced by sodium
hydroxide in the presence of a neutral calcium salt.

t Fisher and Armstrong : " Ber. deut. chenu Gesells.,11 1902, 35* 3*44-
$ Croft-Hill: " Jcrora. Chern. Soc.," 1898, 73, 634 ; lee also Earner-

ling : ** B©r. dent, chenu Gesells./' 1901, 34,* 600, 2206.
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and Pictet and Vogel * have synthesized sucrose from glucose
and fructose.

SUMMARY OF THE EVIDENCE RELATING TO THE
FORMALDEHYDE HYPOTHESIS.

It is obvious from this survey that the hypothesis of Baeyer
has influenced to a remarkable degree investigations on the
synthetic aspects of carbon assimilation ; this to a large extent
is psychological, for the hypothesis is attractive in that it is
plausible and lends itself readily to test-tube investigation.
The evidence readily centres around distinct nuclei—the
identification in the plant of the critical initial intermediate
products; the effect of presenting the plant with some of
these initial substances in place of natural raw material; and
the elaboration of the final from the supposed initial products
in the laboratory—and may be briefly considered under these
heads :—

Carbon Monoxide.—This gas, if produced, must be fixed
with extreme rapidity, for there is no evidence of its occur-
rence as such in assimilating tissues, which is remarkable for
a compound so inert. The evidence for its use by the plant
when substituted for carbon dioxide is inconclusive.

Formaldehyde.—There is no doubt that formaldehyde can
be obtained from green leaves; there being many compounds
which yield it more or less readily on decomposition. The
production of formaldehyde in artificial chlorophyll systems
was once considered strongly to support Baeyer's hypothesis,!
but the work of J6rgensen and Kidd, who were the first to use
pure chlorophyll in this connection, seriously discounts the
significance of the reactions since the formaldehyde has its
origin in the oxidation of the chlorophyll; it is not produced
in such systems if oxygen be absent. Much of the evidence
relating to the production of formaldehyde from carbon dioxide
and water under the influence of radiant energy is contradictory.

Its balance strongly supports the view that free formalde-

* Pictet and Vogel: " Compt. rend./' 1928, 186, 727. See Vol. I.,
p. 113-

f See, for example, Usher and Priestley: " Proe. Roy. Soc," B, 1906,
77»369; 1906,78,318; 1911,84,101.
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The Production of Sugar from Formaldehyde.—The evi-
dence for the condensation of formaldehyde to hexose sugars
in the laboratory under the influence of various catalysts is
convincing : but valuable though such evidence be, especially
in providing points d'appui, it does not follow that such a
sequence obtains in the plant. The formaldehyde hypothesis
requires a hexose as the initial sugar: the general opinion
of those who have concerned themselves with the final products
of carbon assimilation is that sucrose, not a hexose, is the
first recognizable sugar, but, as has been pointed out on an
earlier page, the known facts may equally well indicate that a
hexose is the first formed sugar.

SUMMARY OF THE OPINION OF WILLSTlTTER AND STOLJL

Willstiitter and Stoil agree with Baeyer that formalde-
hyde is the intermediate link between the carbon dioxide
supplied to the plant and the carbohydrate synthesized with
the help of chlorophyll. It has already been pointed out
(p. 6o) that their chief argument in support of this view is
based upon the constant value, i t obtained for the so-called
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earhtr wurk of Usher and Ine^tlcv, dtni»>n»tratmg thi for-
mation of tfus hubi-tanee in tilnb at chlorophyll exposed to
an atmosphere of carbon ditxide in ^ttnlight, was s>hown by
Wager* and Warnerf to be faulty, inasmuch, as Wager
showed, that no formaldehyde was produced if oxygen was
excluded, whilst Warner showed that carbon dioxide was
unnecessary and took no paxt in the production of the for-
maldehyde. Warner concluded that the formaldehyde was in
fact an oxidation product of the chlorophyll since oxygen
was actually absorbed in the process. The experiments of Will-
statter and Stoll, show that no formaldehyde at all was formed
if pure chlorophyll in colloidal solution was employed, the
colloidal solution being considered to approximate most closely
to the condition of the chlorophyll in the chloroplast. The
forautktehyde described by the earlier workers is attributed
t# the oxidation of impurities accomfianying the samples of
cMomphyli lined by them.

The failure to obtain any trace of formaldehyde from pure
m mim m attributed by WtUttltter and Stoil to

f Wmmm 1 ML, &k
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the absence of the essential enzyme which these authors pos-
tulate in the green leaf, and this brings us to the consideration
of the mechanism of the action of chlorophyll upon carbon
dioxide as visualized by these authors.

Experiments in vitro have shown that carbon dioxide can
form with chlorophyll (I.) in colloidal solution an additive
compound of the type of a bicarbonate (II.) as expressed by
the equation

1 > V 1>NH n ° H

I n

This compound (II.) cannot be imagined to be capable of
parting with two atoms of oxygen with regeneration of chloro-
phyll, so that some intramolecular rearrangement must first
take place, and this, according to Willstatter and Stoll, in-
volves the absorption of energy which is supplied by the sun-
light. This change to a formaldehyde peroxide compound
(III.) may be illustrated as follows :—

It is true that experiments in vitro have entirely failed to
demonstrate the formation of a peroxide compound by means of
horse-radish peroxidase, but this is considered to demonstrate
the essential difference between test-tube experiments and
the activity of the living cell. Further, there is no doubt that
chlorophyll in the chloroplast is protected from photo-oxidation
or decomposition by carbon dioxide in a way that chlorophyll
in colloidal solution in vitro is not, since the chloroplast will
tolerate concentrations of carbon dioxide which decompose
chlorophyll in colloidal solution to the magnesium-free com-
pound phaeophytin (V.) with precipitation of magnesium
carbonate as illustrated by the equation

C65H?tO6N4Mg + H20 -1- CO2 - C65H74O6N4 + MgCO3

V.
VOL. II.—5
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Within the living cell the dt/conjposition of the pi
formaldehyde compound till/; is a^umi'd to be brought about
by an enzyme, the existence of which enzyme is supported by
the experimental evidence relating to the assimilation number
which has already been considered [p. 45>

Wills tatter and StoIFs views are founded on Baeyer's
theory ; this formaldehyde hypothesis is certainly attractive
and is supported by many and various observations; its
degree of probability is a matter of personal opinion, being
dependent on the relative values of the known facts. But
the attractiveness of a hypothesis, or of a witness, or of an
item of evidence must not outweigh the many deficiencies,
the fulfilment of which is requisite for a relative scientific
proof, an absolute proof being hardly possible ; wherefore the
conclusion is reached that the formaldehyde hypothesis h
not proven,

OTHER OF IN IONS.

FOEM1C ACID,

Erlenmeyer was the first to suggest that formic acid is
tltt mmt likely intermediate product af early origin, but it is
$®ly df recent yean- that renewed attention has been given to
tilt, poatibility. Tlie irork of Sp#ehr has already been men-
tioned ; ht demonttfftted that ctrtKin dkracide and water are
mmify raiweed to tmrnk acid bf mentis of radiant energy;
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from formic acid a sugar-like substance is formed, in con-
ditions such as obtain in an active leaf, which the plant
can utilize as a foodstuff. He points out that in Grafe's and
Baker's work the plants were in reality supplied with formic
acid, since formaldehyde is oxidized in the light, and he him-
self found that plants increased in dry weight in an atmosphere
of formic acid. Wislicenus * also supports the formic acid
hypothesis. The thesis, however, has attracted but little
attention, for which reason there is not enough evidence to
warrant a conclusion.

MAQUENNE'S HYPOTHESIS.

Maquenne f has formulated a theory of photosynthesis
which is independent of the formation of formaldehyde or
formic acid as intermediate products.

According to current ideas, the conversion of n molecules
of carbon dioxide into a compound containing n carbon atoms
involves a polymerization which, according to the formalde-
hyde hypothesis, is subsequent to the formation of the inter-
mediate compound, formaldehyde. On Maquenne's hypothe-
sis, polymerization may precede or merely accompany the
decomposition of carbon dioxide.

Willstatter and Stoll consider that chlorophyll may exist
in a true or in a colloidal solution ; J in' the former state it is
unaffected by carbon dioxide but in the latter state carbon
dioxide and chlorophyll combine to form a compound of a
bicarbonate type.

Maquenne suggests that colloidal chlorophyll is either a
simple hydrate of ordinary molecular chlorophyll or a polymer
in which the molecules are united by loose supplementary
valencies due, say, to the magnesium becoming tetravalent
as in formula III.

On the addition of carbon dioxide and water, a substance
of formula I. results which by photochemical action yields
a compound of formula II. which, being unstable, gives off

•Wislicenus : " Ber. deut. chem. Ges.,M 1918, 51, 942.
f Cf. Maquenne : " Compt. rend.," 1923, 177,, 853.
J See Vol. I., p. 307.
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C H A P T E R I I I .

THE SYNTHESIS OF FATS.

A CONSIDERATION of the salient features of the physiological
significance of fats has been given in the first volume,* in
which place the consideration was retained for the sake of a
closer association of the characterization and ni'hvr pr^MTtirs
of fats with the physiological problems involved. F^r this
reason a general survey only, with such departures intu detail
as necessity demands, will be given on the present occasion.

In the plant fats are commonly associated with the reserve
food in seeds, spores, and vegetative perennating organs,
but in smaller quantity they are probably present in all living
cells. As a food they have considerable value in that on physio-
logical combustion they yield more energy weight for weight
than either protein or carbohydrate, the relative energy-
producing values being roughly 5 : 3 : 2 respectively.f

The immediate question is the origin of fats : Have they a
photosynthetic origin from raw material in much the same
way as carbohydrates, or have they their origin in the trans-
formation of carbohydrate or of protein ?

It was once thought that in some plants fats were direct
photosynthetic products; Vaucheria was the prominent
example amongst the lower plants and of the higher plants
those showing elafoplasts were quoted. As has been mentioned,
there is some doubt regarding the composition of the fat-like
body occurring in Vaucheria f and on the available evidence
it is impossible to draw a definite conclusion.

* Vol. I., p. 34. See also Terroine : " Ann. Sci. Nat. Bot.," 1919,
s6r. x., 1, i.

f See Terroine, Trautmann and Bonnet : " Compt. rend.," 1Q25,
18a, 1181; " Bull. Soc. chim. biol.," 1925, 7, 461.

t See Vol. I., p. 35.
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To ink substance the authors give the name of pliosphalidie
arid and suggest that it may be the precursor of lecithin and
kephalm in the animal body. These facts, however, do not
provide evidence of the photosynthetie origin of fats, nor
do the presence of elaioplasts, which apparently are degraded
chloroplasts. It must, therefore, be concluded that the facts
relating to the occurrence of fats and kindred substances in
chlorophyll-containing cells do not permit the drawing of a
definite conclusion in regard to the present problem, and, in
fact, there would appear to be no evidence to warrant the
conclusion that fats have a synthetic origin from raw materials
in the same sense as carbohydrates. For this reason their
origin must be sought out elsewhere : the proteins and the
carbohydrates are the obvious sources.

Fmnaiian from Proteins.—Of the formation of fats from
proteins, little is known : the known facts indicate a relation-
ship between these two classes of compounds, but the signi-
ficance of this relationship is not clear. Evidence is not
wanting that proteins, in certain circumstances, may be con-
verted into fats ; but this evidence relates to the animal rather
than to the plant.

In the plant there would appear to be some correlation,

. 31, 335, 233,



VRn\\ fWRBt MiYI^A i K- 71

although r>]»M'iit'i\ between proiiin dr.-] • .,'• ]; > ^f ..r\ •
f«»und that the "il and protein content --if • ] , - r v : - ; i n :--;-
correlated, in that ciiltura! ronditi-ns \\hi=.'h m;-'..:•;•-•• •!>•• ;:•.*
also influence the other in the opposite diro..ti<--n ; :v:j'r,:,rw.z
with lime, phosphate and organic substances result- :u l3:i
increase of protein and a decrease in fat ; p-utash, -,n "I;,- -.-tixr
hand, has an opposite effect.

Origin from Carbohydrates.—The weight of i;\i>krxe
favours the view that in the carbohydrates is to be found the
origin of fats in most instances.

The conversion of carbohydrate t<> idt m plant-., r i
i\ir

t

of plants, exposed to a low ternperatun . the <\^ >] * T. :;t
fats in immature seed separated from t . j . par».^/ ' ..4.,* : ..*.'
the fattening of animals on a carbohydrate ai« i :r I:- .t. *..
close physiological connection betvutn ti^ tu,. \̂ ^̂ t̂̂
compounds.

The evidence given by the facts relating to the developpien
of fats in storage organs such as the seed and structures of
vegetative propagation and to the changes which take place
in the germination of a fat-containing seed, may here be
given.

Fat makes its appearance in the storage organ as that mem-
ber approaches maturity. There can be but little doubt that
it is formed in situ from materials in the immediate neighbour-
hood, a fact which is emphasized by many observations on the
development of fats in seeds isolated from the plant whilst in
an immature condition and originally containing little or no
fat.

Quantitive results are not wanting. Numerous obser-
vations, amongst which those of Schmidt, Le Clerc du Sablon,
de Luca, Funaro, and Ivanow may be mentioned, show that
in the maturation of the seed, the increase in the amount of
fat and the decrease in the amount of carbohydrate are con-
current. This is illustrated in the accompanying tables
representing the results of two experiments by Le Clere du
Sablon:—

* Stark : " Journ. Amer. Soc. Agron./* 1924, 16, 636.
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I
! Datr of Gatfecnrg.
i
; r> July .

i August
' 15 August
i 1 September
4 October

;
Date nf Gathering,

9 June
4 July
1 August .
r September
4 October .

SYNTHESIS OF

J.NVT.

1

3
it-*
42
5Q
6a

ALMOXI>.

Per Cent.
Fat.

2
10
37
44
46

; PerCent.
j lilllCOSf.

6 I
4-2 ;
0 ;
0
0 1

FAT-

}>ru;:t. 1

*'4 ••
0 ;
0
0

FVr trnt.

4*M
2-8 !
2't\ ':
r5 |

0
0-5
o-b
o-̂
1 -6

Per Cent.
Starch aiul
pextrius.

14* 1
6-2
5-4
5'3

The carbohydrates which serve as raw material for the
elaboration of fats vary with the p lan t ; glucose, sucrose and
starch would appear to be most commonly employed in this
connection, the last two being initially hydrolysed.

It is a well-known fact that during the germination of fat-
containing seeds, carbohydrates appear and fats disappear.
Thus Maie * found that the isolated cotyledons of arachis
seeds increased in their dry weight from 2*2613 to 2-6153
grams, an increase due to the fixation of oxygen, whilst their
sugar content increased from *34l6 to *46$4 gram.

The disappearance of the fats is due, in the main, to their
translocation to the rneristematic and growing regions of the
developing embryo. This conveyance may be effected by the
movement of fats as such in addition to the transport of the
products of their hydrolysis, which change takes place in the
storage organ.

Schmidt f studied the movement of oils in the intercellular
space system of the axis of pea seedlings and found that the
rate of movement depended on the amount of fatty acid present;

f Sdwldt; " Fim," ttga* 74* 3****
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he also found that a neutral oil would not enter the edl unless
there were present a minimum of 10 per cent, of free fatty
acid. It was therefore concluded that the free acid formed a
soap which emulsified the fat, in which condition it could move
from cell to cell, a conclusion which Schmidt supported by
his inability to detect either sugar or starch in the endosperm
of germinating fat-containing seeds. Rhine * has repeated
Schmidt's work and disagrees with his observations and con-
clusions. Rhine found that the rise of oils in the intercellular
space system was not dependent on the presence of free acid,
and that neutral fats do enter the ceil from the intercellular
spaces, but this is dependent, not on the presence of free acid,
but on the water deficiency of the cell wall ; if the cell wall is
not allowed to lose water, which, from the experimental pro-
cedure, is likely to happen, there is no intake of fat. The
presence of relatively large quantities of sugar was established
in the endosperm of germinating seeds of the castor oil plant,
hemp and flax ; Schmidt found none. Rhine also points out
that the soap formation would appear to be improbable in
view of the pH values which occur. The formation of a soap
is dependent on a neutral or alkaline medium, an acid reaction
is inhibitive; in the plants examined, the reaction was always
on the acid side ; in most tissues the pH was 6-2, the highest
value observed being 6-8.

As may be read in the chapter on Respiration, the respi-
ratory ratios differ in accordance with the material consumed ;
from his comparison of these ratios in the hypocutyls of seed-
lings of fat-containing seeds and of starchy seeds, Rhine con-
cludes that the material respired by the former could not be
fat. Thus the general conclusion is reached that in normal
conditions fats are not translocated as such, and that the fat
contained in a seed undergoes hydrolysis and is converted
into sugar before transport takes place.

Le Clerc du Sablon, Ivanow, Miller and others have thrown
much light on the hydrolysis of fats in their studies on the
germination of various fat-containing fruits and seeds. Lipase

* Rhine : " Bot. Gaz.," 1926, 82, 154,
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is the enzyme concerned, and by its activity the fat is hydro-
• lysed into glycerol and fatty acid, which products are used
either immediately for the needs of the ^tvdings or are first
converted into carbohydrate. Agreement is general that as
germination proceeds, the acid radicals becomes saturated,
as is indicated by the decrease in the iodine value, and the
rate of consumption of these acids is inversely proportional
to their degree oi saturation.

As the fats decrease, the carbohydrates increase, a fact
brought out in the following analysis of arachis seedlings by
Maquenne:—*

Age in Days. Per Cent.
Fat.

Per Ccnit.Carbo-
l&ydrate other than

Cellulose
Cellulose andother InsolubleCarbohydrates.

0
6

10
12
18
28

5*'39
49-81
36-19
29-00
20-45
12-16

n-55
S-35

12-52
12-34
9*4°

2-51
3-46

5-22
7.29
9-4$

The nature of the carbohydrate formed differs in different
plants; glucose would appear to be the most common, but
sucrose, starch and dextrin^ also are described. It is not
unlikely, as Maquenne has pointed out, that the nature of the
carbohydrate depends upon the Iqgdjqf fat and its degree of
saturation. He considers that the saturated fatty acids con-
tribute in a much lesser degree to the formation of sugars than
do the unsaturated acids, and that the saturated fatty acids
are principally used for respiratory purposes. Agreement,
however, between the authorities in respect to this aspect of
the subject does not obtain. Ivanow considers that there is
no real difference between the saturated and unsaturated
fatty acids in their power to give origin to carbohydrates,
the difference in their amounts being due to the more rapid con-
version of the unsaturated variety. However this may be,
the salient feature in the germination of a fat-containing seed

* MaquenDe: " Qwapfc. road-/*
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is the conversion of the fat into carbohydrate, the reverse
to what obtains during the maturation of the seed. The
change is effected by the activity oflipase which hydrolvses
the fat into glycerol and fatty acid.

The work of Ivanow has shown that lipase has a reversible
action, and whether it hydrolyses or synthesizes fats is merely
a question of conditions, mainly the presence or absence of
water. The glycerol extract of a fat-containing seed, which
extract contains the lipase, mixed with oleic acid will synthe-
size a fat : the addition of water will result in the hydrolysis
of this fat into glycerol and fatty acid.

In the synthesis of fats, Ivanow considers that higher
saturated acids of the fatty series are the first to be formed
from the sugar, and these are converted into unsaturated acids
which combine with the glycerol to form the fat.

With regard to the origin of glycerol, the chemical relation-
ship between this substance and glucose is so close as to suggest
at once the possible inter-relation of the two; further, glycerol
may have an origin in respiratory processes as is shown by the
production of this substance during the alcoholic fermentation
of sugar.

Maclean and Hoffert * have studied the formation of fat
in Saccharomyces. When yeast is incubated in oxygenated
water, part of the reserve carbohydrate disappears and the
amount of fat increases. This change does not take place if
the yeast is grown in M/io oxygenated solutions of propyl,
butyl and isoamyl alcohols, but does happen when the plant
is incubated in M/io solutions of sodium formate, sodium
propionate, sodium butyrate, glycerol and acetone. When
cultivated in 5 per cent, solutions of ethyl alcohol, sodium
acetate, sodium lactate or sodium pyruvate, an increase in
the amount of fat occurs similar to that effected by a 0-5
per cent, solution of glucose, but this amount of fat is not
further increased by the higher concentration of the substances
mentioned. In sugar solutions, on the other hand, the cells
incubated in oxygenated solutions store up fat, in addition

* Maclean and Hoffert: " Biochem. Journ.," 1923, 17, 720. See also
Maclean: id., 1922, 16, 370.
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to carbohydrate, in amounts dt*pendin£ ^n the w^u^ni ration of
the sugar and thi> is independent of the natun1 *»! the su^ar.

Maltose is rn^re effective in prom>>nn^ the -t^ra^e of car-
bohydrate and less effective in bringing about flic formation
of fat as compared with fructo-c, ^lua^e and sucf'^e: the
presence of phosphate increases the amount *>f fat antl de-
creases the amount of carbohydrate stored. The presence
of oxygen is an essential condition for this fat production.

In the present consideration, the salient points of Mac-
lean and Hotfert/s investigation arc the relationship between
carbohydrate and Cat and the possible substitution of carbo-
hydrate in the culture medium by sails of acetic, lactic and
pyruvic acids.

Haehn and Kinttof * showed that the fungus Endomyces
vernalis was able to build up fat "when grown on a medium
containing acetic aldehyde and even ethyl alcohol as the only
source of carbon, which possibly indicates that acetic alde-
hyde may be a stage in the conversion of sugar into fats. The
sequence they suggest is glucose -> pyro-racemic acid -*
acetaldehyde -> aldol -> glycerol esters.

The evidence outlined above gives strong support to the
thesis that fats have their origin in carbohydrates: the
chemical aspect of this probability may now be considered.

The striking recurrence of the eighteenj:art>on atom fatty
acids belonging to the various series exemplified by stearic
acid C18HMGj, oleic acid C18H8#Ot, linoleic acid ClsHaaOft,
linolenic acid QgH^Qagave rise to the suggestion that such
acids were produced by the direct union of tliree six-carbon
atom sugars; there are, however, several reasons for rejecting
this hypothesis. In the first place, there is no particular reason
to exclude the association of hexoses withpentoses; thus sup-
posing one hexose and two pentoses to be involved, an acid
containing sixteen carbon atoms would result ; a difficulty,
however, arises in th€ fact that a single molecule of a hexose
and a patios® respectively would result in a fatty acid con-
taining eleven carbon atoms, but it is a well-known fact that

* Raehn and Ktattof: " Her. devit. chem Ck*./' 1925, 56, 439.
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the acids entering into the composition of the vegetable fats
invariably contain an even number of carbon atoms. On these
grounds this theory of the formation of the fatty acids must
be rejected.

Another question of importance in connection with the
fatty acids is whether the acids of lower molecular weight have
been derived from those of higher molecular weight; or
whether, on the contrary, they represent stages in the building
up of acids of high molecular weight. The discovery by
Windaus and Knoop that in nature the point of attack upon
a fatty acid is the Jj-.carbon atom, has proved of considerable
importance. The process may be illustrated by a concrete
example: butyric acid is oxidised in the animal to /3-hydroxy-
butyric acid

CH3CH2CH2COOH -f-O-^ CHaCHOH . CH2. COOH
/ttiydroxybutyric acid

a reaction which was first effected in vitro by Dakin with the
use of hydrogen peroxide. In general terms, an acid of the
formula R—CH2 . CH2COOH is thus converted into an acid
R . CHOH. CH2COOH, and this, on further oxidation, yields an
acid RCOOH which, as will be seen, contains two atoms of
carbon less than the original acid. "This method of oxidation
thus accounts for the production by metabolic oxidation only
of acids with an even number of carbon^atoinSj assuming the
original acids to have contained an even number.

The alternative suggestion that acids of high molecular
weight are built up from those of lower molecular weight is
one which is more acceptable in explaining the production of
fatty acids from carbohydrates.

It was first suggested by Nencki * that in the production
of butyric^acid from lactic_acid by fermentation, acgtic.alde-
^yde.was an intermediate stage; the changes involving the
formation of a four-carbon fatty acid (butyric acid) from a
three-carbon acid (lactic acid) could be accounted for as
follows :—

CHaCHOHCOOH = CH8CHO + COa + H2.
Lactic acid Acetic aldehyde

•Nencki: " J. prakt. Chem.," 1878, 17, 105.
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Two inn!emlc- «->f nrc!ic aklehynr ?;;<-p. ijnjkr^o an a
condensation •••••

i'H3i.HO •- C"H3CHO ::••• ij-f̂ , H<*HiH/H*>

ami the ranking akiol by muUviiUr svarrun^vmc-ni ^
butync acid--

CHaCHOH i HaCHO - CB,t HXHXOoB.

The ^nrqstion *»f making u>c *-.f a!<lo] condensations for
the sums^ive building up of morr and more complex aldols
by the serial addition of two atoms of car!>'>n was developed
by Magnus Levy * and subsequently by Leathe*vt Thus the
formation of an eight-carbon fatty acid can be explained by
the following changes :—

4CHaCHO •--.= CH,CHOH CH,CHOH l..'HaCHuH CHXHO
which, by loss of four molecules of water, would give the un-
saturated aldehyde CH3. CH : C1I . Cli : CH . CII: CH . CHO,
from which, by the addition of six atoms of hydrogen and
one of oxygen, would be obtained the eight-carbon atom fatty
acid CHjCH.CHjCH.CHtCHjCHjCOOH, octoic or caprylic
acid. An extension of this suggestion is that due to Smedley
and Lubrzyrj^ka J according to whom pyruvic acid produced
by the decomposition of carbohydrate is the starting-point
for the formation of fatty acids ; pyruvic acid is known
to yield acetic aldehyde by the action of the enzyme car-
boxylase, and the aldol condensation of this acetic aldehyde
with another molecule of pyruvic acid would yield a five-
earbon compound according to the following equations:—

|i} CHgCOCOOH - CHt€HO f CO,
Pymvic acid AcrtakWhyde

(2) CHtCHO -f CHt CO COOH - CHS€HOII CHtCO COOH.
The latter substance by loss of water would give an un-

saturattd ketonic acid
CHJCH : CH CO COOH

which could react in cither of the two following ways to give a
compound.

HMi Levy: * * £wgtta*&8*ft Ai«IUv/* t^ott 363,.
. f Ijmtbm: " Problems m Xnktmd Meta-ho^m,1' L<>«don, 1906.
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(3) CH3CH : CH CO COOH + O = CH3CH : CH COOH + CO2
Crotonic acid

CH3CH : CH COOH + 2H = CH3CH2CH2COOH
Butyric acid

or
(4) CH3CH : CH CO COOH—CO2 = CH3CH : CH CHO.

Crotonic aldehyde
CH3CH : CH CHO+CH3 CO CO0H=CH3CH : CH . CHOHCHa. CO . COOH

yielding a seven-carbon compound which by a series of
changes similar to those undergone by the five-carbon com-
pound would give a six carbon acid—

CH8CH2CHaCH2CH2COOH
Caproic acid

While there may be some difficulty in accepting this theory
of the formation of fatty acids in the animal body, owing to
uncertainty of the production of pyruvic acid as a normal
product of carbohydrate metabolism, as is pointed out by
Leathes, this difficulty would not apply to the decomposition
of carbohydrate by micro-organisms.

It has already been pointed out in Volume I. that Neuberg
has established the production of pyruvic acid in aloollQlic
fermentation and has shown it to be the p££cursor of...the
acetic aldehyde formed in this process; Neuberg and Arinstein,*
in an investigation of butyric acid and butyl alcohol fermen-
tation of glucose by Bac. butylicus Fitzianus, have established
the fact that here also pyruvic acid is the intermediate
substance; this may give rise either to acetic aldehyde or to
butyric acid and butyl alcohol, but these products are mutually
exclusive, showing that butyric acid and butyl alcohol are
not formed by way of acetic aldehyde. This the authors
proved as follows: the bacillus when grown on either acetic
aldehyde, or its aldol CH3CHOH CH2CHO, produced no butyric
acid, but when grown on the aldol of pyruvic acid, it produced
butyric acid in quantity. The mechanism of this reaction is
explained as follows :—

CH3CO COOH + CH3CO COOH = COOH
Pyruvic acid |

CH3C OH CH2CO COOH
Pyruvic acid aldol

•Neuberg and Arinstein: "Biochem. Zeit.," 1921, 117, 269.
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and the latter by l^ssof two m,V̂  r y k , .,:f * dr)u,\-, <]i-'\i«le £ave

i'i 1 ,C!!(>1111!,CHO - -* ( II Ht 11,,t } 1 ,i i. M ^I
Hat Jr,v -I v.l

In addition, ^malltT quaDtitit^ i j *. ,ipn>:̂  anil i apr\'hr ands,
containing six aiul ti^ht faring] atoir*. n^r-t ? tivtiy, u r re
obtaintd. Thrse invTritigati<->Ti>. ti\i;t.it i!».ir u'ith- th*»si' mentioned
on an tamer pagt\ fir^vidt' a fair ani-unt r»f txptriinental
evidence in ••upp^rt of tise virw that. >n^ars ^ive n^i1 to fats
by an initial breaking down to ^ompnuiul* rr>ntainin^ a small
number of carbon atoms, and then combining the^r to form
compounds of higher molecular weight. The methods out-
lined above also account for the Io>s of uxv^en necessitated
in passing from a carbohydrate containing six carbon af(.»rns
to a fatty acid of the same number of carbon atoms as is
shown by the formula? C6Hl2Os ~Cg!IuOj, an np-eratioii which
would be very difficult by direct reduction, but is overcome
by the removal of hydroxyl groups ab water.



C H A P T E R IV.

THE SYNTHESIS OF PROTEINS.

IN view of our limited knowledge of the chemistry of proteins,
the degree of our ignorance respecting their synthesis in plants
is not surprising.

It is generally agreed that the leaves are the important
centres of protein formation, and they show a periodicity in
their nitrogen content. Otto and Kooper,* Le Clerc du
Sablon f and others J found that there is a gradually decreas-
ing amount of nitrogen from the spring to the autumn, and
that leaves of several different plants, even in different stages
of development, exhibit a greater nitrogen content in the
morning than in the evening. These observations are con-
firmed by Chibnall, § who found that a definite fall in the pro-
tein content of the leaves of the runner bean occurs during the
night, a fall due to the translocation of the dissociation pro-
ducts of the proteins effected by the presence in the leaves of
proteolytic enzymes.||

This same author f̂ also has investigated the relationship
between the various combinations of nitrogen in the leaves
of Phaseolus vulgaris var. multiflorus at different times of the
day and in different stages of development.

With respect to age, Rippel ** found that the protein
content of the leaves of Populus canadensis suddenly dimin-
ishes as the yellow autumnal colour is assumed, a diminution
due to the cessation of protein synthesis rather than to an
increased rate of transportation.

* Otto and Kooper : " Landwirthsch. Jahrb.," 1910, 39, 167.
t Le Clerc du Sablon : " Rev. Gen. Bot.," 1904, 16, 341.
J See Chibnall: " Ann. Bot./' 1923, 37, 511.
§ Chibnall: "Biochem. Journ./' 1924, 18, 387, 395, 405.
j| Ibid., 1922, 16, 599, 608. ^Ibid., 1922, 16, 344.
•* Rippel: " Biol. ZentrlbL," 1921,.41, 508.

VOL. II.—6 8l
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It must not be concluded from tJuv,* .K • r- s. i ? i •.- J > - fLi! fhr
making of proteins by the green plan! j> ::*•.- — ,mU ,1 r^ii*;!-<
synthesis. Fnr the process to take p! i>v ?^T. - n-i-f he Ji\di}~
able the appropriate raw material* ar.d *>f tL- -r > ,tr
and various element?, especially i m r ^ i n , m -nif
binations, are the rn«»st signilieant. Hie < .iri'^hvdr.ite ]>rr-
sumably must be a sugar, and provided if in: a\,.ubhk\ protein
synthesis is independent of light. * and ran take place in :ill
parts of the plants although in dirirrent drgm-s.f Sina.-
the photosynthesis of carbohydrates is a divlight. proi:e»,
it is not surprising to tind that the production *>f }»n»-
teins may be four or live times as great m xhv light as 211
darkness. {

Schirnper,§ experimenting with cut leaves uf Safnlnwus
and with potted plants of Pelargonium zonxle, found that
nitrates were destroyed in green leaves exposed to daylight
but were not so destroyed if the leaves were kept in the
dark, and in agreement with this, shade leaves were found
to be richer in nitrates than sun leaves, Furthermore, no
destruction of nitrate occurs in etiolated leaves exposed to
sunlight.

The investigations of Ullrich jj indicate that the chloro-
glasts, the centres of carbohydrate formation, play a part
in protein synthesis. Detached leaves of Bmssica, Cueurbita,
Lactuca, Phaseolus, Tropatolum and Zea, grown in the light
and supplied with nitrate, produced protein which probably
had its origin in the plastids, for these showed an increase
in size in comparison with the plastids of leaves grown in
similar conditions but deprived of nitrogen. When protein-
containing plastids were digested with pepsin, the appearance
of the remaining structure was like the chloropla&ts of the
nitrogen starved leaves.

As has been indicated above, protein synthesis can take
place in darkness provided that an adequate supply of carho*

©, JM» 623.
Rend. Ace. Urtcei Roma," 1^3 J3, n.,f

I Montemartini: w AtH R. last. Bot. Bavin/' i^s- l f >*
§ Sckimper : " Ik>t. Zeit . ' 188S, 46, 12H.
(i Ullrich: "Zeit. Bot./* 1914, 16,
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that the s\ nth -K in cLirhiii^M^ du t ^ ^ I M ' I ; r-- i, , - a
prncesbcsurichridurt'tht* iutrat»s.in>i*«> ai i I'M' }^ . . + i;
of proteins. It ha» also been stated that if but - u,\? q.T,-
tities of carbohydrate are available, the 5yntlu>i* < i ^ it ttm*
in darkness, may *toj> at the formation nf ainidt-*f ^hi h
some plants eg, Alga* such as PhuroiMiH* and kapmJium
and the Fungi Eurotium and Penicillin**, can directh jL^tmi-
late.**

There is available but. little exact knowledge regarding
the specific action of invisible wave-lengths of radiant energy
which may be concerned in the different phase* of protein
metabolism. Sehanz tf iinds that, ultra-violet light renders
proteins less soluble, possibly on account of its detetertrms
action on cnzymes.JJ and in this is found a reason for the duarf
habit of alpine plants "which are subjected to a high degree of

* Zaleski &nd Sufuki: " Ber, dtnt, bot. G«.," i$̂ 7* if, 536; " ©ot.
Centrlbl,,'1 igoi, 87, 281. Sutmki: 'l Bull. Coll Ag. Tokyo," iB«A a, 409;

f Zaleaki : " Her, d«it. Wt. C»e«.»1' I9CK|? 37» 56.
J Loew : id., igtj, 90, 90*;*.
§ MucsKcher : " Iteit, Ga«.,r* 1923, 7s, 249-
fj Baudisch . " Zentr, lUkt. Parasit./' 1̂ 12, ja, 520
f Jakob*. " Biol. Oistrlbi," 1S98. 18̂  5̂ .?-
#* Luti : '' Ball. Soc. Bol. France/1 igô » 4», 119.
ff SchatuE: " H«r. deut. bot* i>s./* 101*. »̂ » f>iQ,
XttimVoLL
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insulation. Bovie * draws attention to tin- tihnriKy of the
extreme ultra-violet ray?5, the.1 *u-*/a!]» ..i Schumann rays, and
points out that the photolysis of proton and *»f protoplasm
increases with the diminution in Un w .tve-kn^th <>f the in-
cident li£hl : in tlie extreme ultra- v-^ki repnn, tlie amount
of chemical change is proportional t«.» the product of the light
intensity and the time of exposure.

It will be remarked that these ob^.trvation* refer not directly
to protein synthesis but rather to the action of these qualities
of radiant energy on the general growth of the plant, a subject
which will be considered later.

The supply of nitrogen is an essential factor, and this
element must be presented in a form suitable for the nu-
tritive processes of the plant. Thus amongst the non-green
plants, Sacckaromyces is unable to make use of nitrates and
but little use of simple amines ; urea can be assimilated in
certain conditions, but the best results follow the employ-
ment of peptone, a culture solution of peptone and sucrose
giving 177-4 per cent, increase in dry weight after the com-
pletion of fermentation.f

There is, however, much variation shown by the lower
non-green plants in this respect; Bacillus coli will flourish on a
diet containing salts either of ammonia, of simple amides or
of ami no acids, whilst the cholera bacillus can apparently make
no use of ammonium salts but is able to utilize ammo acids.
For the Fungi, Boas % considers tha t in general ammonium
salts, and especially the ammonium salts of organic acids such
as quinic acid, are better than amino acids as a source of nitro-
gen in. protein synthesis. He points out that such feeding
experiments should be brief, in order to avoid secondary,
especially proteolytic, changes, and that the reaction of the
culture medium is all-important. Acidity may inhibit the
growth of many fungi, &o that if ammonium salts of inorganic
acids be used as a source of nitrogen, the observed results
mxy be due not to ths inability of the plant to employ the

t Bokmmy : *' €$mm. Sell./* 4
{ ® " Biochem. Zcit.," 1918, 8*, 110,



particular s.ilt. but fn thv .KIJ.;-V u; ,\ h .•;-, \ : \ • . .. > • . - ,
g*-v> is a—innlated.

w svr and !<>imd that the niU'Xiii n.r.f.T? •. f ?;:..- <•.•,, . .,.-..
decreases to a steady value uhn'h ;*• ;;r:.tJV: v ••; ••••.. ": .";
variations in the amount of ammonium >ulpkiK n: v.. . .;:*.,:-'
medium, If the ammonium salt be replaced by -'-ip.i-' -•-,:vr.iT :
or by urea, the nitrogen rontent is una^j'.;tr.'d. h\ii J?.» --;l -t=-
tutitm by peptone lowers it slightly, while ^on^Ir i r !'--^-.T> it
niueh. A eonsiderable irurrease in 1 hi: i-.u]^'ih\ <]r.:%^- r -ri* ••?::T.
glucose or surn»se, of tlw eulture nk-*]iinn *• ai*.-.*.> ;\n rv r- i.-; ui
the nitrogen content of \vun^ ciHtnri-- hut ;,.t.- t'-.-' r-,-.r,,
effect on <̂ 1 eultures. Ihe substitu?j,.n •-f ^!u-• — ;A .j.r.-i-
binosc or by xylose lias no etlect, but ^al.i^*-^i' •> :',,.•> :.:, .,; •
preeiabie decrease in the nitrogen contm? l;u-:. ,iu'L-r^
consider that the nitrogen metabolism of As*cr?i^us i- *:ri;i!ar
to tiiat of higher animals.

For ordinary green plants tiv -uj]'l\ »t r./1* , - : . I
in the simple nitrogen-containiny "-alt-< f t!.i ^ •! *J* " I ^,-
the fertility of the soil, not only \uth re**]: eet to ratrat^ 1 ̂ t
also in regard to other substances,t i> ,\n u.ij, ortaru ta« t^r
conditioning the amount of protein found in the par.f In
addition to nitrates, some plants can n;akt ti-e f arrnj^ni^^i
salts. Hutchinson and Miller J tour 1 tin-, t» I tn . i,
conditions of eulture which prtelutud tl -. » rc^v t, \ > :tr it ^
in the soil. In this respect, howiwr all ila^*- d T * ^
have alike; whilst some will p%*w cvjuallv w.lt w •.*' r

supplied with nitrates or ammonium -alt- otKr*> f; 'un>:.
best when supplied with the former, ami t»tlier> ^ttr,:n^lv
prefer ammonium salts to begin with and then nitrate?*

Mention has just been made of the importance of soil sub
stances other than nitrates in the protein synthesis of plants :
potassium may be taken in illustration. Species of bacteria
grown in the dark in eulture media containing the requisite

* Terroinc, Wurmser and Montane: " Bull. Soc. chim. bioi,"

f Whitson and Stoddart : " Ann. Rep. Wisconsin Kxp. Sta../* 1904,

tHutthiwon and Miller: «• Journ. Agric. Sci.," 1909. 3» 1 ^



8 6 7 1 I f < V \ T I I F < F <>r

o r g a n i c f*> >d i r a t t r i a l - a n d - i ! * * s * * ,

s h o w b u t j . t»»r d i \ t l < ' p n u n t . r . i 1 ' * - 1 * ]

s i m i l a r K u l t u r a l c m l i t i n> « n . i l h : ^ * * * , i

t i n i v s K<i- ] n t f i n a n d u i ; h U t T , t i r - v , s j * . , u

w i t h o u t | * t a w u m , d - r a n p a r j * w, * * <*» !
 A

g r o w n i n > U r i l e c o m h t m n ^ i i u i . ' ; * * * * : , ^ i i ^ n ,»

a s u g a r a n d >jf p l i e d w i t h kn« w n , u * t •* i r i n «'i >\ ' !• ,

i t w a s l \ u n d t h a t t h o - c j ^ r u ^ n i n t 1 f w i " »' ; ' r 1 ' t

o f p o t a s s i u m a s r t g a r d s t h e *>vnt*;t - , - t i r * »*, - ! t h «t *' ^

a d d i t i o n o f s u ^ a r t«> t h e c u l t u r e i n t < l i i t ) j it
T» ; , * U M : I is i f

o f p r o t e i n . I n d a r k n e s s , o n t h e < t ^ r ! m I i l i s ^ v ^ i r t i l -

d e v e l o p m e n t o c c u r r e d a n d o n l y t , - ^ ' ^ - ; ' • i w / •

p o t a s s i u m s a l t s s h o w e d p r o t e i n fi r . - s " *i

I t w o u l d t h e r e f o r e a p p e a r t h a t t 1 a* ! : t t *• * j -Mi T ' . *

i s p a r t l y i n d i r e c t , a n d o n l y i n d a r k r u « < - .? »- «f * l.iv 4 n s v ; i • i t o , *

r o l e i n t h e p r o d u c t i o n o f p r o t e i n ? . r - i i ^ 1 p * ) t a - ^ n : r ^ > i r , i ! d ' \

r a d i o a c t i v e , i t m a y p o s s i b l y < e r v e a - a *- i ; r« •/ »! c m r ^ v n i

p r o m o t i n g m e t a b o l i c a c t i v i t y , b u t u - j . is b - - . - i n ^ a r ^ d * ^

a p r e v i o u s p a g e , n o d e f i n i t e c o n c l u s i * » r . a i . b> -iravHn t r -m t l . c

a v a i l a b l e e v i d e n c e . *

O C C U R R E N C E O F T I T R A T E ,

T h e o b v i o u s e s s e n t i a l i t y o f n i t r o g e n i n t h e b u i l d i n g o f

p r o t e i n s a n d t h e f a c t t h a t i n g e n e r a l t h e e l e m e n t i s a b s o r b e d

b y t h e p l a n t i n t h e f o r m of n i t r a t e * h a s b e e n r e m a r k e d u p o n .

T h e w o r k of A n d e r s o n f a n d e a r l i e r a u t h o r s h a s d e m o n -

s t r a t e d t h e p r e s e n c e of n i t r a t e i n a . l a r g e n u m b e r of p l a n t s ;

b u t a r e v i e w of t h e l i t e r a t u r e s h o w s s o m e d i s c o r d a n c e , w h i c h

i s p r o b a b l y d u e t o t h e f a c t t h a t t h e a m o u n t of d i s c e r n i b l e

n i t r a t e i n l e a v e s v a r i e s a c c o r d i n g t o t h e s e a s o n of t h e y e a r ,

t h e richness of t h e s o i l , a n d t h e c o n d i t i o n s of g r o w t h , m o r e

e s p t c i a l l y t h e d e g r e e o f i n s o l a t i o n . T o c i t e b u t t w o e x a m p l e s :

.$ms*d0jimHe0M g<ccmvn%in its n a t u r a l h a b i t a t , a s h i n g l e b e a c h

f r o m " s f h k h s a l t s a r e r e a d i l y S e a c h e d l a n d e x p o s e d t o m a x i m u m

i m o t a t i k m , g a v e n e g a t i v e r e s u l t s w h e n t e s t e d f o r n i t r a t e ; t h e

s a m e p l a n t gmrnng in g a r d e n s o i l a n d i n a c e r t a i n a m o u n t

J» 107.
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of shade gave strong positive reactions. Rumex conglomeratus
growing on an old manure heap gave much stronger reactions
for nitrate than another plant of the same species growing a
few yards away in a hedgerow. From these and many similar
observations, the conclusion is warranted that the presence of
detectable free nitrogen only is to be expected when the uptake
from the soil is greater than its rate of elaboration, and this
relationship in vigorous vegetation is determined by the quality
of the soil and the habitat of the plant particularly with regard
to illumination. With respect to diurnal and seasonal vari-
ation, Anderson observed that in Solarium dulcamara the
amount of nitrate in the morning may be considerably less
than in the late evening ; and Mercurialis perennis gave posi-
tive reactions in October and negative in June. Further,
there is a localized distribution in the plant; thus although
nitrate was found in the leaves of various Solanaceae, none was
found in the young green berries ; similarly although nitrate
occurred in the etiolated inner leaves of a cabbage, none was
found in the outer green leaves.

Nitrate as such is a comparatively inert substance and does
not readily lend itself to chemical change, wherefore in the
plant it must presumably be changed into a more labile sub-
stance before it is elaborated into proteins ; nitrite immediately
is suggested on chemical grounds, so that two problems arise :
the occurrence of nitrite in the plant and the mechanism
which effects the reduction of nitrate to nitrite.

OCCURRENCE OF NITRITE.

The literature of the subject shows some disagreement
about the presence of nitrite in the green plant. This is due
to the following facts. The amount of nitrite is always small,
so that its presence must be detected by delicate colour reac-
tions ; Griess Ilosvay reagent is commonly used; it gives
a pink colour with dilute solutions of free nitrite, but it is acid
in reaction, and thus a pink colour also is given if traces of
anthocyanins are present.

The expressed juice of the plant must be used ; this is a
solution of various substances which may react with the
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nitrite on the contact inevitable after expression; thus if tan-
nins be present they and the nitrite would interact so that
no reaction for nitrite would be given on testing. Also a
mechanism may occur in some plants , e.g. Allintn, which
prevents the detection of nitrite added to the plant juice.

The sap must be examined immediately after expression ;
a plant juice, e.g. Sambucus, may give a positive reaction
when first extracted, but a negative reaction after the lapse
of a few hours.

There is, however, no doubt t h a t free nitrites are of com-
mon occurrence in the green plant. Aso * established their
occurrence in etiolated potato shoots, and Klein "j* detected
them in Erythrina and other plants, bu t he points out that in
some plants, more especially those with root tubercles, the
presence of nitrite may be due to the activity of bacteria.
Taking such precautions as are indicated above, Anderson
found that more than 2O per cent, of the angiosperrns of di-
verse affinity J examined, gave positive reactions for nitrite.

It is sometimes assumed that ni t r i tes are toxic to the plant,
and that they must be quickly elaborated in a healthy plant
and not allowed to accumulate. F rom culture experiments,
it would appear that nitrite is poisonous if supplied to the
plant above a certain limit, but this limit apparently varies
with the conditions of the habitat of the plant. Feh6r and
Yagi § found that no ill-effect followed ^when nitrites were
added to the soil in amounts up to I gram per kilogram. They
later observed that o-88 per cent, of nitrite, calculated as N2O3)

in clay and sandy soils, and -95 to I -OI per cent, in garden
sails rich in humus poisoned the plant . When grown in
water culture a greater amount of nitr i te is tolerated ; I -25 to
3*73 P e r cent, was found to be injurious to growth but not
so far as to cause death.

* Iso : " Beth. Bat. Zeatr./' 1̂ 03, 15, 208 ; 1914,32, r46.
f Klein : id., $©> 141.
t Araideae, Caryopliyllaceae, Compositae, Cucutrbitacea,. Leguininosae,

Lythraoeae, Resedaee«, Rosaceae, Salicaceae, Scrophi3iariacea&, Solanaceae.
TJImaceae and TJrticace».

§ Fefadr and V£gi: " Biochem. Zeit.," 1924, 153, 156; 1926,174*262.
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THE REDUCING MECHANISM.

If the formation of nitrite is the first stage in the synthesis
of proteins, the question arises as to the mechanism in the
plant which effects the reduction of nitrate to nitrite. The
reduction may be due to the action of an organic " reductase,"
or it may be a photochemkal^reaction. If it be the latter,
the process must take place in the subaerial parts, essentially
in the leaves, and since proteins are formed in structures far
removed from light, it follows that the nitrite must be removed
to those places where the elaboration is taking place. This
presents certain difficulties, but is not altogether to be dis-
missed since nitrite has been detected in stem and roots.
Also nitrite has been found in the sap exuded by root pressure
from the cut ends of the fuchsia and the vine,* but since the
flow of sap is upwards, the observations have, in all probability,
no bearing on the immediate problem, although they indicate
that the reduction of nitrate to nitrite occurs in the root, where
it is dark, as has been found by Thomas f in Pyrus mains.

Considering now the evidence.
11 Reductase."—The ability of the plant to convert nitrate

into nitrite was first observed by Laurent,J and later, Irving
and Hankinson,§ working on Elodea, came to the conclusion
that nitrite must be an intermediate compound in the meta-
bolism of nitrates.

Kastle and Elvove || were the first to show that the ex-
pressed sap of potato tubers and etiolated shoots, and the
sap of other plants, was able to effect the change from nitrate to
nitrite, especially in the presence of acetaldehyde and other
like bodies. Their observations were confirmed by Bach f who
worked on potato tubers. Anderson ** following the work of
Bach ff and of Haas and Hill $ J on milk, found in twenty-three

* Kastle and Elvove : " Amer. Chem. Journ.," 1904, 31, 606; Priestley
and Armstead : " New Phyt.," 1922, 21, 62.

f Thomas : " Science," 1927, 66, 115.
I Laurent: " Ann. Inst. Pasteur/' 1890, 4, No. n .
§ Irving and Hankinson : " Biochem. Journ./' 1908, 3, 87.
|| Loc. cit. % Bach : " Biochem. Zeit./' 1913, 52, 412.
** Loc. cit. ft Bach : loc. cit.
Xt Haas and Hill: " Biochem. Journ." 1923, 17, 671. Also Haas and

Lee: id., 1924, 18, 614.
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angiosperms of varied affinity the power to bring about t h e
reduction, the best results being given by the potato, tubers
and shoots, and shoots of Solanum dulcamara. There is in
some instances a seasonal variation, thus Solanum dulcamara
was just active in October, but in June the same species, ga th -
ered from various localities and at all times, gave good positive
results. The '* reductase " is a thennolabile oxidizable s u b -
stance precipitated from its solution by saturation with a m -
monium sulphate. The best conditions for the manifestation
of its ability are a temperature of 45° C* and the presence of
an accelerator, such as acetaldehyde, which, obviously, a re
artificial conditions; at ordinary temperatures in the absence
of an accelerator the reaction is very slow. In the majority
of its properties it resembles the aldehydase of animal
origin, e.g. that of milk. If this be the mechanism for t h e
reduction of nitrate to nitrite in the plant, it must be assumed
that the conditions obtaining in the living cell are much more
favourable for the reaction to take place. The elucidation
of the problem was carried further by the concurrent work of
Eckerson f on tomato plants ; he found that the plant juice
in the presence of fructose, or glucose, and free oxygen easily
reduced nitrate to nitrite in a slightly alkaline medium, t h e
best reaction occurring at pH 7-6 ; the juice of nitrogen high
plants, containing nitrates and sugars in abundance, rapidly
reduced nitrate at 500 C. at pH 7-6, and in these conditions
boiled juice was as effective as unboiled. In carbohydrate
high plants, containing much sugar but no nitrate, the re-
duction of added nitrates was localized to those regions which
gave a slightly alkaline reaction, i.e. the stem tip just behind
the growing region, cells of the leaves especially near t h e
phloem, cortical cells of the petioles, phloem parenchyma
of the stem bundles and adjacent cortical cells in the nodal
regions. It was also observed that newly formed amines
and amiao acids, aspartic acid, asparagine, alanine, etc., a p -
peared in the regions of the nodes ; and in the petioles, in t h e

* In experiments with, plant juices, especially if continued over rela-
tively kmg periods of time, due precaution must be taken against bacterial
activity wkidi may ghre rise to nitrite.

t Ecketscm: •• B«fc. GaaL," 1924,77, 377.
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blades of young leaves and immediately behind the stem tips
in carbohydrate Iiigh plants three or four days after nitrate
had been supplied to the soil. Never was the process of
reduction affected by the presence or absence of light, and in
these experiments an activator such as acetaldehyde was not
used. From these observations it would appear that the
degree of activity of the " reductase" is much affected by the
reaction of the medium and that possibly sugar takes the place
of acetaldehyde. The process is thus brought closer to natural
conditions, but the best results were obtained at unnaturally
high temperatures.

In an attempt to correlate the action of the potato tft re-
ductase " with the aldehydase responsible for the reduction
of methylene blue to theleuco compound (see p. 139), Michlin *
and Bernheirn j* made preparations of the " reductase " of the
potato, the former by the precipitation by acetone from an
aqueous extraction and the latter by precipitation by ammon-
ium sulphate, dissolving in water, and treatment with charcoal;
after which the enzyme was precipitated by saturation with
ammonium sulphate, centrifuged, dried in a vacuum desic-
cator and dissolved in water as required. Bernheim found
his preparation to have a wide pH range, 3 to 8-6, with an
optimum at 5-5, with respect to nitrate reduction ; at pH 7 to
7-5 there was a good nitrate reduction, in the presence of acet-
aldehyde, which corresponds sufficiently closely with Eckerson's
observations.f The action of the enzyme is independent of
traces of iron, as is indicated by the addition of KC!N. Bern-
heim finds that there is a close relationship between this
potato aldehydase and typical aldehydase of animal origin,
the hitherto assumed difference between them disappearing
when the pH is adjusted.

In the reaction, on Wieland's thesis (see p. 138), nitrate
is the hydrogen acceptor, and in these test-tube experiments
aldehyde is the hydrogen donator ; in the plant some other

* Michlin : *' Biochem. Zeit.," 1927, 185, 216.
f Bernheirn : " Biochem. Journ.," 1928, 32, 344.
j It is to be remembered that the optimum reaction varies with the

degree of purity of the enzyme and upon the nature of the substrate (see
VoL I., p. 468).
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donator must be found ; from Eckerson's work and on t h e o -
retical grounds sugar is indicated, but Bernheirn found t h a t ,
in vitro, both glucose and sucrose gave negative results .
To summarize these observations : there occur in a number of
plants a reducing mechanism, generic with aldehydase of animal
origin, capable of reducing nitrate to nitrite, provided a n
hydrogen donator is present. There are, however, certain
difficulties to its unqualified acceptance as the mechanism used
by the plant in the first stage of protein synthesis : in vitro
the action is very slow at air temperature and in the absence
of acetaldehyde, but at higher temperatures (Anderson, 45° ;
Eckerson, 500 ; and Bernheim, 27° C.) the reaction is relatively
rapid, especially in the presence of acetaldehyde. Further,
in the test tube, the activity of the mechanism falls off in.
time fora reason unknown, but this may not occur in the very"
different conditions obtaining in an active plant cell.

Photochemical.—The evidence in support of the thesis tha t
the reduction of nitrate to nitrite is a photochemical reductioa
is not extensive.

It was first shown by Thiele * that potassium nitrate, on
exposure to the rays from ~a quartz mercury vapour lamp,
was reduced to potassium nitrite with evolution of oxygen.
With a view to the further study of the photochemical decom-
position of nitrites, Baudisch f exposed mixtures of potassium
nitrite and methyl alcohol in aqueous solution to diffused
daylight and to ultra-violet light and found that the methyl
alcohol became oxidized to formaldehyde at the expense of
the nitrite which was reduced to hyponitrite, and this latter,
at its moment of formation, reacted with the formaldehyde
to produce the potassium salt of formhydroxarnic acid—

KNOt + CH»OH *. KNO -f HCHO -f HtO
KNO -f HCHO = H .C .OH

i!
NOK

The reduction of nitrate or nitrite in the presence of alcohol is

* Thiele : " Ber. deut. chena. Gtsdte.," 1907,40* 4914. See also Moore
and Webster: " Proc. Roy. Soc,/' B, 1919,<x>, 158.

f Baadisdh: "Bar. dtnt. cktm. Gesells./' 1911, 44, 1009. S&e also
kx. c&.# 1916, 4% 1176, asHi 1918, 51, 793. BUy, Hcilbrou and Hudson,
" Jcnara. Ckem. Soc./' 1922, 121,1078.
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a purely photochemical reaction since no such change could
be produced in the dark even if the solutions were boiled-

It will be observed that the evidence mainly relates to
ultra-violet radiation, in the absence of which the plant can
flourish and form proteins. For this reason, and especially in
view of the facts relating to the occurrence of nitrites and the
formation of proteins in the dark places of the plant, the con-
clusion is justified that in the plant the photochemical re-
duction of nitrate is without significance.

Assuming that the reduction of nitrate is the beginning of
protein synthesis, the further sequence of reactions is a matter
of speculation. If the doctrine of the reversibility of enzyme
action be held, as it generally, if not always is, the reversal of
the changes effected by the plant, by means of its enzyme
mechanisms, in the dissociation of the protein molecule, may
throw light on the formation of proteins ; for this reason these
changes may first be considered.

HYDROLYSIS OF PROTEIN.

The protein content of a seed or other storage organ,
whether temporary, as the leaf, or more permanent, is a
reserve food which must be hydrolysed before it can be trans-
located and made available for the growing parts. The cleav-
age products of proteins yield a large number of amino acids
(Vol. L, p. 443) and a number of amides. The following amino
acids have been identified in the plant : arginine, glyciae,
histidine, leucine, lysine, phenyl alanine, tryptophane, and
tyrosine. Of the amides, asparagine and glutarnme are im-
portant members, from the point of view of plant physiology,
and of these asparagine is the more conspicuous.

This dissociation of protein takes place with some degree
of rapidity; Jodidi * found that after eight days7 germination
in darkness, 48 per cent, of the proteins originally present in the
fruit of the maize was hydrolysed to water-soluble diffusible
compounds. The evidence of his analyses indicate that pro-
teoses and polypeptides are amongst the first degradation

* Jodidi : " J. Agric. JRes.," 1925, 31, 1149.
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products, and that the amino acids and acid amides are formed
from the polypeptides.

In Cicer arietinum, there is a marked increase in t h e
amount of amino acids and their amides during germi-
nation, which increase is at the expense of the proteins. **
Similarly there is an accumulation of amides in the shoots o f
germinating peas ; the amount of amide nitrogen in the s e e d
leaves fluctuates much at first but in the later stages of ge r -
mination there is a marked increase, whilst, concurrently,
the tf-amino acids decrease in amount and finally disappear-
From these relationships between the amides and amino acids,
Sure and Tottingham f consider that arnino acids serve for t h e
production of amides.

Of the cleavage products of proteins, asparagine is amongst
the more conspicuous in the plant. It occurs in the d e -
veloping parts | in greater abundance than in the members
where the reserve proteins are stored; Schulze § found t h a t
only 7*62 per cent, of asparagine occurred in the cotyledons,
whilst 31*81 per cent, occurred in the axis of the lupin. Also
the relative amounts of asparagine and aspartic acid s h o w
considerable variation during germination and, in the l a s t
stages, the amount of asparagine formed is in a proportion
greater than the amount of protein decomposed.

Asparagine is possibly a secondary product.|| According
to Prianischnikow,lf in the germination in darkness of legu-
minous seeds, its origin is due to the oxidation of the amino
acids derived from the protein reserves, ammonia being formed
and then elaborated into asparagine. When etiolated seed-
lings are illuminated the asparagine disappears, being used i n
the construction of new protein.

The above facts relate to reproductive organs; on t h e

• Zlataro-flE : " Biochem. Zeitseh.," 1916, 75, 200.
t Sure and Tottingham : " Journ. Biol. Chem./' 19T6, 26, 535.
$ This may easily be shown by germinating a lupin seed in the dark:

until the hypocotyl is a few inches in length. On mounting a section oJf
the hypocotyl in strong alcohol and examining under the microscope, a,
large Bmnber of crystals of asparagine will be seen.

§ Schulze: " Landw. Jahrb./' 1878, 411.
|f See Choate : ** Bot. Gass./* 1921, 71, 409,
Tj Prianischnikow ; " Biochem. Eeit./* 1924, 15a, 406.
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vegetative side similar changes occur. Chibnall,* working
on the protein metabolism of the runner bean, found that the
decomposition products of the proteins of the leaf consist of
asparagine and other bodies containing free amino nitrogen.
He considers that asparagine is the chief form in which nitro-
gen in a state capable of resynthesis is translocated through
the plant. Detached leaves kept with their petioles in water,
translocation thereby being excluded, contain, after a few
days, little or no asparagine, whilst other amide nitrogen is
more abundant than in the leaves attached to the plant.

The consideration of these facts fully warrants the con-
clusion that in the plant proteolysis yields amino acids with
amides, especially in the form of asparagine, of, possibly,
secondary origin. Does a reversal of this sequence occur
when proteins are laid down as reserves in storage organs ?

THE ORIGIN OF PROTEIN IN THE SEED.
From the facts of animal physiology there is no doubt that

amino acids, the products of the hydrolysis of protein food in
the alimentary tract, are reconstructed to form protein in the
various tissues after their passage through the walls of the
intestine into the blood stream. There is reason to suppose
that the same sequence obtains in the plant. Thus Zaleski f
found that during the ripening of pea seeds there is an in-
crease in the amount of the protein at the expense of the amino
acids and organic bases, as is indicated by nitrogen determina-
tion of these compounds.

N of proteins
N of amino acids .
N of organic bases .
N of other compounds

Control.

79-2 per cent, of total N
S'7 „

108
i'4

After Five Days.

89*2 per cent, of total N
4-6 „
5-t :: ::

The results were not so well marked for all seeds ; thus
in similar conditions but little protein synthesis took place

* Chibnall: " Biochem. Journ./' 1924, 18, 387, 395, 405.
f Zaleski: " Ber. deut. bot. Gesells./' 1905, 23, 126 ; " Beih. bot.

Zentrbl.," 1911, 27, 63.
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in the maize, whilst in the sunflower there was a diminution
of protein. Woodman and Engledow,* in their detailed
biochemical study of the development of the wheat grain,
found that there was a regular increase in total nitrogen and
in the percentage of protein n i t rogen during development.
The nitrogen enters the developing grain, which contains no
nitrate, in the form of asparagine, a n d they conclude that the
asparagine is oxidized to ammonia which is the starting-
point of the protein synthesis. T h e y also observed that
gliadine was greater in amount than glutenine, and that these
two substances increased at much t h e same rate until the be-
ginning of the desiccation of the g ra in , after which the glute-
nine remained constant and g l u t e n appeared. Smirnow f
compared the nitrogen metabolism of etiolated seedlings of
high carbohydrate content, e.g. ba r ley , and of low carbohy-
drate content, e.g. lupin, which w e r e grown in sterile culture
solutions in controlled conditions. It was found that the
barley seedlings readily absorb ammonia , which is followed by
an increase in the amount of asparagine. The rate of absorp-
tion depends on the amount of s u g a r contained in the plant ;
at first it is rapid and then falls off and stops as the sugar
content diminishes to a certain limit. The presence of calcium
salts promotes the formation of asparagine, but the process
ends sooner since the sugar is more rapidly used up.

The degree of uptake of a m m o n i a by lupin seedlings is
dependent on the presence of suga r in the culture medium.
Seedlings given ammonium salts a n d glucose show a higher
asparagine content, a higher p r o t e i n content, and a lesser
accumulation of ammonia in the t issues than seedlings given
ammonium salts but no sugar. Fur ther , the ratio of aspara-
gine nitrogen to ammonium ni t rogen is twice as great in the
seedlings given sugar in addition t o the ammonium salts.
Younger seedlings after being g iven ammonium and glucose
also showed a higher amino acid content , but the amount fell
off with age as the proteins are regenerated.

These works indicate that in t h e plant amides and amino

* Woodman and Eagledow : " Jourru Agric. Sci," 1924, 14, 563.
f Smirnow : " Bioc&em. Zeit.," 1923, 137, 1.
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acids are reconstructed into proteins ; that carbohydrate
is essential to the process, and corroborate the conclusion
arrived at on an earlier page, that light as such is of no direct
consequence ; and that asparagine plays a prominent part.

As has been seen, asparagine may be produced from amino
acids, possibly by the combination of ammonia and aspartic
acid * to form ammonium aspartate which gives origin to the
asparagine by the loss of a molecule of water. Prianischnikov,f
whilst recognizing in ammonia the end product of protein
dissociation, considers that it also is an initial stage in the
formation of proteins, and, according to him, asparagine is
the form in which it is stored.

Asparagine lends itself to condensation more or less readily,
and by simply boiling a solution, the dipeptide of aspartic
acid is formed.J

There is no definite information of the details of amino
acid synthesis in the plant. In the laboratory the following
synthesis have been effected (see Vol. I , p. 450) :—

Ammonia -j- glyoxylic acid-> fonnylglycine and acetyl alanine
Ammonia 4- J3-vinyl acrylic acid~> diamino valeric acid.
Ammonia -f- fumaric acid -> aspartic acid.

If like synthesis occur in the plant, ammonia and unsaturated
acids are requisite.

Nothing is known of the combination of amino acids into
the final protein; it will, however, be remembered that
Fischer synthesized a number of polypeptides, some of
considerable complexity, from amino acids in the laboratory
(see Vol. I , p. 447).

To summarize our little knowledge of the synthesis of
protein in the plant: nitrate is reduced to nitrite and possibly
to ammonia, which reacts with sugar, or a degradation pro-
duct of sugar, possibly an unsaturated acid, to form simple
amino acids which may give rise to asparagine, or other
amines, a temporary phase which can easily be decomposed

* Schulze: loc. cit. Prianischnikov: " Ber. deut. bot. Gesells./' 1904,
22, 35. Treboux : id., 570.

f Prianischnikov: " Bull. Agric. Tntell.," 1917, 8, 204.
t Ravenna and Bosinelli: " Rend. R. Acad. Lincei./' 1919, 28, ii, 113.

VOL. 11.—7
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again to amino acid. The amino acids then combine to form
polypeptides which in turn give rise to the proteins.

With regard to other views concerning the synthesis of
proteins, Treub,* from his investigations on the distribution
of, the periodic variation in the amount of, and cognate ob-
servations on the cyanogenetic glucosides,f concluded that
hydrocyanic acid is the first recognizable product of nitrogen
assimilation, and possibly is the first organic nitrogen com-
pound formed. Whilst on purely chemical grounds it is not
impossible that, acetone cyanhydrin, (CH3)2: C(OH)CN, may
be a stage in protein syntheis, Treub's conclusions are not
convincing: free hydrocyanic acid has not been identified
in plants, and its compounds may equally well result from the
oxidation of amino acids : in other words, the known facts
regarding compounds of hydrocyanic acid in the plant neither
prove nor disprove Treub's hypothesis.^

* Treub: " Ann. Jard. Bot. Buitenzorg," 1895, 13, 1 ; 1904, 19,
86 ; 1907, 21, 107.

f See Vol. I., p. 253.
t Rosenthaler: " Schweiz. Apoth. Ztg." 1920, 58, 137; 1921, 59,

10, 22 ; " Biochem. Zeit./' 1923, 134, 21,5, 321.
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RESPIRATION.

THE maintenance of life is impossible without a sugpjy^pf
energy. This energy is acquired by various chemical reactions
of an exothermic character whereby substances of different
nature are converted into compounds of lower thermal energy,
and thus energyjs released. This is more obvious in an animal
than in a plant, which generally is less obtrusive in its move-
ments and various activities and may make_use of radiant
energy, more particularly in the production of food.

That energy may be produced by the combustion of a
suitable fuel is a commonplace and is illustrated in the steam
engine, the boilers of which are heated by the thermal energy
liberated by the combustion of fuel which varies according
to local circumstances. The heat-producing power, or calorific
value, of fuels varies, the most efficient material is that which
produces the maximum number of heat units or calories for
a given weight of substance.

The heat produced in the combustion of a fuel is due to
the chemical reaction of oxidation, or, in other words, the heat
given out when the constituent elements of the fuel severally
combine with oxygen to form the corresponding oxides. The
heat of combustion of a compound will, therefore, depend
upon the heat of combustion of its constituent elements and
is greater the richer the compound is in elements possessing
a high heat of combustion. The most economic fuel is, there-
fore, that which contains a minimum of constituents which
cannot yield heat on combustion with oxygen ; of these water
is the most significant, followed by various metallic elements
which form the so-called ash constituents. It is obvious that
the more complete the combustion, the greater is the energy

99 7*
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set free, wherefore the heat engineer devises the complete
oxidation of available fuel, wood, coal, coke, and mineral oil,
to carbon dioxide and water. In the living organism, on the
other hand, this combustion may not be so complete and may-
stop at a phase several stages short of the ultimate, a portion
of the total potential energy of the material physiologically
consumed being sufficient for its needs. For instance, Bacillus
coli and B. pyocyaneus in the resting condition obtain sufficient
energy in oxidizing succinic acid to fumaric acid, but if these
bacteria are proliferating the fumaric acid is also oxidized as
soon as it is produced.*

It is a principle in physical chemistry that the heat of
any chemical reaction depends solely upon the initial and final
products, and the total heat evolved is the same by whatever
method the final products are obtained, i.e. whether in one
single process or by a series of intermediate stages, and also
whether the reaction proceeds rapidly or so slowly that there
is no perceptible rise in temperature. In view of these facts
it will be clear that the same laws hold for the low temperature
of oxidation of various substances in the living cell as for the
combustion of these substances in air or oxygen.

The heat of combustion of an element is determined by
causing it to combine with oxygen in a closed chamber and
measuring the heat evolved calorimetrically. The two equa-
tions—

C + 02 = C02 + 94'8K
H2 -f O - H,0 + 69K

indicate that by the complete oxidation of 12 grams of carbon
or 2 grams of hydrogen 94-8 and 69 kg. calories f are evolved.

These equations may be expressed in another form:—

1 gram of hydrogen on combustion yields 34*5K
1 ,, ,, carbon ,, ,, „ 7*9K

* Quastel: " Biochem. Journ.," 1924,18,365. Quastel and Whetham:
id., 1924, 18, 519; 1925,19, 5i9, 645.

t A kilogram calorie is the amount of heat required to raise the tem-
perature of 1 kg. of water through i° C. A statement to the effect that the
complete oxidation of glucose, for example, liberates 709 kg. calories there-
fore means that the heat energy liberated during the combustion of 180
grams of glucose is sufficient to heat 709 kgs. of water through i° C.
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From which it will be seen that hydrogen on combustion
yields relatively much more heat than carbon ; consequently
compounds rich in hydrogen have a high calorific value.
Moreover, since oxygen and nitrogen have no calorific value,
it follows that the presence of these elements in compounds
reduces their calorific value. Thus it comes about that fats
which contain only about 11'per cent, of oxygen have a con-
siderably higher heat of combustion than carbohydrates which
contain as much as 53 per cent, of this element. The actual
values of the heat obtainable by the combustion of some of
the more important fuel substances of the living cell are as
follows :—

1 gram of carbohydrate — 4-1 calories
1 ,, ,, alcohol = 7-1
1 ,, ,, fat == 9-1 ,,
1 ,, ,, protein = 5-8 ,,

In the procurement of energy the plant exhibits a wider
range than does the animal, and this to a larger extent than is
often thought; thus Ramann and Bauer * have estimated
that young saplings of deciduous trees may show a loss of 20
to 45 per cent, of their dry weight during the burst of activity
which follows the winter sleep.

The term resrjjration here is used tqjnclude all^thpsejgro-
cesses which^ involve a liberation of energy_ejjipj.oyaWe by
the organism in its various activities. Respiration is not
merely the absorption of oxygen and the excretion of carbon
dioxide, as is too often supposed, an idea having its origin in
the lungs of an animal being termed the organs of respiration.
Respiration is essentially a catabglicprocess, and anyj^rgan
of a plant or of an animal which is doing work is an organ of
respiration in that it cannot accomplish its task without the
energy obtained by the exertion of appropriate mechanisms.
The lungs and the respiratory tract, on the one hand, and the
stomates, lenticels, " respiratory chamber," and the intercel-
lular space system on the other, are strictly comparable : they
are organs of breathing ; structures, reservoirs, and surfaces
for the conveyance and initial absorption of oxygen, and for

* Ramann and Bauer: " Jahrb. wiss. Bot.," 1911, 50, 67.




