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Simunary. Pea epicotyls (PisuniI satikl'u,,, cv. Alaska) were enclosed in chamibers
in which their elongation was restricted by means of a foam neoprene stopper or by a
medium of glass beads. These treatmentii increase(l evolution of ethylene and restllted
in reduced length and increased dianmeter of both the internodes and the cells of the inter-
nodes. These responses increase(d with increasinig degrees of restriction. A time-sequenice
study of the emergence of epicotyls through 90 mm of glass beads showed that all accel-
erated evolution of ethylene precede(d a reduction in elongation. As the epicotyls elon-
gated through the glass bead mediumii and less resistance was encounitered, evolution of
ethylenie decline(l and rapid elonigatioi was resumed. The morphological anid anatomiiical
effects of a 120-mm columini of glass beads w%ere duplicated 1y applied ethylene concentra-
tionls of 0.2 ppm or less. Evolution of CO., was inhibited slightly by the ethylene treat-
miients. The data in(licate that production of ethvlenie by pea epicotyls is inicreased by
nonwounding physical stress, and that the ethylene acts as an endogenotus growth regut-
lator, decreasing elongationi anid increasinig diameter in response to increasinig incremiienits
of stress.

When etiolated pea epicotyls are treated with low
concentrations of ethylene. the new growth is redtuced
in length, increased in diameter, and deviates from
its normal vertical direction. This triple response,
descrilbed by Neljubow (16) and by Crocker, Knight.
and Rose (9) has been used as a bioassav to indicate
the production of ethylenie by plant material, espe-
cially fruits (5). Denny and Miller (10), using leaf
epiniasty bioassays, showed that a variety of vegetative
tissues also produce ethylene. These observations.
together with the known iresponses of plants to ethy-
lene, led Crocker, Hitchcock, and Zimmerman (8) to
suggest that ethylene might be an endogenous plant
growth regulator. However, very little direct evi-
dence has been presented to support their suggestion.
Michener (14), Burg (5), and Burg and Burg (7)
citedI numerous reports of the effect of ethylene onl
plant growth and of ethylene production by plant tis-
sues. AMost reports. including that by Denny and
AMiller (10). pertain to excised. senescinig diseased.
or otherwise injured tissues. Treatment with auxins
lhas been shown to increase production of ethylene
by seedlings or their excised parts (1, 15. 21). Since
the control seedlings in these experiments also pro-
duced ethylene, and since Aleheriuk an(d Spencer
(13) reported that ethyleene was prodtlced by- whole

1 This investigation was supported in part by a research
grant (EF-00156) from the Division of Environmental
Engineering and Food Protection, United States Public
Health Service.

germinatinig oat and pea see(llings it is evidenit that
ethylene is evolved by healthy, growinig plants.

The original objective of this investigation ws'as
to determine whether ethylene is produced by the epi-
cotyl portion of intact etiolated pea seedlings. In
preliminary experiments. test plants were growni witlh
the epicotyl enclosed in stoppered glass cylind(lers and
all were found to produce some ethylenie, but epicotyls
that had growin enough to press against the upper
stoppers showed al uinexpected increase in evolution
of ethylene. Since there were nlo unobstructed conl-
trols of the same age in these tests, more carefully
conitrolled experiments were theni initiated to deter-
mine whether such a physical stress influeences produc-
tion of ethylenie and thereby affects plant growth
habit. All experiments reported were repeated one
or more times with consistent results.

Materials and Methods

Planit MIaterial. Pea seeds (Pisiiii sativumii L.. cv.
Alaska) were soaked for 6 hours in aerated distille(d
water. rinsed. and planted 1 cim deep in 6.5 cm of
vermiculite in l)erforated plastic trays. The vermicu-
lite was moistened with distilled water and drained.
and the trays were incubated until the seedlings
reached the desired size. Those with straiglht epi-
cotyls and with plumular hook angles between 65 and
800 were selected for experiniental tise. The seed-
lings wvere grown and all experimiients were cond(ltcte(d
in the dark at 200. -Necessary observations of the
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plaints were imade under lowr inteinsity green light, a
single l5-NxN white fluorescent tube covered with 3
layers each of vellow, green, and blue DuPont Cello-
phane.

Tcst C'haiibcrs. Glass cylinders (35 mm I. D. by
200 nmm long) were fitted with foam neoprenie stop-
pers (fig 1). The stoppers were 12 mm thick and
37 mm in diameter. The lower one had 6 radially-
oriented slits extending inward about 6 to 8 mm
from the edge. These served to enclose and support
the epicotyls within the chamber, leaving the cotyle-
(loibs anid root system below. The chambers were sup-
ported in a rack, wifth the roots extending into a tray
of aerated distilled water. The stoppers were ad-
justable, so that the effective heights of the chamibers
could be varied and elonga,tion of epicotyls could be
obstructed wNithout detectable wounding. Alterna-
tively, obstruction was provided by filling the cham-
bers to various depths with 4-mm glass beads. The
chambers were tested for leakage and permeability
anid were found to lose less than 1.0 % of the ethylene
and CO., by diffusion under steady state conditions.

Mleasuremiien t of Gas Exchtange. Two holes in the
upper stopper of each chamiiber (fig I ) provided
access for a 4-mil I. D. glass inlet tube extending
to the bottom of the chamber and for a 2-mm I. D.
capillary glass outlet tube. A measured constant flow
of air (75-125 ml per hr) was passed through each
chamber, so that the conicelntration of CO., did not
exceed about 0.5 % anld ethylene was hel(d below 0.03
lppln. lhe outlet was fitted with a short rubber tube:
this was piinchled over at eaclh sampliiig. serving as a
septumii throughI w\-hich sampl)les cotul(d be drani with
a hypodermic syringe. Samples of the effluent air
were takeni as neede(d and anialyzedl with senlsitive gas
chromatograplhs (12). At least 2 blanik chamibers
were used in each experiment to providle corrections
for ethylene anld C(., in the input air.

Results

Obstructiono with ANeoprcnc Barrier. Selected seed-
linigs (6 (lavs old. 55-60 mmin tall) were placed in the
slits of the lower stoppers of the experimental chai-
l)ers (fig 1) wiith 40 mm of the epicotyl extending
above the surface of the stopper. In 5 chambers the
upper stopper was placed 20 mm above the epicotyls
(obstructed), and in another 5 it was placed 60 mm
above (controls). Comparable seedlings were placed
in additional chanmbers (both obstructed and control)
so that 12 epicotyls could be harvested and weighed
at each gas samplinig period for calculation of res-
piration on a fresh weight basis.

Disturbance of the seedlings during transplanting
caused a temiiporary cessation of growth and prob-
ably led to anl initially high ethvlene reading. Elon-
gatioln resumed in about 3 hours and proceeded at
about 0.8 mmii/hour. acconlipanied by a low rate of
ethylenle l)rodluctiol). D[)ifferential treatmiient actuallv
started when the ol)structed el)icotvls touched the
upper stopper about 18 hours after transferring (fig

UPPEq in1'' p "pi,

-t-Control Pr, s L,rJitr,

Obst e i -.

L-OWER os IP

FIG. 1. Diagram of test clbamber (35 mm I. D., 200
mm long) -x7ith foam neoprene stoppers. The loswer stol)-
per hlolds and encloses 6 seedlings. The upper stopper
provides access for inlet and outlet tubes and canl be lowv-
ered to obstruict elongation of epicotyls.

2). Two hours later, half the obstructed elicotyls
had a slighlt curvature, showinig the dlevelol)ment ot
physical stress, but the evolutioni of ethvlenie w-as as
yet uniaffected. NVithin 6 houirs of the beginning-
of the stress treatmiient nearly all the obstructed epi-
cotyls were moderately curved, and ethylenie lproluc-
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FIG. 2. Growtlh patterni and gas exchange of pea epi-
cotyls with and witlhout obstructions. Unslhaded figures
(below) represent growtlh habit of el)icotyls wlhiclh eni-

couniitered a foam nieopirenie stopl)er (positioni indicated by
sliort, dashed lines) about 18 lhouirs after tranisfer. Black
figures represent the ulnobstructed, or conitrol, epicotyls.
Upper figure shows ethylene evolution and CO., evo-

lutioni by the same epicotyls. Each figure and point
is based onl the mean of 5 chambers conitainiing 6 epi-
cot-ls eaclh.

tion was 3 to 4 timies greater. As curvature increase(l
further, the rate of ethylene production rose dra-
matically.

The experiment was terminated when the tallest
of the control epicotvls reached within 5 mm of the
top of its chamber. Since all epicotyls reached about
60 mm above the lower stopper at the time stress was

actually applied, only the portion of the epicotyl
above this height was harvested as representing the
growth that occurred in both the control and treated
chambers during the differential treatments. Ob-
struction caused a 42 % decrease in elongation and a

33 % decrease in fresh weight, as compared to the
controls, but there was no difference in the rate of
CO2 production as calculated on a fresh weight basis.

Obstrulctiont with Varied Depths of Glass Beads.
To test the effects of a restricting but penetrable
mledium on growth and production of ethylene, se-

lected seedlings (4.5 days old, 22-26 mm tall) were

mounted in the test chambers so that 10 mm-i of the
epicotyl extended above the surface of the lower stop-
per. (In seedlings of this age, the second internode

has not appearedl below the plumiiular hook nor has it
begun rapid elonigation.) T'he chambers were then

filled loosely with glass beads to heights of 60, 90,
or 120 mm; the beads were not packed dowin. The
air iinlet tubes extended to the bottom of each cham-
ber, allowing, the wlhole colunmli of beads to be aerated.
For comparisoni, plants in chambers vithout beads
were treated with air containing 0.2, 0.4, or 0.6 ppmi

ethylene. Four chamiibers (24 seedlings) vere uised
for each treatmiient; corresponding conitrols received
no beads and no added ethylene.

Elongation of the epicotyls resumiied about 6 hours
after transfer, and by 35 hours ethylene production
had inlcreased significantly in the lots under beads
(fig 3), although there wvas as yet no obvious differ-
enice in lenlgth between the conltrols and the seedlings
under treatmienlt. The rate of ethylenie evolution
was greater unider increasing depths of beads. The
lag between initiationl of treatmiient and increased
production of ethylenie (24 hrs loniger thani in the
experiment reported above) probably reflected lack
of initial resistance to growth. since the beads were

placed in the chambers very looselv. In other experi-
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FIG. 3. Evolution of CO., and eth-lene by pea epi-
cotyls growN-n in clhambers loosely filled witlh glass beads
to levels of 60, 90, or 120 mm, or treated N ith 0.2, 0.4.
or 0.6 ppm ethylene. Control plants X-ere gro'wn in
chambers without beads or added ethy1lene. Each point
represents the mean of 4 clhanmbers, each containinig 6
plants.
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miieints this lag was reduced to 8 h1ours or less (fig 6)
by comiipacting the beads with light vibration.

Respiration (lata were somewhat erraitic; the stand-
ar(l deviations of the values plotted (fig 3) are high.
RZecalculationi of the finial readinlgs (66 hrl) oni a freslh
weight basis shows only the O.6-ppnm treatnment to le
statisticall. differenit fromii tlhe conitrols. However,
the trell( showiing that greater stress (imiore beads)
or ethylenie treatmeent led to a lower resl)iration is
rel)eatal)le alnd agrees with the findings of H arvev

After 66 hours of treatment, all epicotyls were
lharvested bv cutting 5 mm above the lower stopper.
thlus limilitinig conisideratioin to that portion of the
e)icotyl that had elongated (lurinig the treatmient.
Epicotyl (liamiieter was takeni as the average of the
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midl)oints of the first anid seco(l(I iinternlo(les. Trealt-
ment witlh either glass beads orl applied ely lenme
catise(I a (lecrease in elonlgatioll of the epicotvls
(fig 4) ani(d this decrease wvas (lirectlI correlated
with (lecreases in either fresh or dry Weighit (fig 4C
and(l l) ) ami(d with ilncrease(l diameter (fig 4A.\
Thliese resl)p1oses a'pp)ear to be the samiie wh-etlher caused
by application of stress or of ethylenie.

Effec(t of ObstrullctionI oil Growvth. It lias been
rel)orte(l that ethylene molodifies plant g by al-
teriing cell expansion (14). To verify this and to
compare the effectts of ethylene witl those of stress.
the size and shape of the secoln(d initernlode als a
whole wvas compared wvith the dlimenlsionis of its comii-
lonenit cells. In the experimilenlt reporte(d immediately
above, the enitire elongaitioln of the secoln(d initerlno(le

0 10 20 30 40
Length of Second Internode-mm

50

Dry Wt. (mg/ Epicotyl)
FI(;. 4. Effect of glass beads or ethylene oni gros thl of pea epicotyls (the saimie plamits as in fig 3). Coontrol plailts sc\rc

growni in chambers s\-ithout beads or ethylene. In vertical descending order the treatments were: = conltrol * 60.
90, or 120 cm of beads; 0.2, 0.4, or 0.6 ppm ethylene. The diameter (A), lengthl of second interniode (B), andl
gains in fresh (C) anid dry weight (D) of the epicotyls are related to the lengtlhs of the samne epicotyls. Each poinit
ini A, B, and C represents the mean of data from 24 plants; vertical lines are stanidard deviation for length, and
lior-izonital lit-es are stanidar(d dev,iationis for eachi measured variable. Dry s-eights (D) sN-ere determined hy \veighinp- 12

ranldomkly selected epicotyls.
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occurred duriing the perio(l of treatment, and the
chanige in length of that internode was linear in rela-
tion to that of the whole epicotyl (fig 4B). For
cell mi-easuremenits. 10 initerno(les each were selecte(l
at ranidom fromn the conitrols. the 0.2-ppm ethylene
treatm.ent. ani(l the 120-iiiimm bea(l treatmenlt. Stem
pieces (.5 wI-in ) were ctut fromii the center of each
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FIG. 5. Effect of glass lbads or ethylene on relative
lengtlh, diameter, and volumie of second internodes as com-
pared to relative length, diameter, and volume of cortical
parenchyma cells of the same internodes (taking the con-
trol values as 1.0). The plants are the same as those of
figure 3. Each bar represents measurements of at least
10 cells from the middle of each of 10 internodles; the
standard deviation of each value is shown by the short
vertical line in the top of each bar.

sample interniode, fixed in 10 % KMnO4, and em-
bedded in Carbowax (17) ; longitudinal and trans-
verse sections were cut at 10 A. Cortical parenchyma
cells were measured with a microscope ocular mi-
crometer alonig transects exten(lling from the pith
region to the epidermis and()passing imiidway betweeni
one of the lateral vascular bunidle and the (lorsal
fiber bundle.

Treatments with glass beads anld wvith al)plied
ethylenie reduced the length anid inicreased the diamii-
eter of the second internlode and of its conistituenit
parenchymia cells (fig SA, B). The relative reduc-
tioni in length of the second initernode was statistically
the samne as the relative reductioni in length of its cells
in bo1th treatments. Increases in stemii diameter were
accounited for almiiost comiipletely by inlcreases in the
diameter of the cortical parenichylmia cells. The
numiiber of cells appeare(d not to be chanige(d by either
treatimienit. but cell volume was reduce(d about equally
by both (fig 5C).

Relationi of Ethltleuie Pr-odnectioni to Epicotyl
Elonigationi dntrinzg Grozwlth throutghl a Coln;nn of Gla(ss
Bcads. In tihis experimiienitt, the growth and ethylenle
l)roduction were followed as the seedlings grew
through and emerged from a deep bead column. Se-
lected seedlings (4.5 days old, 22-26 mm tall) were
mounted in the test chambers so that 5 mm of the epi-
cotyl extended above the lower stopper, and the chani-
bers were filled to 90 mm vith glass beads; the beads
were settled firmly into place by genitly tapping each
chamber. Epicotyl lengths were measured at the time
of each ethylenie sampling by lighting the chamber
fromii behind with low-intenisity green light and meas-
urinig the distance from the lower stopper to the top
of the silhouette of each epicotyl.

Elongation resumed 6 hours after tranisfer, and(
at that time 1oth treated and control epicotvls were
evolving ethylene at the same rate (fig 6). Ethy-

i-
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2C

Hours After Treatmnt

FIG. 6. Elongation and ethylene production of pea
epicotyls grown in glass chambers filled to a depth of
90 mm with glass beads (beads vibrated into place). Each
point represents data from one chamber containing 6
epicotyls.
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lene productioni by the treated plaints increase(I rapidly
thereafter, the increase clearly precedIinig any (leclinie
in growth rate. Despite the physical restrictioni.
growth of the treated epicotyls kept pace wvith that
of the conitrols for several hours. However, as
ethylene production continued to increase. the grow\lth
rate (lecreased markedly. Grovth was slowest when
the epicotyls wvere about 3( mim long (leaving 60 mm
of beads above) anid ethylene productioni was near
its peak. Productioni of ethvlene then (leclinie(l mark-
edly and rapid elolngation was resumlled. Bv the
timle the epicotvls reached 60 1mm, both ethylene
evoltutioni andl growth rate ha(l returnied to normal,
agreeing withl other tests Nwhich had shown that
30 mnm of beads did not apply sufficient stress to
restrict growth or induce high ethylene l)roduction.

This experiment illustratedI the conditions which
would be met by seedlings growing in the soil. The
lag between transfer and the onset of increased ethy-
lelie production was reducedl bv settling the beads
miore firmlv. This firmer packing may also account
for the greater maximum rate of ethylene production,
comlpared to the 90-mm bead depth illustrated in
figure 3. Although the diameter of these epicotyls
was not measured, it was obvious that the lower third
was enlarged considerably, the upper third was simiilar
in (liameter to that of the controls, and the miiddle
tlhir(d showed a gradation between them.

Discussion

NVature of the Physical Str-ess. To examinie the
nature of the stress in the glass bead experimiients, the
beads were weighed and the cross-sectional areas of
the column of beads and of the pea epicotyls were
nmeasured. Less than 1 g was found to rest on each
epicotyl under a bead deptlh of 120 ilm. In prelim-
imary tests, as much as 3 g was placed on an epicotvl
wvith onlxy a small transient increase in ethvlene
p)roduction and little, if anv, reductioni of elongation.
The effect of the glass beads appears, therefore, to
be due to increasing friction and immlobilitv of the
beads at increasing depths rather thani to bead weight
per se. The stress (load) oIn the epicotyls in both
the glass bead and obstrtiction experiments was es-
seintiallv self-induced as the epicotyl.s grewv againist
the physical resistance.

Physiological Effects of Phlvsiacl Restriction anid
of E,,thvlenec. The pliysical resistanice to epicotvl
elongation brought about anl increase in evoluition of
ethylenie, a (lecrease in elonigation, and ani ilncrease
in radial ex-pansion. It is important to note that the
increase in ethylenie evoltution was nlot simllply the
by-product of a genieral increase in metabolism, be-
c.ause the respiratory rates of obstructed and unob-
structed epicotyls wk,ere almost equal at a time when
their ethylene evolution rates differed greatly (fig 2).
The increased production of ethylenie appears to be
a direct response to the physical stress. A crucial
quiestion which remains is wkshether the decreased

length and increased dliameter are induiced as con-
currenit but indepenidenit events by the physical resis-
tanice or whether the altered growth habit is miiediated
by the increased concentrationi of ethylene. Con-
sicderation of the following results suggests that
ethylenle intervenes as a regutlatin,g ineclhatlislin in
tllis systemi.

Firstly, the initial rate of elonigationi of epicotyls
uni(ler 90 mmn of glass beads wvas nearly idenitical
to that of tlle unrestricted conitrols uintil the lprodluc-
tioin of ethylenie had increased severalfold (fig 6).
\\'ith the conitinued increase in the production of
ethvlene, the elongation rate began to decrease. A
resuimiption of normal growthl did nlot occtur tuntil
after the 'production of ethylenie decreased to nearly
the initial rate.

Secondly, the morphological anid( aniatomical fea-
tures which restulted from the 1290-mmlii glass bead
treatment were closely dtiplicate(l by treatmiienit witlh
0.2 ppmn of ethylenie. The apparent coliniear effects
of various levels of glass beads and of various coIn-
centratioins of ethyvlene oI the growtlh habit of the
epicotyls (fig 4) suggest that the effect of ()0 and
60 mlm of beads would also have been approximated
1y ethylene at concentrationis less thani 0.2 p)pii. II-
deed subsequenit studies have showin that a 25 %
reduction of elongation, such as resulte(d fronii 60
mmn of beads, can be induced by 0.02 ppm of ethylene.
This agrees xwith the fin(lings of Crocker, Hitchcock,
and Zimmermiiani (8) that 0.025 ppm would cautse a
signiificaInt redcuctionl in elonigationi.

The third consi(lerationi mltist be stated first as
a question: \Vas there suifficienit ethylene within
the tissue of these plants to have accounited for the
altera-tioni of growth habit that was observed? In-
herenit in the answer to this question is the answer
to the older question as to whether ethylene is an
endogenious growth regulator. Michener in 1938
concluded that physiologically significant concentra-
tions of ethylene probably do not exist in the tisstues
of a well-ventilated growiing plant. This interpreta-
tion was based in part on the comparatively insensitive
techniques available at that time, even though Zim-
merman and Wilcoxon (21) had shown that growing
plants produce some ethylene. Michener's assessment
of the amoutnt and effectiveness of ethylene within
the tissues of these plants was probablv influenced
by the rather high concentrations (2.0-1000 ppm)
used in his experiments. Direct mleasuremenit of
ethylene withini small amounts of tis.sue mav be
techlnically possible at present, but the known metlhods
of sampling with hypodermic syringes or by evacua-
tiotl may introduce physiological artifacts anid cer-
tailnly constitute terminal measurements.

\Ve may draw on recent studies of ethylene pro-
duction in ripening fruits for a means of estimating
internal concentrations. It has beel) found that re-
sistance to gaseous diffusion at the surface of fruits
results in an accumulation of ethylene within the
tissue until the rate of evolution equals the rate of
production and a substantial steady state concentra-
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tioni gradient is established (6. 12). The internial
concentration of ethylene in fruits can be estimated
from the ethylene production rate by a constant
(2 ppm-n,/dl kg-1 hr-1) which is based on the maximum
sutrface permeability (6). Since the elongating por-
tion of pea epicotvls has a surface: volume ratio up
to 15 timles greater than that of the fruits to which
the con stalnt applies, then the constanit must he re-

duce(l bv a factor of 15. Pea epicotyls which were

grown undtler 120 nim of beads and were producing
ethylene at a rate of 2.1 ,l/kg per hour (calculated
from (lata on fig 3 and fig 4 taken at 66 hr) would
conitain at least 0.28 ppm ethylene. By the same
procedure of estimlation, the mean internal concentra-
tion durinig the course of the bead treatment would
have been at least 0.14 ppm. Such values are tenta-
tive, since we have no data to show that the maximum
surface permeability of etiolated pea epicotyls is the
same as that of fruits. However, these values com-

pare quite favorably with the 0.2 ppm ethylene which
was applied to seedlings without beads and which
had essenitially the same effect on growth as 120 mm
of beads. At 66 hours, when these seedlings presumi-
ably contained 0.28 ppm ethylene, the concentration
of ethylene in the chamber had risen to 0.025 ppm.

or about 10 % of the theoretical concentration within
the tissue. Had the chambers been ventilated at a

10-fold faster rate, the ambient concentration would
have been reduced to 0.0025 ppm and, bv a principle
established in fruit tissues (6), the internal concen-

tration would have dropped from 0.28 to 0.26 ppm,
an insignificant change. The flow rates used in
these experiments were chosen to give anrbient con-

centrations which were relatively easy to measure
yet low enough for the most part to be physiologically
ineffective as externally applied treatments. The
ambient concentration had importanice, therefore,
only as a means of measuring production rates. XVe

may conclude, therefore, that sufficient ethylene was

present within the plants to have caused the observed
alteration of growth habit.

It may be of some importance that the rate of
production of ethylene in the control plants decreased
with tinie (fig 2, 6) despite the increases in fresh
and dry weight, number of cells, and total evolution
of CO.,. That the production of ethylene did not
increase concomitantly with the growth of the plants
suggests that there may be a localized zone of pro-

duction. Preliminary experiments in this laboratory
stuggest that essentially all of the detectable ethylene
is evolved from that part of intact etiolated pea

epicotyls above the plumular hook.
Although physical stress had little effect on res-

piration on a fresh weight basis (fig 2, 3). there
appeared to be a trend toward a lower rate of CO.
evolution with increasing concentrations of ethylene
(up to 0.6 ppm). Only part of the data showing
this trend are statistically significant, but the result
is consistent with the reduced growth, as indicated by
the reduction of fresh and dry weight (fig 4) and
reduced cell volume (fig SC). Even though ethylene

increased the diameter of the cells (fig 5B), its
inhibitory effect oni elongation was great enough to
reduce the volume of the cells at the concentrations
used in these experiments. Burg and Burg (7)
reported that the voluime of cells was not redtuce(d
when sections of pea epicotyls were treate(l simutl-
taneouslv with ethylene and a growth hormiionie (pre-
sumiiably auxin).

Phy.siological Implications of Endogenous Ethy-
leie. The foregoing observations bear on the inter-
pretation of data describing seedling emergence under
conditions of physical stress such as nright occur in
compacted or crusted soils. Reduced elongationi and
increased diameter of stems and roots of plants growni
in restrictive conditions have long been knlown (4).
Barley (2,3) reported these responses in corn roots
grown in a medium of fine glass beads under various
amounts of pressure. More pertinent is the report
by Sedgley and Barley (18) that a 35-g weight
placed on the epicotyl of Vicia faba induced a 12 %
decTrease in elongation and a 4 % increase in diameter.
However, a possible role for ethylene was not sug-
gested. WVilliams (19, 20) germinated a number of
cultivars of clover under various weights (10-50 g).
By counting the number of seedlings that did not
lift a given weight, he determined a median emer-
gence force for each cultivar and concluded that
emeTgence force in the different cultivars was related
to size of seed.

Alternatively, it is possible that the emergence
force per unit cross-sectional area of hypocotyl was
the same for all cultivars Williams used. The in-
creased total emergence force of larger-seeded vari-
eties would then be proportional to the increase in
cross-sectional area of the hypocotyls. If the diam-
eter of each variety of clover increases with increasing
physical obstruction, as it does in peas, then
the total emergence force of a given variety is not
a constant, and it, too, increases with increasing
obstruction. A seedling germinated under 20 g of
weight might develop just 20 g of emergence force
and another seedling under a 40-g weight, by an
ethylene-induced increase in diameter, would be able
to exert 40 g of emergence force. In this connection,
it is well established that the strength (critical load)
of a homogeneous cylinder of any material increases
by the fourth power of the radius. Therefore, even
a small increase in the cross-sectional area of a
plant axis would result in a substa-ntial increase in
its strength and ability to resist bending or deforma-
tion under restrictive conditions. The increase in
diameter would increase both the total force whiclh
the plant could exert (proportional to r2) and the
ability of the axis to support the resulting load
(proportional to r4 ) . Such an hypothesis does not
conflict with the conclusion that emergence force is
related to seed size, because each species or variety
of plant has some inherent limitation on emergence
force. The present findings suggest a role for
ethylene in determining the extent to which a plant
approaches that limitation.

0003



004 PLANT PHYSIOLOGY

Literature Cited

1. ABIEILES, F. B. AND B. RUBINS1TIN. 1964. Regula-
tioR) of ethiylene evoluitioi andl leaf abscission b)
anxill. Plant Plh siol. 39: 963-69.

2. A.R -EY, K. P. 1962. The effects of mechanical stress
on thle groswth of roots. J. Exptl Botany 13: 95-
110.

3. BARL.EY, 1K. P. 1963. In filiece of soil strenigthi oni
g-rowth of roots. Soil Sci. 96: 175-80.

4. B0OR(S,TrR6-I, G. 1939. The traniisverse reactions of
plants. C. W. lK. Gleeruil), LIniid(I. 230 ).

5. Bu7(;, S. P. 1962. The physiology of ethylene forma-
tioni. Aninl. Rev. Planit Physiol. 13: 265-302.

6. Bviw;, S. 1). AND E. A. BP,R(.. 1962. Role of ethylene
in fruilt ripeningi. Plant Phvsiol. 37: 179-89.

7. Bt-K(;, S. P. AN) E. A. Buiw;. 1965. Ethly-lenle action
an(l the ripening of friuits. Science 148 1190-96.

8. CROCKER, WV., A. E. HITCHCOCK, ANT) P. \V. ZIl\-
MERMAN. 1935. Similarities in thie effects of etiv-
lenie anid( the ilant axilns. Coiitiil). Bovce Thoillp-
soil Inist. 7: 231-48.

9. CROCKER, WV., L. I. KNIGHT, AND R. C. RoSE. 1910
E-ffect of various gases an(ld vaporrs up1)o0n tile etio-
lated see(llini2 of the <sveet p)ea. Scienice 31: 635-
36.

10. DENNY, F. F. ANI) L. P. MILLER. 1935. Production
of ethyvlene y pllanlt tissuess as ind(licated bv the
epinastic response of leaves. Conitrilb. Bovce Thom-llp-
soni Inst. 7: 97-102.

11. HARVFEY, L. M. 1915. Somiie effects of ethylene oni
the metallolisni o(f plants. Botan. (Gaz. 60: 193-
214.

12. 1YONS, J. M., XV. B. MvCGLASSON, AND H. K. PRATT.
1962. Ethylene productioni, respiration, andcl initernial
gas concentrations ill cantaloupe frruits at variouis
stages of maturity. Plant PhYsiol. 37: 31-36.

1). MEHERIUK, J. AND NI. SPENCER. 1964. Ethylene pIro-
duictioni duirinog germination of oat seeds and Pen-i-
cdllinoni diitaltum splores. Can. J. Botany 42: 337-
40.

14. NMICH}NENER, H. D. 1938. The action of ethlv ene onl
llant growthi. Am11. J. Botany 25 : 711-20.

15. MORGAN, P. XX. AND XAV. C. HAL.. 1962. Effect (If
2,4-(dichloi-ol)lpenioxs-acetic acid on the p)ro(luction
of ethvlene h1 cottoI and( grain sor01ghiumi1i. Physiol.
Planitariium 15 : 420-27.

16. NE LjtBOW, D. 1901. Ueherl die lhorizonitale Nutation
der Stenigel Vonl Pisu satiumutnd( einiger anideren
Pflanizeni. Botaniischies Cenitralblatt 10: 128-39.

17. RIoiEi., J. -M. AND A. R. SPURR. 1962. Carbowax forI
embedding and serial sect oiing(Iof botallical ia-
terial. Stain Techilnol. 37: 357-62.

18. SEDGIE.Y, R. H. ANi) K. P. BARLES. 1963. Tlhe effect
Of a smiiall axial pressure OIll the grows thl (If l jW W
flaa var. Minor Beck. Australian J. Biol. Sci. 1(1:
19-27.

19. WILLIA-MS, W. A. 1956. Evaluatiotn of the emiier-
genlce force exerted by, see(lliiigs of smnlall seede(d
leguimiles using' prohit analy sis. Agron. J. 48: 273-
74.

2(0. WILLIAMS, WV. A. 1963. The emnergenice force O(f
forage legiuime seedlin,gs aild tileir- response to teill-
plerattlre. Crol) Sci. 3: 472-74.

21. ZIMM1ERMAN, P. W. AND F. WILCOXON. 1935. Several
chemical ,rows th substanices w hich cauise illitiatiolI
of roots and(1 Otlier respolnses ill planits. Co1ltrit).
Bovce Thompson I11st. 7: 209-29.

88g4


