EXPERIMENTAL

BIOLOGY
MONOGRAPHS



PHYTOHORMONES

1

"BY
F. W. WENT, Pa.D.
Professor of Plant Physiology
California Institute of Technology
AND

KENNETH V. THIMANN, Pu.D.

Aassistant Professor of Plant Physiology
Harvard Universily

-

NEW YORK
THE MACMILLAN COMPANY



= Coexnicar, 1937,
Br THE MACMILLAN COMPANY

ALL RIGHTS RESERVED—NO PART OF THIS BOOK MAY BE
REPRODUCED IN"ANY FORM WITHOUT PERMISSION IN WRITING
FROM THE PUBLISHER, EXCEPT BY A REVIEWER WHO WISHES
TO QUOTE BRIEF PASSAGES IN CONNECTION WITH A REVIEW
WRITTER FOR INCLUBION IN MAGAZINE OR NEWAPAPRR

‘Published July, 1937.
Fifth printing, June, 1949.

mmAmmarrmnri'.m&wl

PRINTED IN THE UNITED STATES OF AMERICA



ACKNOWLEDGMENT

It is a pleasure to express our thanks to the many col-
leagues who have aided in one way or another the prepara-
tion of this monograph. Dr. J. van Overbeek and Mr. C. L.
Schneider have carried out a number of special experiments;
Dr. J. Bonner, Dr. J. van Overbeek, and Dr. A. J. Haagen
Smit have made numerous valuable suggestions and criti-
cisms of the manusecript; and Miss E. M. Wallace has spent
much time in the preparation of the drawings. Finally a
number of co-workers and students have been kind enough
to allow the citation of their unpublished results. In many
cases this has made possible the discussion of papers pub-
lished later than the autumn of 1936, although we have made
no attempt at completeness beyond this date. Thanks are

‘ due to Prof. F. Kogl for the samples of auxin and biotin
used in some of the unpublished experiments cited here.
Thanks are also due to the authors of a number of papers
and the editors of the journals in which they appeared for
permission to reproduce figures. The source of these is
acknowledged below the figures in each case.

F. W. WENT

3 KenneTH V. THIMANN
June, 1937



TABLE OF CONTENTS

CEAPTER

L

III.

INTRODUCTION .

A. Outline of the Book

B. Definitions . .

C. Previous Reviews of the Fleld

. DEVELOPMENT OF THE HORMONE CONC.JPT

A. Correlation and Formative Substances .
B. Tropisms . .

i Blrth of the Growth Hormone Concept
D. Isolation of the Growth Hormone

E. Other Hormones in Higher Plants .

THE TECHNIQUE OF AUXIN DETERMI"IATIONS s

‘A. Morphology of the Avena Seedling . .
B. Evolution of the Avena Test Method .
C. The Avena Method in Its Present Form
1. Dark Room and Equipment .
2. Preparation of Test Plants
3. Preparation of the Agar
4, Technical Modifications
5. Evaluation of Results .
6. Positive Curvatures
7. The Maximum Angle .
8. Variability of the Test. : ;
D. Other Methods of Auxin Determination .
1. Straight Growth
2. The Pea Test
3. Epinastic Responses
4. Other Methods .

FORMATION AND OCCURRENCE OF AUXINS
A. The Formation of Auxin in the Plant . A
B. The Auxin Precursor . . .

C. Distribution of Auxin in the Plant

D. Auxin in Animal Material A

E. Production of Auxin by I\horoorga.nmns

. THE RELATION BETWEEN AUXIN AND GROWTH

A. Auxin and the Growth of Coleoptiles
B. The Réle of the Food Factor . .

C. The Limitation of Size in the Plant .
D. Applications of the Two-Factor Scheme
E. Auxin Inactivation and Dwarf Growth
F. Radiation and Its Effects on Auxin

A H3JR9G XIS ELBYRBRRE

BRRBID



X

TABLE OF CONTENTS

CHAPTER

VI

VIL

AUXIN TRANSPORT AND POLARITY
A. Auxin Transport in General . S &

B. Polarity in General . .

C. Polarity of Auxin Transport : 25
D. Other Views on the Transport of Auxm s 2
E. Possible Mechanisms of Auxin Transport .

THE CHEMISTRY OF THE AUXINS .
A. Early Work. . . "
B. The Isolation of Auxms a and b T
" C. Discovery of Indole-3-Acetic Acid as an Auxm
D. Identity of the Native Plant Growth Hormone .
E. Activity of Compounds Related to Indole-Acetic Acid

. THE MECHANISM OF THE ACTION .

I. TeE PHYSIOLOGICAL APPROACH .
A. Definitions . gty
B. Nature of Growth . .
C. Effect of Auxin on the Cell Wall .
D. Structure of the Growing Cell Wall .
E. The Intermediate Processes . . .
F, The Effect of Acid on Growth
II. TEE CHEMICAL APPROACH . .
@. Primary and Secondary Actmty
H. The Relation between Structure and Actmt)

IX. THE GROWTH OF ROOTS

X.

A. The Effect of the Tip in Root Growth . .
B. The Effect of Auxin on Root Growth .

(. Auxin Production in the Root . .

D. The Réle of Auxin in the Growth of Roots

TROPISMS .
I. TroPiSMS IN Gmmn.u. ;
A. Historical Introduetion .
B. The Cholodny-Went Theory
II. GeoTROPISM. .
C. Geotropism of Shoots
D. Geotropism of Roots . .
E. The Mechanism of Geotroplc Perceptlon

IT1. PHOTOTROPISM .

F. Auxin Redistribution .
@G. Light-Growth Reactions .

“H. Comparison of Phototropic and Geotroplc Curvatures .

IV. OreER TrOPISTIC RESPONSES .

J. Traumatotropism .
K. Electrotropism .

L. Chemotropism . .
M. Nastic Movements .

PAGE



TABLE OF CONTENTS

CHAPTER ‘ PAGE
XI. ROOT FORMATION . . EERRI S :
A. Root Formation as a Correlatlon Phenomenon v on. -t 183
B. Hormones and Root Formation. . . . . . . ., 185
C. Nature of the Root-Forming Substance . . . . . 190
D. Effect of Light on Root Formation . . . . . . . 192
E. Effects of Factors Otherthan Auxin . . . . . . 194
F. Root Formation on Other Orpns 5 gy s TN R T b 2 D
G. Practical Applications. . . G LT b e e 204
XII. BUD INHIBITION . . . iy Pl - N
A. Bud Inhibition as a Correlation Phenomenon . . . . 207
B. Bud Inhibition Caused by Auxin . . . . . . . 209
C. Possible Mechanisms of Bud Inhibition ~. . . . . 213
XIII. OTHER ACTIVITIESOF AUXINS . . . . . . . 217
A. Auxin and Cell Division . . . . . . . . . . 217
B.-Cambial Growth . . . . . . . . . . . . 218
C. Callus and Stem Swellings . . . . . . . . . 222
D. Miscellaneous Effects . . . . . . . . . . . 227
XIV. GENERAL CONCLUSIONS . . . 230
A. Quantitative Relations between Auxm and Growth .. 281
B. Comparison with Animal Hormones . °. . 232
C. Comparison with Growth Substances of Lower Plants . 235
D. Regeneration . . . . 238
E. Organization . . . 242
F. The Stimulus Concept and the Na.ture of Auxm Actlon . 244
G. Abnormal Growth . .- . . . . . . . . . 247
BIBLIOGRAPHY . . . . . . . . . . . . . . 28
AUTHORINDEX . . . . . . . . . . . . . . 28



PHYTOHORMONES

CHAPTER 1

INTRODUCTION

The field of plant hormones is perhaps now at the stage
of its most rapid development. The number of facts is be-
coming so large, and their distribution through the literature
so scattered, that there is a danger of losing sight of the
general trend. We shall attempt not so much to give a
detailed historical account as, rather, to present the field
from the point of view of workers in it. Where matiers of
hypothesis are concerned, our personal views will necessarily
be emphasized, but opposing views will be given an oppor-
tunity for the reader’s consideration. In matters of fact, as
also in regard to credit and priority, every attempt will be
made to give as fair and accurate an account as possible,
both of the experiments and of the concepts of the different
workers. For the sake of completeness many new experi-
ments have been-included. These are designated as » (un-
published).” Some idea of the amount of work which -has
been done in this field may be gained from the statement
that the contents of this book are based on actual measure-
ments of the responses of about one million plants. The
growing interest in the field is exemplified by the fact that
the bibliography includes references to 77 publications dated
1936. Since equally detailed and critical treatment cannot
be accorded to all of this material, we have naturally laid
emphasis on what appears to be the most important work.

) - 4. Ovruve or THE Boox 3
Our review will deal only with the hormones of higher
plants. We shali first trace the development of the leading
& 1 )



2 ‘ PHYTOHORMONES

idea that correlations in plants are due to the influence of
special substances (Chapter II).! We shall try to show how
experiments along four different and apparently unrelated
' lines,—correlation proper, organ formation, tropisms; and
normal growth,—have gradually come together and been
unified into. a complete picture of hormone activity as we
now know it. Next we shall consider the methods-for the
assay of these substances, treating them in sufficient detail
for experimental use (Chapter III). Since most of these
methods are founded upon cell elongation, and all other
work has had its foundation thereon, it is natural to con-
sider cell elongation in some detail first.

*  The best demonstration of the effectiveness of these
assay methods has been the working out of the chemical
nature of the active substances (Chapter VII). The success
of the chemical attack has made it possible for all the exper-
iments described subsequently to be checked by use of the
pure compounds; this has had the effect of making the con-
clusions clear-cut and has avoided the difficulty of working
with unknown extracts and mixtures.

Parallel and simultaneous with work on the above lines,
the réle of the active substances in various asnects of plant
growth has been elucidated (Chapter V), beginning with
their formation (Chapter IV) and ‘movement in plant tissue
(Chapter VI). The latter phenomenon is of special interest,
firstly because it offers an example of a naturally occurring
substance whose movement can be followed quantitatively
throughout the plant, and secondly because of the causal
relation between the polarity of this transport and the well-
known polarity of plant structures. One of the most inter-
esting aspects of the subject has been the attempt to analyze
the various reactions intervening between the auxin and its
final effect,——growth (Chapter VIII). In this, knowledge
of the chemical nature of the substances has played an essen-
tial part. In close connection with problems of cell elonga-
- 1 References such as VIII G or III C refer to chapter (Roman numbers) and
section (latters), = ¥

.- -



INTRODUCTION 3

tion and transport come the tropisms, particularly the reac-
tions of plants to gravity and light, insofar as they are
caused by unequal growth (Chapter X).

Further, these same active substances play an important
role in a number of other correlations in plants, particularly:
in the formation of roots (Chapter XI), in bud inhibition

“(Chapter XII), and in the stimulation of cambial activity
(Chapter XIII). There are also a number of other phenom- ,
ena not so well understood.

Finally the findings and general conclusions will be com-
pared with those from other fields, bringing the work on
plant hormones into the realm of general physiology
(Chapter XIV).

B. DEFINITIONS

The definition of hormone which we propose to apply is
this: a hormone i3 a substance which, being produced in any
- one part of the organism, 18 transferred to another part and
there influences a specific physiological process. This is essen-
tially the definition of Bayliss and Starling (1904): “the
peculiarity of these substances (hormones) is that they are
produced in one organ and carried by the blood current to
another organ, on which their effect is manifested” (Bay-
liss, 1927, p. 712). There is, of course, no blood stream in
plants, but, as Bayliss emphasizes, ‘“‘these hormones are
characterized by the property of serving as chemical messen-
gers, by which the activity of certain organs is codrdinated
with that of others.” * There is no strict necessity for the
production of the hormone in specialized organs, since even
if all the cells of the plant should produce it, the phenomenon
of polarity would bring about its specific distribution. In
general, however, the points of production and response
are spatially separated. '

To avoid the possibility of confusmn with animal mech-
anisms the term phytohormones has been introduced for

1 The conception of hormones has recently been somewhat broadened (see
Huxley, 1935). )
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such substances in plants. However; since in this book we
shall deal only with the plant kingdom, the prefix can suit-
ably be dropped Thus our COnceptlon of hormone is essen-
tially that of a correlation carrier, where correlation (as
used in regard to plants) is defined as the influence exerted
by one part of the plant upon another,—not in the sense of
statistical correlation, but in the sense of causal relationship.
In the beginning of the work in this field, the non-
committal terms growth substance, Wuchsstoff, growth
regulator, and growth hormone were used, but as our knowl-
edge developed, it became clear that the substances causing
cell elongation must be regarded as a separate group. Since
recent work indicates that this group is heterogeneous, the
term. auains, first suggested by Kogl and Haagen Smit '
(1931), will be arbitrarily restricted to those substances
which bring about the speécific growth reaction which is con-
veniently measurable by the, curvature of Avena coleoptiles.
Whenever used in the physiological sense, the terms growth
substance (g.s.) and growth hormone will be used through-
out this book in the sense of auxins. The term Wuchsstoff
in particular has been used for some of the growth substances
of lower plants, such as Bios, but it cannot be too strongly
emphasized that only those substances whose activity is
determined on higher plants, preferably by the standard
methods which are described in Chapter III of this book, can
be termed auxins.

,C.’PREVIOUS Reviews oF THE FIELD

The rapid development of the field has resulted, as would
be expected in the publication of a number of reviews and
summaries. Such reviews have rarely more than temporary
interest, and many of these are already only of historical value
(Babitka, 1934; Cholodny, 1935a; Kogl, 1932, 19324, 1933,
1933a, 1933b, 1933c¢; Laibach, 1934; Loewe, 1933 ; Malowan,
- 1934; Pisek, 1929; Snow, 1932; Soding, 1927, 1932;
F.A.F. C. Went, 1927, 1930, 1931, 1932, 1932a, 1932b, 1933,
1933a).
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-

The newer and- more extensive reviews are those of
du Buy and Nuernbergk (1932, 1934, 1935), Erxleben (1935),
von Guttenberg (1932, 1933, 1934, 1935, 1936), Heyn
(1936), Jost (1935), Kogl (1935, 19354, 1936), Haagen Smit
(1935), Stiles (1935), Th}mann (f935 1936b), Went !
(1935b, 1936a), and F. A. F. C. Went ! (1934, 1935).

The most complete account which has appeared up to now
is that of Boysen Jensen (1935, translated and extended by
Avery and Burkholder, 1936). ‘We do not feel, however, that
Boysen Jensen’s publication makes our book superfluous, for
several reasons. In the first place, it does not attempt to do
more than review the past work, while in this book our aim
is rather to analyze and integrate the material. In the second
place, its scope is restricted largely to the rble of hormones
in growth and tropisms, while, as - was stated above, the field
has recently developed in quite different directions, which
necessitates a revision and broadening of our ideas: Lastly,
it appears from book reviews (Soding, 1935b; Umrath, 1935)
that one of the principal impressions which the book has
made is in regard to the question of priority in the discovery
of the auxins. We feel that the gradual unfolding of the
current conceptions and the cotperation of different workers
has made it impossible to credit any one person with such a

- discovery, and it is to be hoped that the reader of this book
will gain the impression of a steady and collective advance
rather than of individual contributions. .

1 References to Went (without initials) refer to F. W. Went, ﬂu papers of
"F. A. F. C. Went being cited with initials.



CHAPTER

II

- DEVELOPMENT OF THE HORMONE CONCEPT
A. CORRELATION AND FORMATIVE SUBSTANCES

The idea that the phenomenon of correlation is brought
about by substances or “saps” is by no means new. No

U
\

Fic. 1. The first published drawings of cor-

relations in plants. Swellings oceur above but
‘not below ring wounds, and in isolated pieces
of bark they are most marked when leaves or

buds are present.
Monceau, 1758.)

(From Duhamel ' du

detailed consideration
need be given to the
very vague idea of Mal-
pighi (1675) nor to the
z}rtistic conceptions: of
Agricola (1716) of  a
“materia ad radices pro-
movendas.” Careful ex-
periments, however,
were carried out by
Dubamel du Monceau
(1758), whose sound sci-
entific.reasoning led him
to conceive of correla-

‘tion as brought about

by two saps, one -mov-
ing downward, the other
upward. The former
was elaborated in the
leaves and, after passing
downward through the
cortex, was used for the
nutrition of the roots.
If, however, tkis down-
ward stream were inter-
cepted by ringing or

other means, it caused the swellings, callus, and root forma-

6

tion which he observed above the point of interception (see
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Figure 1). So much stress was laid on the root formaiion
that the swellings and callus were considered as ‘““being
much of the nature of roots” (Bk. IV, Ch. V). During the-
next hundred years the physiological concept of correlation -
seems to have been lost, the emphasis being placed on
morphology, i.e. upon the inherent nature of the tissues
themselves. The discovery of sieve tubes by Hartig and
von Mohl led them to the opinion that there was indeed a
downward-moving sap, and this was later proven by Han-
stein (1860). The content of this sap, however, was studied
from the viewpoint of organic food materials rather than
that of its correlating functions.

At_this time began the period of rapid development in
plant physiclogy. = The phenomenon of correlation was
studied in greater 'detail and Sachs (1880, 1882, 1893)
brought forward a complete theory, a modern version of
Duhamel’s views, which. covered most of the known facts
of morphogenesis and correlation, and can still be regarded
as a modern treatment of the subject. Sachs’ great achieve-
ment was that he applied the laws of causality to morphol-
ogy. His starting point was the thesis that ‘‘morphological
differences between plant organs are due to corresponding
differences in their material composition, which must be
already present at the time of initiation, even though at this
stage chemical reactions and other crude methods fail to
show any differences.” To account for these differences he
assumed the existence of root-forming, flower-forming, and
other substances, which move in different directions through
the plant. For example, the former would be formed in
leaves, and would move towards the base of stems. If a cut
be made in a twig, this will be “an obstacle for further down-
ward movement,” and roots will be formed above the cut.
Light and gravity were assumed to affect the distribution of
these special substances. With only two assumptions: 1, the
existence of organ-forming substances which, in minute
amounts, direct development, and 2, polar distribution of
these substances,—a distribution which may be modified by
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external forces such as light and gravity,—correlations,
normal development, galls and monstrosities were braught
into one picture.

In his very remarkable publications on galls Beuermck
(1888, 1897) elaborates the idea of “growth-enzymes.”

F1a. 2. a, b, ¢, gall of Nematus capreae on leaf of Saliz. s, egg deposited with
some mucilage in mesophyll of young leaf; b, mature gall before hatching of
larva; ¢, gall in which by accident no egg has been deposited. The mucilage

~excreted by the gall-wasp has caused formation of an almost complete gall,
This excretion is the first published example of an organ-forming substance.
(From Beijerinck, 1888.) d, gall of Cecidomyia Poae on stem of Poa, showing
excessive root formation. (From Beijerinck, 1885.)

While he originally thought (1886) that “it can not be
doubted that nutritive stimuli must be- considered as the
primary cause’ of root formation when parts of plants are
cut off from the parent-plant, he afterwards modified his
“views in the direction of those of Sachs. In the case of the
Capreae-gall on Saliz (Beijerinck, 1888) he considers the
development of the gall (see Figure 2) to be caused by “a
protein, whose action differs from that of ordinary proteins,
- which only form an equivalent amount of protoplasm, and
resembles that of an enzyme, whose effect is quantitatively
~ of a different order of magnitude from the amount of active
material.” Thus we have to do here with a ‘“material
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stimulus” (or as we should say now, a stimulating matena.l)
(1888, p. 132). Beijerinck ‘designates this protem as a

“growth enzyme.” Later (1897) he extended this view to -

the development of organisms in general, and stated that
“form is determined by liquid substances, which move freer
through considerable numbers of cells in growing tissues”
(1897, p. 203).

-Except for these observations of Beijerinck no direct
evidence for the existence of such- special substances as
Sachs had postulated was obtained for nearly 40 years. On
the other hand, at about the same period, the existence of
polarity in correlation phenomena was proven, both for
whole organs, and for each separate cell of a transplant, by
Voechting (1878, 1884, 1892, 1908). His work, however, is
primarily concerned with inherent morphological polarity,
rather than with its physiological basis.

After the time of Sachs and Véchting most of the studies
on correlation laid emphasis on nutritional factors. Goebel
(1908), for instance, in discussing quantitative correlations,
says ‘““of the numerous organ initials, many remain unde-
veloped because the building materials, which they need
for their development, go to others which can ‘attract’ these
materials more powerfully.” Similar views, involving also
the nitrogen content of the plant, 7.e. “the carbon: nitro-
gen ratio,” have been generally held by American workers
(¢f. e.g. Kraus and Kraybill, 1918). While their experiments
show that there is a parallelism between a given carbon: ni-
trogen ratio and a given type of growth no causal relation
has been shown to exist.

' B. TrorisMs

About 1880.it began to be realized that tropisms were to
be ‘regarded as a special kind of correlation phenomenon.
This aspect of tropisms was particularly emphasized by
C. Darwin (1880). Both for roots and shoots he was able to
show that the effects of light and gravity are perceived by
the tip, and that the stimulus is transmitted te the lower



i PHYTOHORMONES

regions, which then react. “We must, therefore, conciude
that when seedlings are freely exposed to a lateral light, some
influence is transmitted from the upper to.the lower part,
causing the latter to bend”’ (p. 474). In regard to geotropism
of roots, he concludes “that it is the tip alone which is
acted on, and that this part transmits some influence to
the adjoining parts, causing them to curve downwards”
(p. 545). At first Darwin’s statements met with much
opposition, but Rothert (1894), working with phototropism
of shoots, confirmed completely the separation between the
zones which perceive and those which react. The connection
between these processes was envisaged by Fitting (1907) as
bemg due to a polarity set up by the light stimulus, which

“spread out’” from cell to cell.

Fitting’s work was closely followed by the experiments
of Boysen Jensen (1910, 1911, 1913) which showed that a

Fia. 3. First experimental demonstration of transmission of the phototropic
stimulus across & woiind gap. Five Avena coleoptiles were decapitated, and the
tips replaced upon the three plants to the left, the wound being covered with
cocoa-butter. Two plants to the right as controls. On illumination of the tips
only, from the left, the plants with tips replaced show curvature in the base,
the controls not. (From Boysen Jensen, Ber. d. bot. Ges. 31: 559-566, 1913;
and Growth Hormomes in Planis, tr. Avery and Burkholder, McGraw-Hill,
1936.)

phototropic stimulus can be transmitted across a wound gap.
Boysen Jensen cut off the tips of Avena coleoptiles and stuck
them on again with gelatin (see Figure 3). He then illumi-
nated the tip only and showed that curvature appeared
not only in the tip but also-in the base. From this he con-
cluded that ““the transmission of the irritation is of a mate-
rial nature produced by concentration changes in the coleop-



