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PART 1.

THE STUDY OF CELL ELONGATION BEFORE THE DISCOVERY
OF GROWTH SUBSTANCE

salntroduciion

The study of cell elongation is as old &s the study of
plant growth for the reason that the wvisible increamse in gize of a
plant orgsn is principally due to cell elongation. The first fruit-
ful theory, however, concerniag the nature of the processes and forces
involved was enuaciated by Sachs (IS?é;f According to Sachs, the
cell wall is elastioally etreiched, by the pressure of the cell
contents. IDue to this stretching, the particles of which the wall
is composed become further spart and new ones are then set down
between them. This relieves the pressure of the wall and ths cycle
repeats itself ad infinitum or as long as the cell coatents can
exerizgggggure on the wall. The theory contains the essential points,
a) elastic stretching of the cell wall by ianternal pressure, b) intus-
susception of new wall material. The first point was regarded as
suostantiated by the fact that as found by DeVries (1874), Iaureat
{1885) and others, the amount of elastic stretching of growing tissues
is greatsst at the time of fastest growth. The second polnt was
based upon the work of NHgeli (1858) who had concluded that the growth
of cell walls as well asﬁ%tarch grains is by intussusception. It
may be said at once, however, that the theory of Sachs has been froitfol
principally because of the investigations which have been instigated

for its sttack or defence. Schwendener and Krabbe (1B95) failed to

find the proportionality between turgor siretiching and growth rage
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described by DeVries, and Klebs {1886) could not find the least elastic
extenslion in growing filaments of Zygnema. Wortmam (1887) and Noll
(1887) found as did Sachs, that elastic stretching is essential to
growth, Coacerning the intussusception of new matsrial in the cell
wall 8ls0, a divided opinlon is to ve found in the olier literature.
Wortamann found that slowly growing portlons such as the uppsr side

of a geotropically stimulated stem rapidly thicken their cell walls,
and concluded that thickening and consequent decrzase of elasticity
is the cause of the eventual cessation of growth. Krabbe (18}, and
Schwendener and Krabbe (1893) went so far as to claim that all growth
is due to an active intuscusception without the intervention of turgor
stretching, Sufficient has been said to make it clear that from the
veginning there has been a consideradle variance between the views

of the several investigators. A methodical examination of the general
theories which have been put forth will be made and an attempt made

to evaluate sach.

b. Osmotic Pressure of the Cell Sap

The primary cause of cell elongation is elastic strstching

dae to the osmotic pressure. It is necessary to make it clear that

altho cell eloagation in the normally growing plant may oe dus o
the maintenance of a given property, for example osmotic pressure,
at a sufiiciently high value, nevertheless it is techaically often
more coavenieat to work with increases in growth rate and increases
in the given property, for example, of osmotic pressure. For this
reason the conve= and concave sides of tropistically stimulated
organs have besn much used, Altho there might once have bsen ob-

jection to this procedure, there cannot be now, since as is clear
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from ocar preosent iknowledge of tropisms, there is no fundamental
difference between tropistic growth response and norcel cell elong-
ation.

DeVries believed to have found that the osmotic value of
the celli sap is higher in faster growing regions. Schlegr hﬁ;g%ilar
experiments came to the same conclusion. Krauss (1882), Nénsten
080N de Phillips (1920) failed to find this increase. Pfeifer
(1892) even found that hindering of elongation brought sbout an ia-
cresse of osmotic value and this was supported by Pringsheim (1900).
Hore recently Warner (1928) working with geotropicalily stimulated
orgens has shown quite definitely that there is an increase of sugar
on the concave side, but that there is also an increase of acids on
on the convex side. Borowikow (1913, 1914) found that variations
of temperature or of acidity which decreased the growth rate of
cells, correspondingly increased their osmotic value. The inverse
relation between growth rate and osmotic value has heen supported
by Reed (1925), and Fernald (1925, by cJoscopic measurements.
Ursorung and Blum (1924) investigated the matter somewhat further and
cobtained finally a conclusive answer. They found that altho ths
two sldes of a geotrovically stimulated organ possess alaest the
same osmobtic value, the convex side has a much higher suction force,
which can then only ve interpreted as due to lower wall resistance.
It is clear from thelr work that increases of osmotic value cannot

be the direct cause ¢f increases of growth rate.
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g, Blasticity

The primary csuse of growth is an increase in the elasticity
of the cell wall. It has already beesn pointed out that Klebs (loc. cit.)
failed to find any elastic extensibility in growing cells. Torimann
{loc. cit.), however, held that the gradual thickening of the cell
wall reduced its elasticity to the point where slongation by the
pressure of the cell conients could no longer take place, i.e. that
decreases in elasticity decrease zrowth. Noll (loc. cit.) supoosed
that under the influence of the protoplssm the wall was kept con-
tinually in an elastic condition to permit growth. Increases of
growth rate wouﬁd then be due to increases of elasticliy. Overbeck
{1920) studied geotropically stimulated roots whose curvatures were
prevented, These roots when freed gave extraordinarily swift "schnell
Krfimmungen", which, however, were almost completely removed by im—
mediate plasmolysis. By a luter plasmolysis only a small portion
of the curvature couvld be removed. He concluded that during geo-
trosic stimulation a one sided inerease in elasticity had occurred
which permitted the "schnell Krltmmng" and that the curvature was
then gradually™fixed", DeHaszs (1928) found that normally growing
Avena coleoptiles posséssed higher elasticity than coleoptiles whose
growth had been slowed dow: by decapitation (see Part II). These
cages show that high elasticity often, but not always, accompanles
fast growth. Heyn (1931) has finally settled the question. He has
shown that in the Avena coleoptile and theresfore probably in other
cagses increases in elasticity are results rather than primary causes

of growth. This will be discussed in detail in Part II.
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d, Plagticity
The primary oease of growin 1g 2 plastic stretchine of ihe

Leall mall.laurent(loc,0it.d vostuleted en enzyme action wupon the cell
wall which should result in a plastic condision.He was,however,unable
to fortify his position by experiment.Klebs{los.cit.dwas willing to
admit that thes action of the »nrotonlasm might ineresse the wall plag-
$icity and showed that in algal filiamsnts the elongation was almost
entirely irreversible.Ziegenspeck{1920)found great placticity and
little elasticity in root hailrs.Pfeffer(1903)considered a "dd i
tion of the cohesion of the cell wall"to be neccessary for elongation,
He showed directly that this softening was a resudt of the action

5f the protoplasm,Tt is again,however,due to the work of Heyn(1931)
snd of Heyn snd Van Overbeek(1931)that a final solution of the ques—
ticn of plestic versus elastic stretching has been finally cbbzined.

This work will be dlsfouesed im part II.
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d, Permegbility

The primary cause of growth is aa increase in the perue-

ability of the cell moumbranes. Several investigators have expressed

the opinion that increases in cell permeadility should increase growth
rate. Tr#ndle (1910-18) thought that in tropistic reactions the
primery effect of the stimulus was one upon permeability, and this
view has been supported by Small (1919), by Braunér (1924) and by
VanDillewijn (1927). It is well established that larze changes of
permeability result from the action of various stimuli. For examile
light increases permsability according o the work of Blackman and
Payne (1518), Hoagland and Davis (1923), and Brauner (132L), to
mendtion only a few works less open to objection than those of
Lepeschkin (1909) and Tréndle {1910) which are usually gquoted.

Light probably inercases the water permeability of the pulvinal

cells of Fhaseolus, according te M. Brauner (1932). ilovements of

the leaves of sensitive plants and of sensitive stamens as those

of Sparmannia are quite cerfainly accompanied by increase of the
protoplasmic permeability and the consequent expression of cell

sap (Bllaning, 1933 a, b). It is theretore not at all unlikely that
changes of permeability do occur both in normal growth and in tropisms.
Such changes would be of value for cell elongation only if, for examole,
water parmeability':gﬁ‘the factor limiting elongation, and there ia

no reason to believe that this is, in general, the case. In Part VI

it will be showa that it can hardly be the case in the Avsna cole-
cptile, Changes in the direction of permitting an exosmosis as

in the case of stamens would De actually detrimental to cell slon~

zation.
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a. Intussusception

The primary ceuse of growth is an "active wall growth'.

This phrase has meant in general growth by forcing of new wall
material in between the particles aslready deposited. As pointed out
by Pfeffer (loc. cit.) and by Strassburger (1898) not all growth
could be of this kind since wall growth is in many cases by apposition,
in wnich case increase in surface exient must be by some kind of
stretching., Nigeli (loc. cit.) first put forward the theory that
growth of the cell wall is by intussusception. This was in part based
upon his erronecus belief that the growth of starch grains is of
the same kind. Pfeffer cites some cases which seem to be certainly
the result of some "active growth", for example the wrinkling of
cell walls in cells no longer stretched. Xrabbe (loc.'cit.) gup-

experimental vee!
ported active growth without giving it any strong sxp@mesé. Ursprung

f ,'(at;oh-

and Blum (loc. cit.) have advanced sctive growth as important, prin-
cipaliy because they failed to see how turgor, at its minimum in
rapidly growing cells, couwld have any bearing uposa elongation.
Rentschler (1929)similarly adopted it as a last alternative. More
recsntly S8ding (1934) and Strugeger (1932, 1933, 193Y4) have supported
active growth, but in both cases this is merely an opinion based on
no convincing evidence. Against the general importance of intussus-
coption may be cited the work of Pringsheinm (;;2&9 and the work of
Heyn which has shown that cell elongation is possible by an irrever-
sible increase of cell wall area in the absence of any possibility
of active growth., It 1s still nscessary, however, to demonstrate

in each case whether or not the formation of new cell wall is an

integral part of the elongation process.
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f, Imbibition Pressure

The primary cause of zrowih is the irbibition pressure of

‘the protoplasm. Loyd (1916), Calabeck (1927), Ulehla and Moravek
(1922), McDougal (1925), Walter (1924), and most recently Struzger
(1934) have supported varicus aspects of the general theory that
increases of the iubiblition pressure of the protoplasm or other
biocolloids are the primary ceuses of increases in cell elongation.
This theory has often tsken the form of postulation of & mechanism
for the increase of the pressure of the cell contents on the wall
without an incresse in the osmotic value of the cell. It is c¢lear,
however, and it has been emphasized oy Walter (loc. cit.), that

the veapor pressure of water in equilibrium with the cell sap will
under all conditions be equal to tham in equilibrivm with the proto-
plasm. Otherwise water will pass from one to the other until such
an equilibrium ie estavlished. Horeover the imbibition pressure
which the protoplasm exerts on the cell wall must be exactly egual
to that exerted by the cell ssp on the protoplasm and to the pressure
with which the cell well constrains the cell contents. Consider then
+hat result an increase in imbivition pressure of the protoplasm
might have., So far as increased upteke of water by the cell is
concerned, water will be ifaken up until the protoplasm is agein

in eguilitrium with the ceil sap. In general for cells lu the
elongation stage and hence with very small amounts of protoplasu,
this amount of water is negligible, and hence the elongation which
it can bring sbout is negligible. There remains, howsver, the poe-
sibility that increase in the hydration of the protoplesm may in-

fluence, for exaxzple, the water permeasbility. This has been suggested
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by Walter on the vasis of the fact that Borowikow {lce. cit.) found
the same effect of ilonic lyotropic series upon growth of Helianthus
hypocotyls as is commonly found for eifects upon permeablility.

DeHean (1933), Dellingshausen (1933), and Forster (1933) have some
evidence to show that increases in protoplasmic hydration incresse
permesbility both to water and to salts. Tt has been slready pointed
out, nowever, that there is ms yet no good reason to beiieve that
effects upon permesbility have a direct relation to cell elongation.

Ven de Sande Bakhuysen (193%0) has advanced the opinion
that hydration of the cell wall as well as of the protoplasm is of
importance in cell elomgaticn. It is poesible to visualize an elffect
of hydretion upon the cohesive properties of the cell wall and hsnce
upon its plastic stretching, but as yet such en effect and its direct
reletion to cell elomgation has not been demonstrated.

There cen be no doubt but that some of the changes of
growth rate which have been interpreted as due to changes in the
hydration of the protoplasm have been actuasily dus to changes in
the actual water supply. This may be the case in the work of Walter
(1924).

One of the principal factore which should influence proto-
plasmic inmbibition is the pH of the protoplasmi it will be shown
in Part VI that so far as the Avena coleoptile is concerned the
effect of pH upon growtk rate is not due to an effect upon proto-
plasmic imbibition. Changes of imbibition pressure of the proto-
plasm cannot therefore be of general significance in the control

of growth,
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PART II.

THE STUDY OF CELL ELONGATION SINCE THR
DISCOVERY OF GROWTH SUBSTANCE

g, Discovery snd Isolation of Growth Substance

The study of cell elongation has tsken on & new aspect since
the isolation by Went (1928) of a special substence Whose presence
in tha’plant cell 1s essential to elongation. The existence of apecial
substances for the regulation of plant growth was first advanced by
nuhamei {1758). Sache (1879) brought forth a long list of facts
indicating the existence of a special flower forming, root forming,
leaf forming etc. substances, and progosed that correlation, i.e.
the effect of one part on the growth of another, is in general
mediated by diffusible subsetances. Sachs was, however, unable to
supply eny firm experimental evidence as to thelr existence. Haber-
landt (191%-1919) went = step further. He demonstrated that a sub-
stance is stored in the lepiome of potato tubers which is sble to
diffuse inio tuber sections without lepicme and bring sbout cell
division there. Ricca (1916) showed that a substance waich cean
pass through a tube filled with water controls the response of lesves
in Mimoga. The idea of special substances was therefore not entirely
new sven in 1910 when Boysen Jensen proposed the existence of such a
substance for the control of cell elongation, especially in the Avena
coleoptile. Paal (1914, 1919) socon established the fact of correlation,
with respsct to elomngation, by a diffusible substance., F, Went
(1oc. cit.) worked out a method of guantitative determination and
obtained the substance free of the plant, and Kbgl, Haazgen Smit,

and Erxlebven (1933) prepared the substance in the crystelline form.
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b. The Avensz Seedling and Coleoptile

It has been shown by & variety of workers (Cholodny, 1927;
S8ding, 19;&; Hielsen, 1929; Boysen—Jensen, 19%l; lLaibach, 1933,
Ven der Wey, 1533) that th;s;‘sv;;stance"or one of similar physiolo-
gical saction is widely distrivuted through the plant kingdonm, probably
universally. However, the following discussion will 1imit itself to
the Avens coleoptile with which the greater part of the work has been
done. Before emoarking upon a detailed discussion of the growth
of thie orgem, it would be well, however, to give a brief survey
of the morphology and anstomy of the Avena embryo, seedling, and
especislly of the coleoptile. Heference may ve made %o the work
of Avery (1928, 193C) who hag investigated the anatomy in some detail.
The embryc is at the base of the seed, rather at one side
and opposite the groove., The embryonic axis consists at. the upper
end of short internodes bearing whorls of leaf primordia. Below this
is the insertion of the scutsllum or cotylad;on. The embryonic leaves
and growing point are surrounded by the conical coleoptile. At the
scutellar node are the buds of two lateral roots. Below the scutellar
node is the primary roots and its coleorhiza. 4 large branched pro-
cambial bundle proceeds from the scutellum to the scutellar node and
nence into the stele of the embryonic axis. The vascular system
of the coleoptils consiste of two latersl dbundles arising from the
stele. After germinetion (Fig. I) the root ccnsists of the usual
warch vescular system with one large ceniral metexylem vessel. At
the scutellsr node there is an gbrupt transition to an endarch vas—
cular system. The region between the coleoptile insertion and the

scutellar insertion, commonly knewm as the mesocotyl is, then, of an
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sgsentizlly stem structure and is to be regardsd as the first inter—
node. A meristematic region at the top of this internode causes
ite elongation and at the same time elongates both the scutellar
bundle and the stele, with the result that the two run parallel
in the mature internode. OUnly at the level of coleopiilar insertion
does the scutellar vundle enter the stele in the seedling. The
coleontilar bun%ea diverge from the stele at the point where the
scutellar bundle turns down into it., The vasgcular bundles of the
coleoptile are small with few xylem groups and comparatively well
developed pnloem, A bud is in general present in the axil of the
coleoptile, which is therefore to be considered as a leaf. The
leaves within the coleopiile ars supplied with bundles in part from
the stele and in part from the scutellar insértian,

The coleontils is elliptic#l in cross section (Fig. II)

Pe_rpend{wlak

with the longz axis peseitiesd 0 the plane of the seed. 1t is, of course,
hollow and consists im general of about six cell layers. The isner-
most and ountermost layers are of somewhst smsller ceils thean those
of the inner parenchyma. The elongation of the coleoptile, from a
i, or less, to 4 or 50 wmm., is unaccompanied by cell division
(Tetley and Priestley, 1927). During tiis time also the dismeter
of the colecptile changes but little. In the Avens colesoptile one

has then a relatively pure example of growth by cell elongation.

¢. General Relation of Growith Substance tc the Ooleoptile

In relation to growth and growth substance in the cole~
optile the following facts have been established:

1) The growth substance is produced in the tip of the coleoptile
and proceeds downwards toward the base. (Pasl, 1913, 1919;
Dolk, 1930; Tent, 1928)
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2) If the tip is removed, the top of the remaining stump con-
-mences To produce growth substance after the lapse of a
definite time (Dolk, 1930; Tsi Tumg 14, 1930)., This has
vesn celled "physiological regeneration',

3) If, after decapitation and reappearance of growth substance
in the upper zones, these zonss are also removed the growih
of the coleoptile falls practically to zero (Dolk, 1930).

L) Application of growth substance to the lower zonss of old
coleoptiles which have stopped growing, causes under certain
conditions, the recommencement of growth (Wemt, 1928).

5) The response of the coleoptile to phototropic and geotropio
stimull 1e conditloned by the presence of growth substance
{Dolx, 1926, -1930; Went, 1928; DuBuy, 1933). After decapi~
tation the ability of the upper zones to rsact to phototropic
and geotropic stimuli is lost but returns at the same time
as the new growih substancs.

From 3, U4, and 5 1% has been failrly concluded that the
growth substance is not merely an accelerator of growth but that withest

it no growth can ogeur.

6) Growth substance disappears continuously during growth.
Ouly a small portion of the amount produced by the tip can

be rscovered from the lower zomes.

7) The movement of growth substance is a polar phenomenon (Went,

1928; Van der Wey, 13932). In inverted colecptile cylinders
no dowaward transport occurs.

8) The application of growth substance to decapitated coleoptiles
Jdeformabifity .
results in an incrsase of their pheaWvesay (Heyn, 1931).

9) The one sided spplication of agar blocks conjaining growih
substance to the stuips of decapitated coleontiles causes
a growih curvature whose magnitude is over a considerabls
range proportional to the amount of growth substance in
the agar block (Went, 1928). Tuils is the oasis of the
quantitative growth substance test (Van der Wey, 1932;
Nielsen, 1930; Dolk and Thimann, 1932).
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10) The growth substiance is not an enzyue tut a therwosiable,
lipoid soluble, unsaturated acid of molecular weight 328,

P o

and having the formula 01833205’
These are the essentlial points with respect to the relation
of growih substance and zrowth., Hore detailed discussions of various

aspects will be given in the later sections.

4, Growth Substance and the Deformsbility of the Coleoptile

The problems of celli elongation may now be attacked through
an examination of the properties of the coleoptile which are aliered
under the influence of growth substance. The work of Heyn (1931),
Heyn and Van Overveek (1931) and of S8ding (1929, 1931) has shown
that some time after a coleoptile is glven growth substaace the
elasticity and plasticity of the coleoptile are increased. The
fundamental experiment is this: comperable sets of coleoptiles ars
more or less freed of growth substance by sllowing them to stand
for two hours after decapitation. One set is then supplied with
growth substance and the other set not. The growth substance is
allowad to eot for some itime, say iwo hours; the colsoptiles are
plasmolized to remove whatever resistance might be due to the prote-
olasm, and the exteasibility under an applied force determined. Heyn
found that both the reversible and irreversible extensibility ars
increased after the action of growia suhstan&gzgcccmpanying growih,
He wag able to zo further than thils, however, by giving coleoptiles
growth substance but no water supply. In this case the elasticity
rezained relatively constant. This he considered to show that in-
creases in elasticity are the result of elongaiion and that the pri-

mary action of growth substance upon the coleoptile is in increasing
?latt}c;ty,
afsoivﬂ‘_e.’ Later werKip stl' has 5L°‘Nk Ut

oue oF mobe (’b"&e/\/
related 3L SE dnees waydlse be vctive,



=1l

This exyeriment is of importance bscsuse it shows that increzses
in elasticlity are principally the result of growth, not the cause.

S8ding independently at about the same time and using some-
what similar methods came also to the conclusion that more rapidly
growing coleoptiles have more extensible cell walls than do more
slowly growing ones.

The incrsase in deformability by growth substance is well
illustrated by experiments 1n which weights are hung upon the ends of
of horizontally placed turgid coleoptiles. Under the condlitions of
Heyn and Van Uverpeek the reversible bending was slightly aifected,

SN
the %ﬁffszffiigrgreatly affected, by the presence of growth substance.

This experiment was also done independently by S8ding.

Note: The turgescent coleoptiles used in bending experiments have
the formal reguirements of growth {according to Heyn) i.e.
turgidity and lncreased wall plasticity. Nevertheless, unless
they are supplied with water they do not grow. It seems
probable that the effect of higher wall plasticity, decreasing
the turgorsnd hence increasing the suction force is in per-
mitting the upisake of water and accompanying increase in area
of the cell wall. Increases in elongation would be then due
not directly to %he increass in deformasbility of the cell wall
but to the increase in suction force of the cell. As already
nmentionead, the work of Ursprung and Blun has showa that suction
force is at a maximum in the most rapidly growing regions of

rootg.

It has been tacitly assumed that increases in irreversible
deformability in reality are due to increases in plasticity. A
gupporter of "active growth" mighi object that these increases in
deformability may be due to the rgpid intussusception of wall particles

during the action of growth substance
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e,
ibiﬂé@guﬁswﬁunﬁto.a temporary excess of new wall over actual selon-
gation and hence lowered turgor. It has not, in fsect, been shown that
growih substance does not c¢ifegt the deposition of new wall material.
Heyn (1931) originally thought that the fact that growth substance
does not affect the fixation of elastic stretching indicated that
it did not affect wall formation but hehas since (1934) shomm that
the process of fixation is in all 1i%§ihood only a relaxation of

elastically stretched layers.

&, Objects of the Present Work

The information concerning cell elongation and ite con-
rection with growth substanee before tha undertaking of the present
work have been outlined. With respect to cell slongation itgelf
it is clear that, beiween the two possible alternative mechanisms,
plastic stretching or intussusception, & final decision has not as
yot been possible. It is known, only, that growth substance brings
sbout an increase in coleoptile deformability. Conceraing dthe actual

fearned.
steps of growth substance sction nothing has besen Swumé. The first
guesticons which 1t scems necessary to answer in the study of this

praoblem are:

1) Does growth substance act as a true hormone, i.e. indirectly
and in small amounts, or can it take part as s constituent,
for example, in wall formation?

2) Does growth substance influence formation of cell wall or
doss it influence properties of the cell wall? In this way
ax finsl decision between intussusception of new material and

plastic stretching may be obtained.

3) Does growth substance influence the wall directly or does
it influence functions of the protoplasm?
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) If growth substunce acts through functione of the protoplasm,
what is the nature of the action?

These gquestions will be dealt with in the followlng sections.
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PART III.
A GENERAL DISCUSSION OF THE MATEZRIALS AND METHCDS

a, Plants

The Avens scedlings used in these experiments were of the
pure line "Sieges Hafer" supplied by Ir. Xkermann of Svalfv. They
were growm in the dark rooms of the plant physiclogy laboratory, at
the humidity (85 to 9C per cent) shown by Went to be suitsble for
the carrying out of growth substance activity teeste. The temperature
was held constant to 0.2° during the course of an experiment but
varied occaslionally between 25° and 27° during the course of three
years., Only red light was used in the carrying out of all of the
experiments in order to avoid phototropic curvatures of the plants.
Illuminating gas, minute traces of which causes great irregularities
in the growth of the Beedlings,v;:snot present in the ouilding.

The husked sceds were sosked in water for U or for 12
hours, germinsted for 24 hours upon moist filter paper and then
planted either in glass nolders for tests (VYent, 1923) or in a
mixture of sand and leaf mold. At the total age of about 8lU hours

the coleoptiles were 2 to 3 cm. tall and ready for use.

b. Growth Substance

It has been shown by Nielsen (193%30) that considerable amounts
of growth substance are produced in cultures of the mold, _hizopus
suinus. The conditions for production of growth substance have been
more thorcughly investigated by Bomner (1932) and by Thimann and

Dolk (1933). The growth substance used in the present experiments
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was Obtained from the large scale cultuvre of this orgenism, the
preparation and purification belng carried ocut bty Dr. X. V. Thiuann.
The mold wss grown upon a pepbone—gluccse culture medium and care
was taken to keep the conditions serovice, since this greatly increases
the yield. At the end of three days the mycelium was filtered off,
the mediun concentrated under diminished pressure to 1 per cent of
its volume, filtered, acidified, and extracted six to seven times
with peroxide free ether., The bulk of the ether was distilled off,
the residue taken up in & smell volume of distilled water, boiled
free of ether; and the solution chillea. Chilling causes the pre-
cipitation of & rather large gquantity of olly material which was
filtersd off. The filtrate is o growih substance preparation of
ratker high purity vhich may be used directly for experiments. It
has an activity of about 10“6 mgs. ver plant unit (see below) as
compared with cyrstelline growih substance wihich has an actlvity

of about 1.322%5. per plant uait. Later in the course of the ex-
periments as will be indicated preparations of higher activity were
used. The zuthor is greatly indebted to Dr. XK. V. Thimann for these

growth substance preparations.

c. Units

One growth substance unit, as used in the remainder of
this paper,corresponds to that defined by Dolk and Thimann (1932).
It is that zmount of growih substance which when present in 1 ce.
of solution will give after veing mixed with 1 cc. of 3% agar snd
3

mede into agar olocks of 10.7 mw’, a curvature of 1° upoz the

stancard decapitated Avens coleoptile under the standard conditions,

of thas }abwator\,. ( PoIK aud Thimann,1932)
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PART IV,

THE HORMONAL WATURE OF GROWTH SUBSTANCE

a. Introduction

The first question {o be answered concerns ths relstion
of the amount of growth substance in the planttgéxk;mmuxtsaf the
varicus substances undergoing transformation during slongation,
In this part, it will be determined whether or not there iz any
simple stoichiometric reletion between the nuwiber of molecules in a
given amount of cell wall and the numwber of molecules of growth sub-
gtance necessary to produce gn equivalent amount of elongation. This
determination involves the reasonable assumption that the new cell
wall formed during the growith suvstance hae the same constitution
as thet already deposited. This assumption is supported im Section i)
of thie part. The sxperimental work is divided into five heads
corresponding to the nlecss of ilnformation necessary for the cal-
culation of the desired relation, These heads are as follows:

1) The amount of growt: substence entering the plant under the
experimental condltlons,

2) The smount of elongation drought about by a given smount

of growth subsisancs.

3) The actusl increase in cel: wall during a given amount of

alongation,

4) The composition of the cell wall and hence the increase of
sech constitueni during a given amount of elongation.

5) The increase in volume of cell wal: during a given asgunt of
elongation., Thie is an independent method of arriving at
the regult given by 3,
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In sddition the elongation produced by a given smount of
growth substance under difierent experimental conditions will be

determined for comparison,

b, Method

Growth mespurementa. The growth measurements were carried
out with en automatically controlled motion picture camera. The
films, after developuent, were projected with a finsl enlargement
of 100 times upon a screen, on which the images of the plants could
be meessured with considerevle accuracy. The Leitz camera was overated
#ith a "De Bouter intermittent Clinostat", which in turn was operated
oy an electric clock. A genersl description of this type of clincstat
is given by F.A.F.C. Tent (1929). The two plants which were photo-
grephed upon each film were placed about one meter from the camera
with their roois In water. Beside each plant was placed a millimeter
scale which wae included is the phatogreph and from which the growth
increments were measured,

Since the etiolated colecptiles are very sensitive to light
of wave length shorter than 5300 A°, the photographs were taken in
orange light, using VYratten filier No. 24, wnich cuts off most of the
light shorter than 5450 A®, Eastman supersensitive panchromatic film
wae used with an exposure of five seconds.

The experiments were cerried out in a coastant temperature
voom at 27°, The relative humidity was kept &t 90%, with a variation
of not more than 3-U%h. Since the standard conditions for testing the
activity tests of growth substance preparations by the curvature method
used in this laboratory include a tempersture of 25°, a second room

wag kept a% this femperature and the activity tests cearried out in 1%.
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¢...The Amount of Growth S-bstance Entering the Plant

It has recently been found (Thimenn and Benner, 1932)
that the rate at which growih substance passes from solution im sgar
into the decapitated colecpiile is directly provortional to its

concentration in the agar, and may be expressed by the equation

where X 1s the amount in 2 block of voluwe v, From experiments in
which agar dlocks containing growth substance after having opreduced
curvaturea‘;gz placed upon fresh decspitated colecptiles, the rate
constant of passage was determined. From the value of this constant
the fraction of growth substance initielly present which would pass
out of blocks of different velumes was celculated, and shown to
agree with the experimental results. For tlocks of e standard
size thie fraction is 15%. 1% was also shown that for blacks of
small velume a very large fraction of the growth substance initially
present passes oul, which accounts for the bslief, held by earlisr
investigators, that all of the growih substance passes from block to
coleoptils,

While the above work was concernad with blocks placed uni-
laterally upon coleoptiles, the present experiments are concerned
with vertical growth in which blocks are placed flat upon the cole-
optile stump, Since the area of coatact is more than doubled, it
might be expecied that the proporiion of growth substance passing
into the plant in this cass would also be more than doubled. For
the evaluation of this proportion, large numbers of plants were
decapitated end supplied with agar blocks containing s Xnown amount

of growih substance, precissely as was later done with the plants



.- .

whose growth rates wers 1o be measured. At the expiration of 105
minutas; the blocks were removed, placed unilaterally upon decapi-
tated test plants, and the resulting curvatures measured., 4 curve—
ture © 1s, as polnted out by Thimann and Bonner proportional to the
concentration of growth substance in the agar block. Sinece blocks
were made from a growih substance solution of inown strength, they
would, i1f placed upon test plants, give an initial curvature ec.
From the curvature 61 given by the second test plant, the mmounty of
growth substance in the dlock at the beginning of the second test is
also known. Hence, the fraction of the initial quantity of growth
substance which passed ocut of the block while it remained flat upon
 the coleoptile is given by -§Q~§;Ql—.

Table 1 glves a series of determinations of ©1+ and of this
fraction, for different values of ©,., The mean value of the fraction

passing out is 344,

(Insert Tebls 1)

d. 8 unt of Growth Corresponding to & Given
Amount of Growth Substance

at 27°
Although it has been shows that the response of coleoptiles

to unilateral application of growth substance is linsar over a certain
reoge,. the response to symmetrical application has mnet been guanti-
tatively followed. The response to different amounts of growth
gubstance contained in sgar blocks laid flat upon coleopiiles was
therefore measured in order to deternine whether this was also linsar,

end if so, over what range.
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Prenaraticn of plants. Colegptiles exhibit their meximun
rate of growth when they are sbout 3 cm. long {Kan#&Sbarger, 1922;
see alsc below) and the rate of growth ie not greatly different for
plants =2 little shorter. Since for these sxperiments it is only
necessary to choose plants of sinmdilar growth rates, straight plants
of leagths betwsen the sbove limits were chosen.

Hith the aid of a sharp blade the tip of the coleoptile was
cut at & point 56 mm. from 1ts apex, and the first leaf drawn ous
until only 2-3 mm. remained and cut off flush with the stwm of the
coleoptile. This plece of leaf was allowed to remain, in order to
prevent the gelatin from flowing into the cylinder. The plants were
then removed to the dark room containing the apparatus, and placed in
position beside the millimeter scales. If the plants were to be
suwoplied with growth substance this was done by fastening, vith 15%
gelatin, an agar block containing growth substance 1n the desired
concentration upon the stump. The clinostat was next staried and
the first picture talken guickly as possible, which was in general
e-% minutes aftver decaplitation.

Two pictures, sepsraied by & two minute interval, were
taken eash’IB minates. The values for the growth incremenis in the

sunpequent tavles are obtained from the means of these twe plctures.

Rate of growih of decapitated coleoptiles. The rate of

growth of decapliated coleopiiles, unsupplied with growih substance
from an outside sourcs, was first determined. Figuore IIT givesn
grephically the results obiained from the mean values of 6 plants,

the rate of growth in millimeters per 15 minutes being plotted sgainst

time. The rate of growth may be ssen to decrease steadily after
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decapitation, for 105 minutes. After this time the rate increasss
rather sharply, end reaches a constant level which is, however, not

s0 high s the original., An inspection of the actual data (Table 2)
(Insert Table &)

reveals that the mean values, plotted in Figure IIl, do not sccurately
represent the growth of the individual plants. In general, the plsats
tend to drop gradually to s minimum and mount cuickly to the new
constant level, vut this is obscured by the mean, since the minima

sre somewnhat spread out. This sudden vhysiologlcsal regeneration of

a growih substance-producing region in the stump will be considered
in the next section. It ie also an indication that growth substance
production by zmones of the coleoptile Gelow the tip cannot taks place
until a2 low concentration is reached.

The growth of Avena coleoptiles after decapitation has been
previously studied by Dolk (1926) and by Heyn (1931). These investi-
gators found exactly the same type of response as in the present case,
ut since they worked at lower temperatures (21° and 23° respectively)
they found the minimum to occur somewhat later. As mentioned befors,
ths appearsnce of new growth after the minimmum is due to the pr
duction of growth substance oy the wppermost region of the coleoptils
stwnp, which previously did not produce growth subsience. The growih
of a decapitated coleoptile before the minimun represents, then,
the growth due to whaiever growth substance was left in the plant

after removal of the tip.

Rate of growth of plants supplied with low concentrations

of growth substance. In the next series of experiments, plants were

supplied wlth agar blocks containing 9.9 and then 14.5 "plant waits”
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of growth substance. Now, the rate of passage of growth substance
from block to plant depends upon the concentration of growth substaace
in the VYlock. Hence, evem by allowing the block to remain for a very
long time upon a coleoptile, the complete transfersnce of the growth
gubstance to the plant would be impossible. It was found much more
convenient to remove the block after a definite time and %o detsrmine,
ag in the previous section, the amount of growth substance which hsd
actually entered the plant. ¥For compariscn with plain decapltated
coleoptiles, the blocks were allowed o remain 105 minumies, that is,
until physiological regeneration would have ooccurred 1f the plants
had not veen supplied with growth substance.

The mean growth rateg of these plants are shownin Figurs IV,
in which the curve for dscepitated colsopiiles without growth substance

is inserted Tor comparison., The data are included in Table 3. The 9.9
{Insert Table 3)

unit curve 1s somewhat irregular, but falls, in general, although

more slowly thas that of plaln decapliated coleoptiles, to a rathsr

low value after 3 hours without exhibiting eny minimmun., Tze 14,5

wnit curve, is, uniil removal of the block, nearly constant at a value
slightly higher than that of the initial growth rate of plain de-
capitated colesoptilss. After removal of the block the rate falls through
& winimus and rises to a constant value. The minimum is not so low

and is reached one hall hour earlier than the minimum of plain de-
capltated coleoptiles. The shape of the curve resembles greatly,

however, that of Figure I1I11.
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The coleoptile recomrences the production of growth substance
in thie case, whea it has reached the minimunm growth rate, which is
after 3 hours. The total growth beiwesen decapitation 2nd this miniram
is due (a) to the added growih substance (i.e. given up by the block),

(b) to the residual growth substance left in the plant after decapi-

tation. It is clear that the growth due only te the added growth
substance is the total growih from the time of decapitatiocn to the
wminimam, less the amount of growth of vlain decapliated coleoptiles

to thelr minimum, If 1t bs assumed, as seems justified, that at the
end of 3 hours the 9.9 wnit curve also begins to mount toward a new
constant level, the growth due %o 'the 9.9 unit block may be determined

in the same way.

Growth rates of plents supplied with higher concentrations
of growth substance. The rates of growth due to successively higher

concentrations of growth substance was next studied, and Tabvle 3
gives the mesens of the determinations at each concentration. The
growth rafas of four of the concentrations are plotted in Figure V.
In sach case, except one at very high concentration, the addition
of more grow.: spubstance to the plant resulis in an incresase of
growth. In gﬂ%@ral. also, the response %o a large concentration of
groath sudstence ie immedlste, that is, even in the first periocd
the growth is larger than that of plain decapitated coleoptiles.
After removal of the block the curves drop to a low constant vslue
which is approximately the same in éach case., The time beiween the
removal of the dlock and the agtainment of this low value 1is, howsver,

longer the higher the conceniration., The fact that this final constant
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level 1s lower for plants supplied with growth substance than for
the plaﬁts of Figure IIl may be atiriouted to the greater utilisation
of other necessliles of growth in the presesace of more growth sub-
stance,

Yone or the curves of Figure V exhibit a clear minioum,
Heyn has stated that the removal of the vlock is exactly similar io
removal of the original tip, and that the production of new growih
substance commences al & definite time later, If thisﬁg; true, no
minima would be expected with the higher concenirations of growth
suostance, since the growth substance left after the removal of the
block would give rise to & rather large amount of growth. Thls growth
would obscure the minimum, The guantitative relation between growth
end growth substance which may be obtained from the present data
with the aid of a different assumption, however, lead to the belief
that Heyn's interpretation is not the correct one, and that the true
reasons for the absence of minima ave tnose which will ve brought

forward velow.

The linear relationship between growth and growith substance.

The zones which produce growth susstance after physiological regener-
donst You the presoence

atiankof a tip, produce any appreciable amouni. This suggests that
the growth substance has, as a sacondary function, the inhibition,
by 1ts presence in sufrieclently Lilgh concentrations of the producticn
of growth substance by the lower zomes. In a plain decapitated cole-
optile or in one supplied with a small amount of growth substance,

removal of the tip, or of the agar block, is followed by transport

of all of the small amount of residual growth substance from the top
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zones to the lower {(Ven der Wey, 1932). The result is that when the
concentration of growth substance in the toy of the sturp has become
low encugh to permli regeneration, the growth rate of the coleoptile
as a whole has become very small, and the growih ourve therefors
nasses through a minimam. 1., however, a decapitated coleoptile is
supplied with a large amount of growth substance, a different result
would be expected. After removal of the bloci, the growith substance
whichk is left in the woper zones is transported to the lower, but
these zones are unable to utilise such =2 large amount as quickly as
it ie orought in. The result is that while the concentration in

the uppermost zone falls to a valve sufficiently low te permit re
generation, the concentrstion in the lower zones remeins high, they
grow continucusly, and no minimum in the total growth rate is ap-
parent. The escentisl difference between the situation of plants
supplied with large and>%{}h swall amounts of growth substaance is, then,
one of distridbuticn.

In accordance with thls view there is, for plants supplied
with large concentrations of growth subsifcnce, no exact time at which
growth due to the growth suostance from the block ceases, and that
due to growith substance frorm the regenerated tip commences. As an
gpproximation it can ve sssumed that the time at which the growth
reaches its final low constant level is the fime at which the growth
substence from the block is used up., The correction is in any event
emall.

The total growth of these vlants from time of decapitation
to sstablishment of the final level, less that due to the residual

growth substancs, represents, then, in each case the growth due to
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the amount of gfowtﬁ subgt;nce which hag entered the plant, and this
amount is, as already pointed out, propurtional to the concentration
'appiied.

Table 4 gives the gréﬁth thus obtained from each concentra-

.%ion of growth substance., From the total growth, from the decapitation
(Insert Table U)

to the final level, was subtracted the total growth, to their minimum,
of the decapitated coleoptiles of Figure II1I. For comparison of the
growth per unit ﬁ; growth.substance, this value is in each case also
given. For the 4 lowest concentrations this ratio, is within a few
per cent, constant. Abo%e 29 units the ratio decreases somewhat, that
is, a further addition of‘growth substénce produces proportionately
less growth. Above 58 units the ratio decreases sharply; in fact

116 units gives but liftle more growth. Figure VI summarizes the
amounts of growth from Table L4, plotted against growth substance entering
' the>plant, and shows that the growth response of coleoptiles to growth
substance is, up to 10 units (i.e. 29 units applied) linear, while above
20 wnits (1.e. 58 units applied) more growth substance, on the average,
produces little increase in growth. For comparison the curvatures pro-
duced by unilateral growth are also plotted against amount of growth
substance entering the plant (dotted line). The limiting amounts can

Be seen to be mueh higher for‘stra;ght growth than for curved growth.
Tﬁia is probably due principally, as pointed ocut by Du Buy and Neurn-
bergk (1922), to a relatively slow non polar transport of growth sub--

stance, Pakt’ﬁularly at ¢ we cuvt surface,
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8. The Agount of Growth Corresponding to a eiven Amount of

owth stance at 1%° {,

2

It is of interest to know whether under different conditione
one molecule of growth substance brings about the same amownt of growth.
Aeeordingly @ complete set of measurements anslogous to the preceding
‘3251 carried oug:lzg lower tempersture, i.e. a2t 15%. TFor this parcose
g thermostat having a centrsl chamber surrounded by a water bath was
constructed. The central chember, made of copper for efflcient heat
transfer, was equipped with double glass doors through which the plants
were punotographed without difficulty. Humidity of the inner chamber
was controlled by the presence of solid XCl, which kept the humidity
at about 80%. The outer chamber, filled with water, was cooled by
ice and regulated thermostatically to within 0.2° of the desired
temperature. A thermometer in the inner charber showed that within
2 to % uminutes after closing of the double glass doors the chamber
took on the temperature of the outer vath.

Tavle 5 gives the results of measurements analogous Lo
those recorded in Table 3, At filteen degress the mirnimum is reached
by decapitated plente in two houre instead of in 105 mirutes as at 27°,
and in the subsequent three houres no regeneration 1s to be feound.

Thig is in agreement with the work of Tsi Tung Li (19%0) who found
that regeneration is delajyed at lower tewperatures. It also simplifies
the calculation of =2longation per unit zrowth substance since the

only correction is that for the residual growth substance. Tsble 6
{Insert Tables 5, 6, & 7)

gunrarizes the growth per unit of applied growth substance as 4id

Table 4, The amount of growth subsiance passing into the plant was
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next determined in the seme way as was done for 27°, The tests for
growth substance left in the blocke were, of course, carried out

at 25°., Table 7 shows that the fraction passing out of the block

at 15° in 2 hours is even slightly larger than that passing out at
27° in 105 mirutes, i.e. the uptake of growth substance by the plent
is practically independent of the temperature. The significance of
this fact ie not clear since as found by Van der Wey (1932), the
trangport of growth substance has a relatively high temperaturs
coefficient. It is vossible that it is due to limitation of rate

of entry of growth substance by the rate of passage across the block-
plant surface, a diffusion process of low temperature coefficisnt,

In Figure VI . is plotted the elongetion per wunit of growth substance
entering the plant at 15° as well as 2t 27°. I{ may be seen that

the amount of elongation per molecule of growth substance is more

than twice as great at 27° as at 15°.

£. The Composition of the Cell Wall

In order to convert growih, in terms of colecptile length,
intc zmounis of material actuslly laid down, the relation between
coleoptile length snd amount of cell wall material must be known.

The mejerisl used in these experiments consisted of cole-~
optile cylinders, with tips removed, either of young plants of the
size used in the previous work, or of old plants from which the
};::ﬁ leaves would soon break. It was found that aitho the weignt
of "cell-walls" vper wum., was greater in the older plants, yet the
composition of the cell walls was the ssme. The old plants were

more coanvenient to use, since they vrovided much more material with

which t¢ work.



Table 8 gives the dry weights per rw. of a number of samples
of young coleoptiles. The weights depend cansiderably wpon the con-
ditione of drying, since although ssmples dried at the same time
(100° for 24 hours) check fairly well, there is more variation be-
tween samples dried at different times. Newvertheless, the dry weight
per mn, is relstively constant. This constancy of dry weight pexr ymm,
aizht newe beeun expected, since the colecpiile is, excent for the tip,
ofivery nearly uniform diameter, which varies but little from plant
te plant., The dry welght per mm. of coleoptiles grown at 15 was
found to be practicelly the same as that of coleoptiles grown at 25°.

The next step was to obtain cell walls free of cytoplasn
and cell sap. Ia order to accomplish this, samples were thoroughly
sround, and extracted several times with cold water. This was followed
by two hours of extraction with repeated portions of act weter. The
residue was retained upon & coarse filter, through which the colloidal
solution cbtained from the washings readily passed.

This fraction which is not dissolved or suspended in water,
can be considered as the cell wall., It was dried to constant weight
at 95°. Taole 9 gives the amovunts of this fraction cbiained from

several samples of young coleoptiles.
(Ingert Tables 8 & 9)

Extraction of the cell wall fraction for several hours
with ether gave no decrecase in dry welght, and it was therefore
concluded that nn apprecisble amcunt of fatiy substances were preseunt.
The pectic substances were exiracted by the method of Nanji and Normen
(1928) in waich the cell wall samples are heated at 80° for 24 hours

with 0.5% ammonium oxalate. Results for two such extrections are
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inciuded in Table 10.
{Insert Teble 10)

The amount of cellulose present in material of this kind
may be deisrmined approximatsly by the "ecrude fiber"., The samples
were heated successively with 2% H 80, v th 2% KOH and with aleohol,
and the residus dried and weidhed. Pentosans may remain to a small
extent as impurities, as has been shown by IL#dtlke (1931). For un~
lignified tissues, however, the crude fiber is principally cellulose.
The cegradartion was also carried oub in steps wpon younz and oli
coleoptiles, in order to compare the cormposition of the two., Thess
results are included in Table 10. t may be seen that the amount
of substance removed at each step does not depend upon the age of
the coleoptile. DHince this is the case, the ratio of the water-
insoluble fraction to the cruis fiber was determined several tinmes
upon old colsoptiles {sece Table 10).

Determinations of the nitrogen in the samples wers carried
out by the micro-Ejeldahl msinod. An approxization to the psr cent
of protein present in the wall may be obtained by multiplying the
per cent of nitrogen by 6.2. The nitrogen found in two samples of
cell walls, together with the calculated protein, ig included in
Table 10.

A summary of the results is given in Table 11, in which

the different fractions of the cell wall are expressed as perceniage
(Insert Table 11)

of the total averasgze dry weight. It might seem at first sight rathier
surprising that only about 12% of the coleontile may be considered as

consisting of cellulose, but that such large amounts of hemicellulose
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and proteins are present im the cell wall. Link (1929) has analysed

Zes seedlings, of an sge comparable to that of the Avena plants used

here, and found that only 14-18% of thelr total dry weight is pure
celluloss, and that 10-12% is pure xylan.

It will be zssumed that the increment of length produced
by the action of growth substance is composed of normal tiesue, that
is, that the processes of cell wall formation keep up with the
processes of cell-wall eloagation, irrespective of whether fthese two
sets of processes are connected or not. That this is actualiy the case
is indicated by the following experiment: coleoptiles were supplied
gvery 2 hours for 14 hours with fresh agar blocks containing 100
units of growth substamce. At the end of this time the coleoptiles
were cut off, dried, and weighed, together with normal control cole-
cptiles. The results were as follows: The plants supplied with growth
substance increased in length sn average of 1.9 om. (12 olznt%s) while
normal coleoptiles in the same time increased by 1.0 om. (6 plants).
The drv welght of the coleoptiles supplied by the growth substance
EET 5.2‘10“2 mg. per mm., while that of normal colsopiiles carried

out at the same time was, in two samples, 5.1 and 5.2*10—2 mg per mm.

2, The Volume of the Cel. Walls

A determination was made of the volume of new cell walls
which sppear as the result of the action of a known amount of growth
substance., Since the estimation of the area of the cell wall is at
best rather uwncertain, the coleoptile wlll for the present purposes
be considered as a hollow cylinder. Tais simplifies the calcalations

without greatly affecting the result. In the case of longitudinal
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growth, only the longitudinal walls need be congidered.

The inslde and cutside diameters, as well as the dlameters
of the individual cells of a large number of coleoptiles were maasured
under = microscope with a calibrated eye-viece micrometer. The aunber

of cell layers were counted and found to ve fairly constaant. Tsble 12
{Insert Table 12)

gives the mean values of these measurements., TFigure VIIf shows a
gection, drawn to scale, through a diagremmatic coleoptile of the
dimensions given in Table 12, The circumferencs of sach row of walls
may be easily found. The mean circumference, when divided by the
diameter of the cells ascupying this particuwiar row, gives the aunber
of cells of this xind present, and hence the nwrber of radisl cell-
walls., The total length of cell walle found in this way, gives, vhen
tiplied vy 1 mm,, the area of cell wall in 1 mm of colsopiile.

Theee calculations are givean inm Table 13. The value cbiained for
(Insert Table 13)

the total wall area is clearly =2 minimun figure, sioce it will bs
increased by {a) irregularities in the shapes of the cells (b) inter-
cellular spaces, and (c¢) ths vascular sundles, which sre nade up of
smaller cells.

Measurements of the cell wall thickness gave a msan value
of Q,D/“, tne ocutermost layer of cuticularized walls noet neing iacluded,
From these valuss for sres and thickness, the volums of the cell

wall will be calculsated.



Flgure T.Fortion of a Cross Sectlon through & Dlagrematlic

Coleoptilss
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h, Ratio of Cell Wall Consgtituents produced to
Growth Substance used

From Figare VI, it is clear that at 27° the response of the
coleoptile is linear for quantities o;fg;gwth substance smaller
than ebout 35 wnits. Ve will therefor:c consider the response 1o
29.0 units, wihich is well within this range.

Table U shows that the addition of 29 units produces a
growtn of 2.60 mm. From analysis of the coleoptile, (Table 9) it
was found that the weight of cell walls in 1 mm, is 1.6hxl -2 ng.
Consider for the moment that only the actual cellulose of the cell-
wzll hasbeen laid down by the action of growih substance, if such a
reaction, in fact, takes place. This assumption is to some sxtent
justified by the consideration that the principal skeletal material
of the coleoptile is certainly the crystallised celluloss. It is
clear that this procedure will lead to @ minimum value for the carbo-
hydrate deposited as a result of growth substance action. Table 11
has shown that the cellulose (cruds fiber) comstitutes Y% of the
cell wall, and hence the amount of cellulose deposited as a result

of 29 units is

2.66xl.6hx10-2x0.h2 = 1.83x10‘2 me,

Wow cellulose is made up of glucose residues (0631005} of
molecular weight 162, and 1 millimole contains 6.06x10°° such residues.
Thevefore, the nuvber of such glucose residues laid down as cellulose

under the action of 29 units is

1,83x10’2 X E%E x 6.06xlﬁ2Q = 6.th1016 residues.
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In order to arrive at a figure for the amount of growth
substance ianvolved, i1 is necessary to use the value given by Kigl
and Hasgen-Smit (1931), since, while their substance ir not necessarily
identical with that used here, it is closely similar in sction, and
was obtained by them in the crystalline state. According to them,
one unit ie equal to 1/30,000,000 mg. The unit which they use is
defined as glving a 10° curvature, vhereas ours is defined as giving
a curveture of 1°. The blocks which they use have a volume of 2 mm?
and hence by the procedure of Table U of Thimann znd Bonaer {1932),
5%% of the growth substance passes oul of the block during their
test, The amount passing out of the block in our test is 15%, and
hence we need to have U4 times their amount in our block to give the
seme cwrvature. Our unit is than

¥ x 3.3%107° x 0.1 = 1.7x107° e

In this experimeni 29 x }..Sx}.()""S = 3.8110'7 mg. were used.
Table 1 shows that when blocks are placed flat upon coleoptiles,
as in ithie experiment, 34% of the growth substance present in the

vlock passes into the plant, that ie, in this case,
0.3% % 3.8x1071 = 1.32107 me.

pags into the plant. The mean molecular weight of the growth sub-
stance obtained by Klgl and Haagen-Smit 1s 328, and this figure is
chacked by the value obtainsd in this lavoratory. The number of

molecules of growth substance entering the plant is then

5.06x10°0 % 1.3%107 x ‘%} = 2.90:20"" molecules.

11

We have, then, from the above, 2.40x107" molecules of growth sub-

-

. 1
stance for c.&xlO”D moleciles of GGHiDOB’ that is, one molesculs of
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growth substance has acted in the laying down of 3f\x105 GEHIDO5
regidues. Since this ratio is greatly different from 1, it is st
once clear that the growih substance 1s not involved dirsctly in
the depoaition either of cellulose, or of total gell-wall carbohydrate.
We will now compare the number of molecules of growth
substance with the number of micelles of cellulose deposited. As
Katz (1928) points out, the micelles of fibers, since they are not
visible even with ultraviolet light, must be sherter than 500 4°.
Katz gives the most probable size of the micelles as 60 - 110 A,
The unit cell of cellulose i 8.7 x 7.9 x 10.3 A°, and coatains four
glucose residues (Meyer and Mark, 1928). If we take thavmicalles as
87 x 40 x 103 A®, a figure which accords with that of Xatz, they each
contain 20C0 glucose residues. 8ince 1 growth substance moleculs
acts in the deposition of 3x105 glucose resldues, 1t acts, therefors,
in the deposition of

b
2000

33105 x or 140 micelles.

Since %lere i¢ no reason to bYelieve that the micelles of cellulose
in young tiesues, such as coleoptiles, are any larger than those
of the cotton and ramie fibers, with which the micelle size deter-
minaticne were made, it ie clear that there cannot e any ome to

one carrespondence betveen growth substance molecules and pmigcelles

formed in growth.

A second, less rellable, method for determining the number
of molecules of cellulcse laid down oy one molecule of growth sub-
stance is as follows:

It has been found that the total ares of longltudinal cell

walls per mm. of colecptile length was Lo, % nms sud the mean wall
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thickness was O.M/M. Hencs the volume of the cell walle is

-2

2
40.3 x Y10 = 1.61%107C mms

As above, the wnlt of celiulese structure is the Llock

contalning four glucose residues, and having dimensions as follows:
7 A -1S 3
8.7=x 7.9 x 10.3 A°, or & volume of 7.08xl10 ma,

The speciflc gravity of cellulose will not ve greatly different from
that of the other csll wall materisl, and we cen sssume the cell
wall materlal to consist, therefors, of U2% celluleose by volume.
Hence 1 mm. of coleoptile contasins

1.61x107% x -7—-%—8- x 1079 x 0.42 = 0.96x16°® it vlocke.

Since each block conteins four hexose residues, there are 3.82x1ﬂ16
hexoge residues per mm. of coleoptile.

An increase in length of 2.66 mm., the result of the ap-
plication of 29 unite of growth substence, therefore involves the

© 4 2.66 or 10.2x100

production of B,SEXIOI new hexoce residues.

fiince no allowance has been made for the volume taken up by water

in the wal., this figure may be somewhat too high. COConsidering the

approzirmate nature of the determination of the cell wall volume, the

sgreenmsnt between this figure and that obtained above from the weignt

of the wall must be regarded as satisfactory. Using the avove figure,
» depositiom

we Iind that one molecule of growth substance leads to the weebetwven

of L.6x10°7 hexave residues, instesd of 3z105 as in the first cal-

culation,

S§ince from the sbove it is scarcely possible to assign

a stoichiometrical relationship between the gromih substance and the

rateriale of the cell wall, another posesibility was investigated,
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namely that ‘the growth substance is distributed in a monomolecular
layer over the surface of the cel., and is thus by some means able to
promote the elongation of the cell wall area which it covers.

Accprding to the analyses of K8gl and Haagen-Smit, the growth
substance haé the approximate formula 018H3295” Since it is also
known to be an ﬁ%aturated‘acid {K8gl, Erxleben, and Haagen Smit, 1933)
one may apply Lengmuir's (1913) measurements on surface films of the
fatty acids, from which an unsaturated clS acld will have a maximum
area of 4.6x10°% m°. As stated sbove, the cell wall has an area
of L0.3 nus per mm. of coleoptile, and hence 2.66 mm, have an area of
107 mm?. The number of molecules of growih substance involved is
2.3x1011,‘which from the above value, can only cover a maximum area
of Q.llnm?, Therefore, to form a monomolecular layer only on tie
surtace of the new cel. wall laid down, each molecule of growth sub-
stance would have to cover approximately 1000times its own maxinmm
area., In 6rder to éover the surface of all the growing cells it
would have to cover even more. Now, for the growth substance to
Aact by producing any change in permeability, it must, presumably,
produce a change in surface activity; to do this it must form at least
a monomolecular layer upon the cell wall, which is clearly impossible.
Furthermore the measurements of Rideal (1925) and of Lengmuir (1927)
show that the rate of pas.age of water from a liquid surface into the
vapor is greatly decreased by the presence of suriace films of

fatty acids. Thus it is likely that any effect of growth substance

upon permeability to water would pe in the direction of decreasing

rather than increasing it. The theory that the action of growth
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suostence is directly one of permesbility change is thus given the

appsarance of being extremely improbabls.

follows:

1)

2)

3)

The results of the present section may be sumarized as

Ore growth substance molecule, at 27°, brings about elongation
sccompanied by the following changes
a) moleculss of glucose 1o cellulose 3x105
b) micelles of cellulose formed 1. 4x1c2
¢) molecules of pectin formed 73103
d) molecules of protein { in the cell wall)
formed, mol. wt. 35000 3.9x102
e) molecules of carbohydrate convertsd to
hemicellulase 1.6x105
£) molecules of pentose converted into
pentosans 8.7x10h,

Since there i¢ so 1little growth substeance in comparison with
the structural msterial it essems certain that growth substznce
is a true hormone and not itself a structural material.

Tnere is, moreover, far toc little growth substance present

10 react stoichlometrically with any of the constituents

of the cell wall and thus alter its properties. The theory
of VanOverveek (1933) that growth substance by adisorption

on the micelles of cellulose alters the interfacial tension
between them and the intermicellar fluid is out of the
guestion.

There is insufficlent growth substance to form a monomolecular
layer on the protoplasmic membranes. Moreover, growth sub-
stance should decrease rather than increase the water perme-
aoility of surfaces on which it is adsorbed. 1% is therefore
not likely that growth substance effects growth through an
increase of water permesbility.

One growth substance molecule causes less than one half as
much elongation at 15° as at 27°%, altho the amount of ccle-
optile formed per unit of elongation is the seame. It is
therefore impossinle thet one growth substance molecule causses

the intussuscepiion of a given amount of wall material.
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TABLE 1.

PERCENT O: GROVIH SUBSTANCE PASSING IJIU PLANT
FrOW BLOOKS FiAD UPLD THE COLEOPTIIE SIUMP

Units spplied Unite remaining % passed out
(Initiel nossivle curvature) (%‘-arvatwe on of block
8¢ 2 agplication) S - ©
& 2o Elx100
1 T
11}.'1‘ 9a0 37“‘5
144 9.8 32.0
19.2 13.0 32.3%
1902 12,6 37*5

Mean % passed oui of bloex 34

Fomoer
of
Planis

17
15
21
16
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TABLE L,

JUTR GROVEH AND ALDINICHAL GROWIPH HESULTING FROM
APFLICATI(E GF GROWTH SUBSTANCE
FOR 105 HMIXUTES

Uaits Mﬂ?er Total grewtk  Time Additional growih Gromth
gpplied clents (s»_,zmtext) (,se;ijiext) { sa:mtext) Taite aeolied
0 & 0. 71 105 o}

9,9 3 1.54 1860 0.83 G.08Y4
1L,3 10 2.02 180 1,32 U.051
19.% 7 2.57 180 1.86 0,096
29.0 7 %37 195 2.66 0.092
39.5 6 3,91 17 3,20 0.081
L35 7 L.05 217 7,3k 4,076
56,0 o 4.95 225 b,27 0.07H
75%.0 4 4,90 225 L, 2% 0.08k

116.0 6 5.22 24o b5l 0.C39
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TABLE o.

DPOTAL GROWTE AND ADSITICGIAL ZROYIH RESULTING FaoH
APFLICATION OF SROTIH SUBSIAHCE ¥OR 120
MINULES. 159C.

aitse Lo of  Total growth Time  Additional growth _ Growth
Applied plants IMiiia min, ., Applied g.s.
0 9 Gl 9k 120 _ —

0.1 G 1.18 150 S.el 0.039
12,5 8 1.L0 180 0.46 0,057
20.9 g 1.7% 225 2.81 0,039
Kl 7 2.39 300 1.45 s 027

108 5 3,03 315 2.08 0,048
TABLY 7.
PERCINITA:Z O: GROTIH SUBSTAUCE FASTING IUTC PLAND 7RO
BLOCKS FLAT UPOY CULZUPT.L:. STUPS., 159 C.

e Uaits Lo Units pas.ed # pascsed out ..
Lest spolied Units reraining out of block of block Flants
1 12.7 7.9 k.8 37.9 12
2 12.7 8,3 L. 24,5 12
3 12.7 5.5 b2 33,0 12
L 12.7 7.8 L.g 35,7 12
5 12.7 8.0 P 37,0 12

Mesns bt 36.2
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TASLE 8.

DRY WAIGHTS OF COLECUPTILIS

Aggregate length of Height in Height wer.ma.,
coleoptiles in mm. g, gramsxlO—a
33? 10.9 5.09
3hg 18.0 5.17
3l 18.0 5.46
349 19.2 5.1
Los 25.8 0.%2
Log 26.0 .35
207 2.3 5.95
132 6.3 6.30
173 16,5 0,03
179 il.o 6.50
336 17.¢ 5,25
389 17.0 k.25
6l3 33.9 5.23
200 1.7 5435
306 17.8 5.81
Z00 17.1 5,70
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TABLE 9,

WaIGHT OF CELL 1ALLS FROM YUUNZ CULLOPTILES

Aggregate length Geight of eight of cell
of coleoptiles csl. wall wall wner mn;s
in uaw. in mg. in gramsxl0

Lo 5.10 1.63

635 1i.b 1.79

087 10.9 1.5G

[ 12.8 1.72

131 11.3 1.5%

637 10.5 1.65

Mean 1. 6‘4’

TABIE 10

ANALYSIS OF CEL. "ALLS OF COLECRTIILS

s on s o deight after Teig Weight afte
Teight of g} ,ht after elgnt arier

extracticn extraction extraction Total )
cell walls 71tk with with y  Froteln
oxalate 2% H, 80, 2% aCH
22,2 20.4 11.4 8.0 _— —_—
H7.6 45,6 25.0 17.4 — —_
21.0 9.7 — —
25.2 1i.1 — e
22.8 10.3 — —_—
JRIgRIL — — G. %22 1.93
.5 - _— 0.392  2.08



SUMIUARY OF o

rragiion

Removed oy oxalate
(pectic substancss)

Renmoved by dilute acid
less protein (hesiceliudl

Renoved by dilute alzall
(further pentosans)

Frotein

Residue (cellalose)

g

TUBIE 11

QUPOSITION OF CULEGPYILE

% of cell wall

8

osa) 28

10

12
Lz

PRl

100

JELL AL

% total coleoptile

2.3

g.2
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TABLE 12

WEMT VALUES G5 DIALETERS AND CELL SIZu OF CULACUPTILES

Outside diamster

Ingice diameter

Hurber of cell rows
Diameter o1 epidermal cells

Diznmeter of sub-epidermal
cells

Diameter of varsanchymua ceils

1.18 ram,

(.75 mn.

)

0.621 mu.
0,024 wa,

0.0U5 wm,

Diametsr of inner aermalcells 0.02b ma,



TABLE 13

DALCULAYION OF Td.. OELL 7ALL AREA PEx ', O COLEOFIILE

Cell row Diametsr Gircanference No. of cells 9. of cells
i of mall. . in row x length of
{cirefdiam. cfeells) cell wall
Enidernis 1.18 5. 71
oatside wall 173 3,6_'
Epi ind, ' -
Splderids 1.1k 3,58
inside
e ouid 146 3,50
Juemen Lo e
) 13 3.28
Parenchyma 1 100 %14
&7 z,02
2 U.91 2.56 '
50 2.0
3 .82 2.58
103 2. 47
Inner derual e 76 2.39
1 ay ] - [T ‘-crat — -;m.
2l.bB lé.w2

Total avea per ma, of coleopiile = 21.08 + 15,02 = 20.256 mm .,



PART V.
THE RELATION OF WALL PORMATION TO CELL ELONGATION

&, antroduction

Ia the general introduction 1t was pointed cut thet sciive
wall growth by intussusception has been advocated since the time of
Erabbe and tkat fixation of elastic stretching by intussusception
forms an intezral part of the theory of Sache. S8ding and Strugger
among the present investigators of cell elongation advocate intus-
gusception, altio in neither case has any specisl evidence concerning
this process been put forth. In Part IV it was shom thet one growth
substance melecule dees not oring sbout the formatlon of any given
amount of cell wall., More comzlicated actions of growth substance
apon intussusception might, however, be eunvissged, and it i¢ necessary
to establish whether or not intussusception takes place, by a dirsct
measurenent of the amount of cell wall formed under different conditions

during the action of growth substance,

b. Hethods

Sections cut from coleoptiles and placed in growth substange
solutions of sulteble concentration, elongate considerably, as shown

in Table 14, which alsc shows that eimilar sections placed in water
(Insert Tabtls 1k)

slone elongate mich less. The seversl conditions governing this
elongation will be cosnsidered in deteil in Part VI, tut the fact

that 1t dosgs occur will e made use of at this point. These sections,
since they have no sxternal source of nutrﬁént, mast, 1f they form

celi =wall, accomplish it oy a transformation of materials already
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within the cell., 1Ixcept for the material lost by respirestion, their
total dry weight must remain constant, and it is necessary to determine
only that part of the total dry weight which may be consldered as

cell wall. For this purpose essentiaslly the sszme method was used

ey in Part IV, i.s. the method develoged by Hansteen-Cranmer (191k4)
Jor the separation of cell contents from cell wall. The procedurse

was as follows; sections, in most cases 3.7 mm. long, were cut with

& two bladed cutter from coleoptiles acproximately 5 mm, below the
apex. 10 such sections were placed in growth substance sclution

of the optimal concentration, i.e. 10 units per cc., and 10 sections
into water alone. After the desired time of growth surstance action
the eloagation of the sections was measured under a binocular micro-
scope with a eyevlece micrometer. They were then placed in previcusly
dried and weighed micro-gooch crusi@les. The shepe and dimensions

of these crucibles are shown in fig:§g§§ In the bottom of each crucible
had heszn pluced a small mat of acid washed asbestos, the mat washed
firmly into place, and the whole dried to constant weight at 95°.

The sections, once in the crucible, were thorcughly ground against

the sides of the vessel. They were then washed successively with

30 to 50 portions of cold water and en equal amount of Dboiling water,
During the first few washings large amounts of colloidzal material,
presunably cytouplasm and cell sap, were removed, The later washings
were clear, and the residue was then, according to Hanstesn-Cranner
and to the results of Part IV to bs considered as cell wall. The

cell walls were dried to consteznt weight at 9%°, All weighings were
performed upon a Kuhlmann micro-talance capsble of estinating to

0.001 mg. The use of such a balance was necessary in view of the

small amounts of nmaterisl which it was desired to determine.
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&, Experimental Results

A few serles of duplicate determinations were first meds

in order to establish the accuracy of the method. In Table 15 it
{Insery Tavle 15)

may be sesen thatl the sgreement beiween duplicate determinations
wag in all cases guite satisfactory. In subsecuent tables, then,
only the means of the duplicate or friplicate estimations madse in
each case will be given.

If elonzation is due to intussusception in the cell wall,
one would expect the amount of cell wall per section to lucrease

spproximately in the same ratio as the length. Tavle 16 shows that
{Insert Tavle 16)

at 25°, tuls 18 in fact the case. In the mean ths ratio of the wall
welght of the two sets of sectione having different elongations
is almost exactily equal 1o the ratio of their lengthe., This ls &
guvport of the asswipilon made in Part IV that at ordinary temperatares
elongation ie accompanied by wall fovmation. It will also ve shom
in Part VI1I1 that at this temperaturs the total dry welght closely
parallels coleoptile length over most of the coleoptile grand period,
The fact that at 25° thess prosgssses it well in with one another
is reflected in the fact that this temperzture ie close to the op-
timuam for the coleoptile,

Zlongation is not of necessity, however, paralleled oy
iormation of cell wall. Coleoptile sections were allowed to extend

at 290, It was found that, as shown in Tavle 17, conslderable elongation

{Insert Table 17)
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took placs at thie temperature under the infiuence of growth subastance
if a preiiminarv hour at 25° was allowed., Under these conditions,
eltno 12 to 14 per cent of elongation took place, there was ilittle
or no difrerence in the wall weight of elongated and non elongated
sections.

1f growth sucsiance solutions be made also 1 per caat in
fructose, greater eslongatlion takes place than in growth substance

alons (see Part VI.). At the same time, as showm in Table 18 much
{Insert Tsble 18)

more cell wall is formed thas corrssponds to the increase in length,
At 29, however, fructoee has no efrfecit wpon the formation of cell
wall., The intersst of this is two fold. In the first olace it shows
that the old supposition of Wortmana (see above) that decrsases in
elongation are due to formatioan of excessive cell wall cannot be in
all cases carrect, In the second place it shows again that cell wall

formation bears no coustant relation to elongation.

d, Conclusions

The results of the present section may be summarized as
followms:

1) At 2%° elongation may or may not e paralleled by cell walil
formation, depending upon the nutrititive condition of the
coleoptile.

2) At 2° eell wall formation cesmsss, altho slongation continuss,

3} Active growth by intussusception of new material as a possible

mode of growth substance acilon is thersfore excliuded,



Tabla 14,

Growth of Ooleoptile Sections in Growih Subsiance Solation and in

e o e I e R Y-S

Pare faver.

(Bach value is a mean of from 12 to 15 sections)

Solution “irowth % Growhh % Growsh
in 2 hours in 4 hours in 24 nours

Yaber 3 4 9

Tater 3 5 7

Aater 3 5 i2

drowth .

fbstance 5 2l 55

Growth

gubstance i3 26 15

Sdbstance
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Table 15,

Duplicate Doterminations of Gell Walls

Grucible [ Zxot. 1. 23 3, L,
Welght of Cell Walls par 10 Ssotions.Mes.
1. n.75 8.73 0.75 0.69
2, 0.77 0.75 0.71. 8.0
3. 0.73 0.78  0.7%  0.69
h_‘ 0; 71
5. 0.69
Tahle 16.

dncreasze in Cell Wall Weieht Durine Floneation of Sections at 25°0,

{Growth Substance Action for & Hours,)

Fxpt. In.in G.8. In.in Water #romth in  rowth in Wi.in 68
{Arbitrary unita) (Arhitrary units) G 8o #ater {Hga.d
1. 4,19 3,80 13.2 2.6 0,714
2, L 1 3.75 19.2 1.7 9.766
3. L. 50 4,01 21.6 8.3 0,865
Y, L, 39 3,87 18,7 4.6 0.529
5. 4,56 3,98 23,3 4.9 0. 847
Experinent 1. 2. 3a b, 5s Msans
Iength in 6.8, 1,13 1.18 1.12 1.1k 1,17 1.15

Leagth in Water

Jolght in 3.8, = 1.17 1,18 1.13 1.18 1.18 116
Welght in Waber

Hh.in
Hater

9.509
0.650
0. 766
0,700
0.758
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PART VI.

COMDITIONS GOVERNING THE ELONGATICN OF EXCISED
COLECPTILE SECTIONS

2. Introduction

The preceding sections have shown clearly that the effect
of growth substance is not one upon intussusception of new material,
fince, however, growih substance does influence the dsformasbility
of the coleoptile (Heyn, loc. cit.) the only alternstive is that
there is an incresse in the plasticity of the cell wall. An effect
upon plasticity might oceour either directly upon the wall, as for
exaxple suggested by VanOverveak (1933) or indirectly as a result of
the action of growih substance upon functions of the protoplasm.

The theory of VanUverbeck has been shown above to be untensble, It
seems & priori highly unlikely that so few melecules of growth sub-
stance as are actualiy present in the plant should exert any direct
erfect upon the properties of the cell wall. One experiment which
was done 1o investigate this possibility might be mentioned., If
growth suvstance acts upon the wall directly, the only function of
the protoplasm and cell contents would bpe to exert the necessary
stretching force. Removal of turgor and its replacement by a com
parable longidudinal tension showld equally well bring sbout elon-
gation under the influence of growth substance. The turgor of cole-

optiles was removed by plasmolysis in KO, and longitudinal tension

3
replaced by 10 gram weights., According to Heyn {loc. cit.) such weights
suffice to bring about considerable elonzation of plasmolized cole-

cptiles. The coleoptiles carrying these weights were then suspended
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3%
inﬁmeB’ elastic elongation permiited to cease and growth substence
added %o)the solutien. Not the least increase in elongation took
place in the plesmolized coleoptiles, altho similarly suspended bui
turgid coleoptiles responded immediately. The most likely, altho not
ot necessity correcty or only explanation of this result is that
the action of growth suostance is upon the protoplasm and that the
latter must be ia contact with the cell wall in order to bring about
the plasticity increase., In the present part it will be, however,
rigorously proven thet the action of growth substance does involve
the intervention of fuwnciions of the protoplasm, especially of res—
piration. Before going %o this it will be necsssary to describe

in detail some of the techniques used in the succesding paris.

b. Methodg

For the study of processes of & metabolic nature it is
convenient to have the experimental object suspended in solution,
the composition of which may be readily altered as desired. For
this reason 1t was determined whether or not portlons of coleopiiles
would elongate in growth substance solutions. Table 19 has shom
that they do and that the elongation in water slone is much less.
The principal circumstances influencing this elongation will next
be descrived.

The measurementis of elongation were made in two wayss
a) sections 3.7 mm. long were cut with a specisl two bladed cutter,
and placed in the soluiions. These sections could be measured cone
veniently with a 10x binoocular and eyepicce miorometer %o about 1.3
por cent. This is somewhat smaller than the variation between ine

dividual seciions of 2 supposedly comparable geries, as is shown
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in Table 19. The individual varlation is particularly large if
(Insert Table 19)

the average elongation is also large. A horizontal microscope egquip-
ped with a stend mounted upon a micrometer screw was used for a large
portion of the measurements. Colsoptile sections were placed upon
thin glass rods having a diemeter just equal to the inside diameter
of the coleoptile. These rods were in turn imbedded in parafiin in-
gide of rectangular glass vessels through wilch the elongation of

the sections, in this case originally 1 cm. long could be readily
followed. No essential difference between the messurements carried
cut in these two ways was discovered. In all of the experiments
avoul to be described the plants were decapltated $two hours before

using in order to obtain them relatively free of growth suvstance.

¢, Blongation in Water Alone

The growth of seciions of coleoptiles, preparsd in the
nanner already described, and immerssed in pure water was first in-

vestigated. Table 20 gives the results of a typical series of measure-
{Ingert Table 20)

wents, and a3lso a comparacle series of measuremenis of sections

with their sases in water, but their tips in air. It may be seen

that the growth rate of the sections completely immersed in water
fells steadily until after 6 hours it rsaches 2 very low value. There
is no sudden rise after twe hours corresponding to a production of
growth substance by the "physiological %ip" as is the case with the

gections whose tips were in air, The fact that any growth tock place



-52

in the sections immersed in water 1s to be attributed »rincipally to
growth substance in them when they were removed from the plants.
Table 1L has shown that the elongation of sections in growth sub-
stance may be marked, being as large as 29% in four hours and 53%

in 24 hours.

d, Stirring

It wes concelvable that with these sections immersed in
solutions, the rate of diffusion of growth suvstance to the cut
surfzce which it enters, or the rate of diffusion of oxygen to the
tissua, might prevent a maximum growth respousse. Thersfore meagurs—
aents of the growth rates of sections both with and without stirriag o8

the solutlon by alr wers made., These results are glvea in Table 21
{(Insert Table 21)

and show that stirring of the solution is not necessary.

8, Former position of Sectiogn in the Colsoptile

The effect of the original poeition in the colsoptile of a
given ssction upon its response to growth substance was then ianvesti-

gated. That such an effect exists is shown by Tavls 22, whizh gives
(Insert Table 22)

the per cent growth per hoar of sections Irom the tops and bottoms
of a series of previously decapitaisd coleoptiles. Similar measure-
ments made upon colsoptiles divided into mors sections showad that
the two 3.7 ma. sections nearest the spex of a 2-3 cm., decavitated
plant have almost equal reactivity. The lower zones showed, as in

Tavle 22, a lower ability to grow in the presence of growth substance,



63~

It has been known from measurements upon the growth ratss of eatire
coleoptiles (marked into zomes with ink or paper marks) that the

lower zones do grow more slowly than those nsarer the ton., This

has been attributed, however, to a lack of growth substance in the lower
zones winich must receive 1t through a long portion of coleoptils
actively using the growth suostance. That this is not the only

factor is suown hers directly, since it is clear thet the cells at

the base of the coleoptile show a much smaller growth resosonse 1o

growth evvstance than those nesrer the top, In the pressnt work,

unless otherwise stated, only the two sections from the top wers

uped.

£, Growth Substance Congentration

The effect of concentration of the growih substance solution

upon growth of the sections was deteruined, and is shown in Tabls 23.
{Ingert Table 23)

From Table 23 it is evident that there is an optimum growth suostancs
concentration in the region of 10 units per oc. . Coleoptilss ilmmersed
in concentrations as great as 80 univs per ¢c. show s shrinkage afiler

4 nours and at the end of 24 hours have frequeatly lost their tureidity
due, apparently, to a toxic erfect of the high coaceniration of growih
s&batanca? A decrease in growth in very low growth substance coacen~
trations was also found., A sinple consideration will show that only

in the case of the (.01 unit solution can this be dus to an insufilclent
quantity of growth substance, and that even in the 0.1 unit solution

the decrease must ve due directly to the low concentraztion. From the

data of Part IV (.00B35 cc. of a 29 unit per ce. solaution can give

o ks tex/tx/ -~ kr-“]\* Comcem tratipnd 1T wot  doe To "“*Pvl'l'fl'e.f . + Le
crvde 7,,‘,th svbrtance /n—e,beraﬂws vied Lere siwure trystap ne 1kowf“
Substeuce "B alde exhibit s *‘”'"17 e I«l;? L comcewtrgtions
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uader those conditions e maximum of 7.85 mm, of coleoptile elongation.
1l cc. of a 0.1 ualt per ce. solution could then give a maximum of

5.0% mn. total coleoptile elongstion. Since in general in the present
cage 12 sections were placed in U ze. of solution, these sections
ghould be avle to elongate a maxirmmn total of 22 mm., or 59% oper
gection, which is much larger thau the 18% cbserved, a portion of which
is, morsover, due to growth substance initially in the section. In

the case of the 0.01 unit solution, however, each section should be
able to slongate owdw 5.9% more than controls ia pure water, and

Table 23 shows that the increase is only 3% greater.

gs. Tructage

The presence of a nutrient in the growth substance goludion
increases the elongatiocn considersbly. For this purpose iructnsa

was found to give more consistent results than glucose., Table 24
{Insert Table 2u)

gives an examole of the =ffect of 1 per cent fructose upon the elon-
gation. In general in the later experiments, however, fructose was
not used since it proved quite favorable for the grovwth of micro-
organisms,

The pH of the extaranal solution exertis a marked effecs
ugon the growth rate of conleopiile sections. A detailed analysis

of the eifect of pH will be ressrved for Pari VII.

b, Inhinision of the Aerobic Metabolism

Upon the theory that the action of growth substance is a
simple physical change of cell wall, for exarple by decreasing dirsctly

in some way the viscosity of the substeance in which cellulosze micelles



65~

are imoedded (Heya, 1931), one would hardly expect the actica to be

stopped by the presence of narcotics or cvanide, If, however, growsh
subatance denends for its action upon processes of a metabolic nature,
aarcotics or cyaunlde should inhibit this action., It was easily demon-—

strated that both KON and phenylumthane stop growth., Teble 25 gives
{Insert Table 25)

des 2 sumeary of two experiments with different concentrations of
KC1 and of Phenylurethane and shows how marked is the sitoopiag of
growih. Further experiments will ve given in Part VIII. It might ue
mentioned that potassium mono-iodoacetate as well as sodium fluoride
also inhiovit the elongation of sections.

Experiments were then carried cut to determine if » cone-
nsction beitwesn growih and cell oxidation exists. The action of growth
suvstance in solutions undsr an atmosphere of vpure nitrogen was first
investigeted. Coumercial N2 was passed over reduced copper in au
glectric furnace at 6009C. The gas was then cooled by passage through
nashonttles, and odubvled throagh the solulion contelining fthe coleoptils
geciiong, A prelisinary experiment showed that growih suostance is
not afiscted in 1ts activiity vy prolonged passage of NE through it.

The ssctlons were freed of 02 by trsatmeant with ﬂa for two hours
vefore introduction of the growth substance solution., After this
preliminary two hours, sufficient growth substance was introduced

to malkke the solution 10 units per cc., and the bubbling was continued
for fowr hours more. The sections were then measured, a gortion of
them placed in growih substance solution in air, and the remainder

in purs HEO, in air. Teble 26 shows the resulis of 5 experizents.

(Insert Tavle 26)
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as
The coleoptiles were not narmed by the prolonged lack of ngia Bho™n

by the fact that they grew normally upon veing supplied with both
growih suostance and oxygen. However, a mean growth of omly 3%

took place in N,, althcagh in ailr from Table €3 20% zrowth would

take placs. That even this 3~ zro-th tekes place 1s 1o ve abtributed
probably to 02 vemaining in the sections. Thersfors, normal growth
fails to take olacs in Nza Since the sections do not elongats, when
placed in pure HZO’ to any extent?%ﬁan if immersed in HEO without the
prelininary growih snbstance-ﬂe treatment, sither the action of
gromth substance does not take place or the growth substence is not
taken up by the ssctions.

In order to show unegquivocally that inhbliion of =merobloe
metavolism inhibits actual slongstion under the influence of growth
substance, the followlang experiment was undertaken; two lots of
sections were placed vertically upon glass pins; upon the apical
endis of one set were placed agsr clocks containiag no growth sub-
stence. Upon the apical ends of the other set were placed blocks
containing 1200 units per cc. Thssections were then left ab 25®
in a saturated atmosphere for 2 hours. At the end of this time, &
portion of the sections which hadi had no growth sucstance wers placed
in water, and the remaindsr olaced in a 10 unit per cc. solution of
growth substance. The plants waich had had 1200 wait blocks were
distriputed anmong the following solutions:

a) KCN 3x107° 0
) KCN X107 o
¢) Phenyluvethane 0.05%

d) ¥ater
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Table 27 gives the results of one of five experiments which
ylelded ciosely similar results., There is no question bvut that
growth substancs passed into the plants which had 1200 unit blocks
gince these sections elongated more in water than did those which
had plain agar, and were also placed in watsr. This elongation
brought asout oty zrowih substance alrsady in the plant is, howevsr,

clearly inhibited by both XCN amd phenylurethans.
(Tasert Table 27)

Table 27 shows that sectiions cuntaining growth substance
elosgate when placed in water. 8incs the sections whose elongation
in growth substance solution was inhibited by Né did not elongate
to sny great extent whan subsequently placed in water they had not
taken up growin subsiance, The uptake of growth substance as well

as the actual action of growth substance ispaependent upon asrobic

metabolism.

i, Conclusions

In thie section the technique of using excised sections of
colaoptiles in the study of cell elongation has been described. The
principal points are:

1) There is no "physiological regeneration® in ssctions immersed

in water.

2) The origimal nosition of ths section in ths coleoptile greatly
influences 1ts sudsequent response to growth substance. As
would be expected, sections from the most rapidly growing

zone of the coleoptile exhibit the greatest response.

3) There is an optimun growth substance coucentration of 10 units/ce.



4) Fructeose increases elongation in growth substancs solubion,
5) Zlongation under the influence of growth suhatance is inhite
ited by YON, by phenylurethane, or by an atmasphere of purs
aitrogen, It is demonsirated that both the vpotake and ths
action of growth substanse are conneched with the aerobic

matabol i,



Table 19

MEASUREMENTS OF SECTICHS 7ITH BINOCJLAR HICGROSCUPE

Section Original Growth Bubstancs Growth Substance
Hugber, length g hours & hours
Jatri 8 mm. .,
1 3.70 4,00 k.25
2 3.65 4,00 4. 35
3 3,70 4,10 L.35
L 3,70 L. 35 L.75
5 3.75 k.20 4.50
6 3.70 L.25 4,65
7T 3.70 4.10 L.35
8 3.65 4,00 L,25
g 3.75 4.15 L.50
10 3.70 k.10 4.35
11 3.70 4,00 L.25
12 3.70 L.00 k.10
Means 3.70 T .01 4,15 £ ,03 Lo .05
Table 20

GROVIH OF COLECPTILE SHUTIONS IN FURE YATER

% Growth per hr.

lar, 2hr, 3hr. Y4hr. Hhr. £ hr,
(TGPS in W&ter) lvg 1q5 1" 0'7 Oa Da ‘
2 6 2.5 2.5 Lo L2 W7 3.3

{Tops in air)



Table 21

GROWIH RATES OF COLECPTILE SECTICNS IN

GROWTH SUBSTANCE SOLUTICH WITH AND WITHCUT STIRRING BY AIR

5 hy . afhan Total
Exnt. Sectiong % zromih Rt £.ht. 2%l T4
2hr. Y4hr. 6hr. 8hr. 10hr. 25w,
1 (a0 air) 7 8 ) 3 1 0.2 16
2 {no air) 6 g L 3 2 0.3 19
3 {a0 air) 7 7 3 2 —— — 16
4 (air) 5 7 5 2 —_— —_— 22
5 {air) 1 ) 4 1 1 2 1k
6 (air) 1 8 5 3 —_— — 21
Mean of 1, . -
2" and 3 SaO Ma} 2.7 ———— m— L(.O
Yean of L,
5’ and. 6 ?‘Q u-? 200 ——— - 19;C]
Growth substance = 10 ufee
Tavle 22
GROWIH RATES OF TOP AND BOTTOM SECTIONS OF COLIOPTIIES I
GROWTH SUBSTANCE SOLUTICN
% @romn per hour
Lbr. 2hr. 3hr., Mdhr. 5 hr. 6 br. Thr,
Top sections 4.5 4,2 4.3 7 2.7 2.4 2.4
Bottom ssctions 1.0 1.0 1.1 1.4 0.9 U9

Growth suostance = 10 u/ce
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TABLE 2%

EFFRCT OF GROWIH SU-STANCE CONCENTRATICN UPON GROWZH

OF COLECPTILE SECTICNS

(Zach value mean of 50-150 sections).

Growth Substance

goncentration & eromin iy, ‘
Standard Unite. 2 hours 4 hours 24 hours
80 3.3 2.1 0.4
Lo 4.2 8.0 7.2
20 7.k 10.€ 154
10 11.7 19.9 31.0
1 8.k 15.7 27.0
0.1 £.5 2.1 17.5
0.01 L.5 7.0 1%.5
0.0 3.3 5.6 11.9
TABLE 24
EFFECT OF FRUCTOSE ON GROWIH OF SECTIONS
Expt. Solution MM
4 nr. 8 ar. 2k nr,
1% fruc., 10 ufcc — 23 271
10 /e 11 13 16
1 1% fruo., —_ 9 b
H,0 L 7 g
1% frue., 10 ufec 12 23 33
10 ufee 10 1k 15
2 1% frue. 2 3 6
B0 2 3 &
1% frue., 10 ufce 13 21 75
3 10 ufee b 18 20
1% fruc. 5 7 10
Hy0 & 7 8
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TABLE 25

INHIBITION OF GROVTH OF COLECPTILE SECTICNS BY
KON AND PHENYLUKETHANE

Solubion $ Growth Solution % Growkh

£, S. alom:ml+ 23 £. B, alone 20
g.8. + 2x10° ¥ XCN 5 g.8. + 0.001% phenylurethane 23
g.€. + 1x1073 I KON 2 2.8, + 0.01% i 14
g.8. + 221077 ¥ KGN -k g 5. + 0.1% "

g.8. + 22107° W KGN -3 H.0. + 0.1% n

H,0 + 2x10™2 I KGH -k

TABLE 26

INHIBITION OF GROWTH OF COLEQPTILE SECTIONS BY NITROGEN

5. Ho. of % Growih after % Growth after % Growth after
Emb. Sections 4hr. in N+ e.s. 20 Ar. in aiv+e.y. 20 hr.in elrth0.
1° 20 4.5 17 _—
2 26 2.9 21 —_
7‘ 25 lo? —— 3&8
L 23 1.k 28 8.0
5 Lg 4.5 13 4.5

OIn this experiment the sections were not first freed of 02.
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TABLE 27

INHIBITION OF EIONGATION (AFTER GROWIH SUBSTANGCE UPTAKE)
By KON AND PHENYLURETHANE

Subasguent
Agar Blogk solution
2 hr.
water agar nater
water agar 10 ufce

3%107°8 KO

Z.8. agar

& 8. agar 1x10™>% ®ew

B A 0.0%% Fhenyl-
€. B8AT L rethane
£.8, ALAT water

§ glongation

Sections during block

15
15
5
15
15
15

asction

} 3‘0

5.0

Susgsquent

% elongetion during

Yhr., &hr. 20 hr.
2.1 3.4 6.1
18.1 27.6 33,2
1.8 2.1 3.9
2.k 3.7 5.0
4.1 4.9 5.5
11,2 12.8  25.5
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FART VII.

THE RETLATION OF HYDROGED IONS TO ELONGATION

8. Acid Growth and Acid Curvetures

The study of cell metavolism in reletion te growth substance was
commonced with en investigation of the relation of hydrogen lcns o
growth from the following considerations. It has long been knom
{for example Borowikow, 1913) that acids mey considerably increase
the growth rate of plants iomersed in them., This fact has bDesn el-
gborated upon by Strugger (1932, 1933%, 1934) and extended into 2
general theory of cell elongetion.,  According to Strugger, suitable
increases of acidity, either by cellular metabolism or by expsrimentsal
interierence, increase the iubibition pressure of the profoplasm and
this in tvrn brings sbout an increase in growth rete. Ag pointed out
in the general introduction there 1s no good reascn to believe that
an increase in the iwbibidiocn pressures of the protoplasm wouwld, as

such, have sny marked effect upon growih rste. 11 remains, however,

possible that chenges either |in cell wall hyérationlnt in some othsr

ey
property of the protoplasm determined by lis pﬁxmay influence the

growth rate., It seemed desireaile therefore to invesitigats the
wacle probler of the relation of acidity to slongeition with a view
noet only fto the theory of Struzger tut alse in order io discover
any possible connectionsg with growih substance.

Strugger hzs described the eifect of aclds, in cerisin
cencentrations, in increasing the growth rate of Hellenthus roovs
and hypocotyls, The growth rates of Helianthug rcots ars, sccording

o Strugger, minimal when thsy ars placed in bvuffers of pH about 5,1.
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Upon sach side of this minlmum the zrowth rates rise to a mexirum and
fall agaln to low values at pH 3 and pH B. The curve uf growth rate
againet pH shows then iwo mamima., By removel of strips of epidermis
of one side of hypocotyls, snd by then placing these hypocotyls in
burirers of sultable pH, $trugger was able to cause large curvatures
away from the point of entry of the btuffer. Buffers which caused
Tast growth caused large curvatures, and this was interpreted as
signifying that the parenchyma ol the side near the point of entry
of ths acic grows faster than the pareachyma of the copposite sids,
These carvatures will be called for convenience "acid curvatures®

in the following discussion, Eitrugeger advsuced the hypothesis that
cell elongation le iatimately connected with the pH of the cell
protoplasm relative to its iscelectric point. According to this
hypothesis, roots and hypocotyle show a minimusn growth rats at pH
5.5, because this is the iscelsctric point of their protoplasn,

Wita change oi acidity on either sids of this point an incrsass

of growih rats resultis.

Dolk and Thimenn (1932) found that if growth substance is
supplisd ©o the Avena coleoplile in & solution bulfered at an alkaline
ol its effect in causiag cell elongation is abnormally small. It is
& matter of general experience Doth in this lsboratory and in others
(Baysen—Jensen, 1932; KBgl and HeagenSanit, 1931), that solutioas »f
growth subeltasce muat be acid in order to give the maximun sffect & vpow
cell slongation. This fact has suggested that there might be some
relation betwesn growth suvstance and the "acld growth® of Struggzer.
Such a relation, if found to sxist, could perhaps lead to some slu~
cidation of the mechanism of the action of the growth substance it-

art
self. The present wewk deals therefors with the "acid growth" and
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acid curvaturs'" under the follawing heads:

a) The neture of the phencienon.
b) The acidity of the coleoptile during growth.

k=3

¢) The dependence of acid growih on growth substance.

b, The Nature of the Phenomens

I an entire section of a zrowiang root, hynocotyl, coleoptile,
or other organ ls placed in a certain solution, the sffect of this
exteraal solution upon the growth rate of the organ will depend
greatly upon the speed with whilch the solubtion pensirates irom the
cut ends to the interior eells., The epldermls with its cutinized
wall is relatively imperueable. Hence z small effect of a diszsclved
substance woon growth rate does not demonsirats unablguously that
the subsgtance has a smsell effect upon the growith rate of a single

cell. It ie necessary to distinguieh between itransvort and action

of the subsiance concerned. It is possible to simplify the problem
of trangport to a certain extent by the removal of the enidermis
from one or both sides of the organ., The dissolved suvetancs, acid,
ior example, may then pensirats dirsctly the entire lenzth of paren-
chyma. If acid accelerates the growth rate of the parenchyma, and
if the epidermis is removed from only one side, & curvaturs away from
the side withoul epiderwmis will result, because the cells nearsst
the woukd will increase their :rowth rates before those on the sids
avay from the wound. Such a ourvature will, nowever, tend to dis-
sppear after a time when all of the cells have been reached by the
acid znd slongate at the same rz=te. If, howsver, the parenchyma
increases its growvih rate without a corresponding increase in the

growth rate of the eijpdersis, a permanent curvature will result since
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epidezmi?_» hinders growtlh on one side and not om the other, Thia, as
will be shown, is what occurs in the case of an Avena colecptile which
has had 1ts epidsrmis removed from one side and which is placed ia
a sufficiently acic vuffer solution.

dethods. For carrying out of acid curvatures, coleoptiles
(depapitated & hr. vefors) were cut off from thelr mesocoiyls and
placed in rows upon short glass rods having diameters egual to the
inside diameters of the hollow colsoptiles, These rods penetrated,
of course, only & mm. or two into the lumen of the plants and in no
way iaterfered with the curvatures which were obtained., The rods
were in turn mounted uwpon glass strips (10 rods per strip) and the
entire arrangement could thea be placed in a petri dish coantzining
the solution under investigation. The removal of strips of epidermis
was easily executed by merely stripping the latter off with & pair
of small forceps. The strips which were removed were avout one half
ma. broad and were always teken from one of the narrow sides of the
slightly elliptical coleoptile. At the expiration of ths experimental
period shadow photographs of the resultant curvaturss were taken
through the getri dish. It should be mentioned that altho the cole-
optiles were placed horizontally and altho they are normally very
gensitive to geotropic stimuli, they 4id not under these conditioas
exhibit any gsotropic response whatsoever, and remained quite hori-
zontal. The stirips of epiderms which were removed were not of con-
gtant breadth and this caused a variation of the curvatures givea by

a series of otherwise rather comparable plants, Table 28 confirms
{(Insert Table 28)

Strugger's observation of acld curvatures and shows the extent of
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this variation in two series of planis, one with large zngles and one

with small angles, Becauss of the rather large srrors, it is of

course necessary to base conclusions upon ssveral experimeants, In

the following discussion curvatures away from the side without epi-

dermis will be desiznated as —;W Mellvaine's phosphate, citric acid

make pessible

bvuffers were wsed slnce they the use of the same materisals

over a wide range of pH. The vufisrs weré used, at different times,

betwe.n the molalities of 0.0025 and 0.1 and were, hence, considerably

beloyw the osmotlc value of the cells, which are in eguilibrium with

goout .25 molsel KXQB.
Jell wall plasticity aad elasticity were measured in the

maaner descrived by Heyn (1931). The coleoptiles were fastened hori-

zontally by their vasses un saort glass rods, which were in turn meounted

in vertical rows on supporvs. At unlform distances frox the end of

the supporis, weights of 250 mg., were placed and fastensd with a

small amount of lanolin. The coleoptiles were then placed in a sa-

tuarated atmasphere under a vell jar to prevent drying. Preliwinary

experiments showed that 1f the riders were allowed io remain one

half hour, large differences ia the curvatures of the plants infil-

trated with different buiiers dsveloved., Shadow photographs were

vaken, the wsights removed, and the curvatares photograpvhed again

in two wminutes., The curvature remaining after removal of the weighis,

is the plastic vortion, 1i.e. that due to irreversible stiretching of

the cell walls., The dirference between ths curvatures when the weights

arg still upon the plants and the plastic portion is the elastic or

reversivle curvature.
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Exper:mental., The acid curvatures appear in as short a
time as 20 wminutes and after 2 hours they change relatively litile

(Table 29). For comparative purposes, then, all curvatures were
(Insert Table 29)

measured aftsr two hours. Thess curvatures were very larges if the
plants were placed in a buffer of pH 4.1 or less. External aciditics
of greater than pH U.1 proved to oce toxic after more than two hours.
Plsnts vlaced in buffer solutions of pH 7 showed little if any cur-
vature., Tne cause of these curvatures will now te considered.

Ii has already been vpointed out that in order for a psrmanent
curvature to res:lt it is necessary that thers be a difference in
elongation of epidermis and varenchyma, It was evean conceivacle
that the curvatures might be due to an sctive contraction of ths
epldermia. The oehavior of isclated strips of epidermis in buffers
of differsat pH was therefore dstermined. The growth rate measurements
were made with a horizoantal microscope and rectangular glass vessel
in the manner previously described., BEpidermis was cobliained by the
reaoval of strips about one half mm. broad from ordinary plants.

Thegs etrips were fastened to small hooks with aid of drops of warm
Wax; and were then suspeuded in ths observation vessels. One-half
sram weights were placed 'n the bottom ends of the strips 1o keep

then under temsion. Table 3C shows that by comparison with the
{Insert Tzble 30)

growth of plants having mich of the epidermis removed (se¢ below)
the growth of the epidermal strips is very slight; nelther does this
erowth depend particularly upon the pH of the medium. However, the

epidermis undergoes no shortening, and therefore this hwpothesis
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concerning the acid curvatures is at once ruled out. It was then
ngcessary to loox for a differencs of growth of the parenchyma in
acid and in neutral solutions.

In order to have "pareachyma" as couparablec as possible
with the parenchyma of the plants of the curvature experiments the
fol.owing device was used. The epidermis was reuoved as equally as
possible from two sides of the plants to be used. Since any small
asynnetry in ths remalning epidermis was found to cause curvetures
which prevented accurate measurenent of the longitudinal zrowth, the
plents were placed upon thin glass rode which traversed the entire lvwen
Monsbla of the holliow coleoptile. This arrangement effectually pre—
vented cu.vatures without having any apprsciable efiect updn the

growth rate. Table 31 compares the growth rate at pH L.l and at pH
(Ingert Table 31)

7.2, and the results presented are charactsristic of a larze number
of measurements. In buffer of pH 7.2 the growth is small and of
the same order as that shown by Table 30 for the cpidermis. Under
these circumstances, then, no curvatures would e expected. Iﬁ vuffer
of pH 4.1, the growth during the first two hours is 14 times that
in pH 7.2. It may also be cbserved that the principal portion of the
growth teskes place during the rirst 2 hours, just as was shown 1o
be the cass for ths curvatures (Table 29).

The acid curvatures are thus fouad to be due to difference
in growth of epidermis and parenchyma. In solutions which are meulrzl
sr nearly so curvaturss do not occur, tecause the growth of the

parenchyma is slowed down to sbout that of the epidermis,
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Effect of acid on the properbties of the coleoptile. Thers
are varicus ways iln which acid might wring sbout ite sffect on the
growth rate. Anong the possibilities arse:

a) 2 swelling of the walls of the parenchymatous cells:

b) en increase in the water permeability of the parenchymatcus
celle, by which an increased rate of water uptake would be

made possible;
c) an increase in the plasticity of the cell walils.

If a "swelling" of the walls of the parenchyma is responsivle
for the acid growth reaction, curvatures should result as well in
plesmolized as in unplasmolized coleoptiles. The epideimis of young
coleoptiles was removed from one sids. These plants were placed in
10% KN03 solutiong whici at the same time were buffered at pH L.l and

7.2. Teble 32 shows that there is no large curvature in gither set
(Insert Table 32)

of plants. I{ appesrs therefore that the acld growth reaction depends
upon the maintenance of turgor pressure.

The rate of deplasmolysis in hypotonic soluticns may be
teken ss some msasure of water permesvility. (See the recent critical
review by DeHaan, 1933). In the present case coleopiile sections
were allowed to plasmolize in 10% KNO3 and then to deplasmolize in
the usual buffers of pH L.l aad 7.2. %he deplasmolysis took place
on & welled slide, and was followed under the microscops. In both
cases the rate of deplasmolysis was very rapld, most of the cells
veing completely filled out in less than a minute. There was no
observatle difference between tae behavior in vH 4.1 and that in

pH 7.2. It ig difficult to see how any small differeace which may
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exist between cells s0 extremely permeable to water as these, can
agcount for differencses in growth rate,

The effect of acid on cell-wall plosticity was next investi-
gated. In order t¢ avoid amoiguous effects of injury as well as the
longitudingl transport problem, the coleopiiles were in this case

infiltrated with the solutions by means of a vacuus pump, Table 33
{Ingert Table 33)

snows that infiltration does affect the initial growih rate in the
same manner 8 does vemoval of the enidermis., After a time of asction
of the buffer solutions of 1 to L hours, cell wall plesticity end
elasticity were determined in the menner alresdy described. Tabls

34 shows the results of five experiments which demonstrats clearly
(Insert Table 34)

that under the present conditions, the difference irn the action of pH
4.1 end pH 7.2 is sccompeanied by a congideracie Aifference in the
plasticity of the cell well, i.e. they are more plastic in the acid
solution. In every case the difference in the elastic portioans of
the curvature is small. The effect of acid uoon plasticity is to
ve stressed slnce it closely resembles the efiect of growth substance
upen plasticlty which has veen descrived by Heyn.

I% has often been asttempted to determine whether curvatures,
either troplsft’ or as in Strugzer's case, due to acid solutions,
are aue to "active growih® or to elastic bendinwz, by wessurine the
portion of the curvature whick is vemoved upon plesmolyels,Tréndle
(1917) ané Overbeck (1926) found that the first stazss of tropistic

curvatures disgppesr upon plasmolysis whereas the later, larger
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curvatures are lrreversivle. Strugger concluded that since hie amcid
curvatures were only slightly reversitle by plasmolysis that they
concerned "dasbel keinesfalls sine blosse ﬁberdehn&ngserscheinung,
sordern es léigt wirkliches Membranwachetum durch Intussusception.vor’.
The irreversibility of a curvature upon plasmolysis does nct, however
demanstrate that the curvaturs was due to growth by intussuscepticn.

In the first place, irreversible curvatures may also be obtained by
plastic slongation w