
AN INTRODUCTION

TO THE

C H E M I S T R Y O F

P L A N T P R O D U C T S

VOL. II. METABOLIC PROCESJpg^*-

P A U L H A A S , D . S c ,

READER IN PLANT CHEMISTRY IN THE UNIVERSITY OF LONDON

AND

T. G. H I L L , D . S c , A R . C . S .
PROFESSOR OF PLANT PHYSIOLOGY IN THE UNIVERSITY OP LONDON

SECOND EDITION

WITH DIAGRAMS

L O N G M A N S , G R E E N A N D C O .

L O N D O N • N E W YORK • T O R O N T O

1929



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.



C O N T E N T S .

PAGE
PREFACE v
<2HAP.

I. INTRODUCTION : THE LIVING PLANT i
II. THE SYNTHESIS OF CARBOHYDRATES . . . 6

The factors 8
External factors . . . . . . . 1 4

The raw materials . . . . 14
Water 14
Carbon dioxide . . . . . 1 6

Temperature . . . . . . . 2 5
Illumination . . . . . . . 30

Chromatic adaptation . . . . 35
Internal factors . . . . . . . 42

Chlorophyll . . . . . . . 42
The unknown factor . . . . . . 45
The products of carbon assimilation . . . 49

The organic products of carbon assimilation . . . 50
Hypotheses concerning the synthesis of carbohydrates by the

green plant . . . . . . . . 56
Origin of the oxygen 58
Formation of formaldehyde . . . 59
Polymerization of formaldehyde to sugars in vitro 60

Summary of the evidence relating to the formaldehyde
hypothesis . . . . . . . 62

Carbon monoxide . . . . . . 62
Formaldehyde . . . . . . . 62
Feeding experiments . . . . . 63
Production of sugar from formaldehyde . . 63

Summary of the opinion of Willstatter and Stoll . 63
Other opinions . . . . . . . 66

Formic acid 66
Maquenne's hypothesis . . . . . 67

I I I . THE SYNTHESIS OF FATS . . . . . 6 9
Formation from proteins . . . . . . 70
Origin from carbohydrates . . . . . 71

IV. THE SYNTHESIS OF PROTEINS 81
Occurrence of nitrate . . . . . . . 86
Occurrence of nitrite . . . . . . - 8 7
The reducing mechanism 89

" Reductase" 89
Photochemical 92

Hydrolysis of protein . . . . . . . 93
The origin of protein in the seed 95



viii CONTENTS

CHAP. FAGE
V. RESPIRATION 99

Respiratory quotient . . . . . . 1 0 2
Fermentative processes . . . . . . 1 0 6

Intensity . . . . . . . . . no
Stimulation . . . . • . . . . 1 1 4
The action of anaesthetics 116
The action of ionized air . . . . . . 1 1 9
Conditioning factors 120

Temperature . . . . . . . . 1 2 0
Food 125
Water 129
Salts 133
Acidity 134
Light 135

The mechanism of oxidation, and the enzyme systems in-
volved . . . . . . . . 136

Dehydrase 138
The Schardinger reaction . . . . . 1 4 0
The nitrate-reducing enzyme of the potato . . 1 4 1

Respiratory pigments . . . . . 145
Glutathione . . . . . . . . 146
Oxidases . . . . . . . . 148
Catalase 149

Fermentation : zymase and carboxylase . . . . 152
Alcoholic fermentation . . . . . . 153
Lactic acid fermentation . . . . . . 1 5 4
Butyric acid fermentation . . . . . 1 5 4
Factors influencing alcoholic fermentation by yeast . 155

Current ideas on the mechanism of respiration . . 159

VI. GROWTH . 169
The conditioning factors 187

Temperature . . . . . . . . 187
Light 194
Water 202
Nutrition . . . . . . . . 203
Auximones . . . . . . . . 209
Hormones . . . . . . . . 2 1 1

INDEX 215



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,


