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Sutnimarv. The capacities of indole-3-aceitic acid (IAA) anid gibberellin A3
(GA3) to counteract the inhibitory effects of (2-chloroethyl) trimethylammonium
chloride ( CCC), 2-isopropyl-4-dimethylamino-5-methylphenvl- 1 -piperidinecarboxylate
methyl chloride (Asmo-1618), and N,N-dimethylaminostuccinam-c acid (B-995) on
hypocotyl elongation in light-grown cuctumber (Cuicumis satizulls L.) seedlings were
investigated. One ,ug of GA3 applied to the shoot tip was sulfficient to completely
nullify the effect of 10 jug of Amo-1618 or 25 Mug of B-995 applied simliltaneouisly to
the shoot tip, and 10 ,ug of GA3 completely counteracted the effect of 10 IMCC
added to the root medium. One jig of IAA cotunteracted the effect of 10 AI CCC
in the root medium, btut IAA did not nullify the actioni of either Amo-1618 or B-995.
Experiments were conducted using 2 ;growth retardants simuiltalneotusly, which indi-
cated that Amo-1618 and CCC inhibit a common process, namely GA biosynthesis,
essential to hypocotyl elo;ngation. However, since the effect of CCC was overconme
by applications of both GA and TAA, growth retardation resuilting from treatment
with CCC apparently is nlot due solely to inhibition of GA biosynthesis. B-995 did
not interact additively with either Amo-1618 or CCC, which suiggests that B-995
affects a process different from thoise affected by the other 2 retardants. Thus,
while inhibition evoked by B-995 is reversible by appliedI GA, the action of B-995
does not appear to be inhibition of GA biosynthesis.

Several synthetic plant growth reguilators char-
acterized by their capacity to inhibit growth without
evoking severe morphological abinormalties and
which are termed growth retardanits (4) have been
investigated extensively in recent years. A featuire
which appears to be common to the biochemical
modes of action of the growth retardants is inter-
ference with hormone metabolism. Amo-1618 (2,
6,16,24), Phosphons (6), and CCC (13, 16, 19, 27)
all reportedly inhibit gibberellin biosynthesis, with
CCC apparently acting at a different site in the
pathway of gibberellin biosynthesis than Amo-1618
and the Phosphons (1, 6,13). Considerable evi-
dence is reported that CCC may also affect auxin
metabolism (5, 10, 17, 20). The mode of action of
B-995 and chemically related hydrazine growth re-
tardants is quite incompletely understood. B-995
reportedly does not inhibit gibberellin biosynthesis
(6, 19), but some evidence has been reported that
B-995 and other hydrazine retardants may influence
auxin metabolism (7, 10,22. 23).

1 The study was supported in part bv Agricultural
Research Service, United States Department of Agricul-
ture, Grant No. 12-14-100-8052 (34) administered bv the
Crops Research Division, Beltsville, Maryland.

A popular method for testing the possible inter-
ference of growth retardants with endogenous auixin
or gibberellin is to apply varying amounts of anl
auxin or a gibberellin to plants in the presence andl
absence of a standard dose of a retardant (18).
Such experiments have revealed that the effects of
several retardants onI whole plants, including C-011,
CCC, Phosphon, Amo-1618 and B-995 (1,3,4,9.
10, 14, 18, 26, 27, 28) are readily counteracted with
applied gibberellin. However, experiments with
excised plant parts often have yielded evidence
that only auxin, or neither auxin nor gibberellin,
counteracted the effects of growth retardants
(5, 17, 25). Thus adlditional direct biochemical evi-
dence and evidence from investigations of the
kinetics of growth retardant effects in whole plant
systems will he lnecessary to fully elucidate the
modes of action of the growth retardants.

At the present state of our knowledge, it would
seem that considerable valuable information may
yet be gained from investigations of growth re-
tardant and hormone interactions in appropriate
intact plants. MIuch of the previouts work has
be,en hindered in some respects by the use of
excised plant .material which may contain little
auxin and gibberellin and perhaps be incapable of
hormone biosyinthesis. WXork with intact plants
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MOORE-GROWN'TH RETARDANT AND HORMONE INTERACTIONS

likewise has sometimes been handicapped by a lack
of responsiveness of the plants to applied auxin.
Hence the report by Katsumi et al. (14) that
hypocotyl elongation in intact cucumber seedlings
was promoted by 6 auixins as well as by 2 gibberel-
lins broutght to attention what appears to be an
ideal plant material for certain types of investiga-
tions on growth retardant and hormone interac-
tions. The utility of cucuimber seedlings in growth
regulator experiments had been recognized earlier
(9, 10, 11, 12), but their responsiveness to appliedl
auxin apparently had not been reported. Resuilts
of 2 types of investigations are described in this
paper: A) the capacities of IAA and GA3 to coun-
teract the effects of CCC, Amo-1618 and B-995 on
hypocotyl elongation: and B) the kinetic interactions
of 2-growth retardants applied simuiltaneouisly on
hypocotyl elongation.

Materials and Methods

General procedures for cuiltuiring and handling
plants were patterned after those of Katsumi et al.
(14). Seeds of Cuicumtlis sativus L. cv. National
Pickling (Burpee Seed Company) were soaked for
2 to 3 houirs in distilled water. Then seeds were
planted in plastic containers filled with equal vol-
utmes of vermiculite, and the seedlings were cul-
ttured in growth chambers programmed to provide
a 16-houir photoperiod at 30 ± 1 C, alternating
with an 8-hour dark period at 27 + 1 C. Cool
white fluiorescent and incandescent lamps providedl
a light intensity at plant level of approximately
600 ft-c during the photoperiod. 'Measured volulmes
of complete mineral nuitrient solution were uised
consistently to moisten the vermicuilite. WVhen
growth retardant was added to the root medium,
the chemical was prepared in nuttrient solution.
Rotutinely, 500 ml of nutrient soltution were added
to each planter at the time the seedIs were planted.
WN hen additional ntitrient soltution was required be-
fore the time of treatment, an eqtlal volume of
solution was added to each planter. Ordinarily it
was necessary to add 100 ml of nuitrient solution
at 2-day intervals prior to the time of treatment.

Five days after planting, at which time the
hypocotyls were 2.5 to 3.0 om in length, the
seedlings were thinned to leave 12 to 15 uiniform
seedlings in each container. The hypocotyl of each
seedling was marked with India ink at the cotyle-
donary node and at a distance 2 cm below the
cotyledonary node, the d-esignated segment being
hereafter called a hypocotyl unit. The plants were
treated immediately- and retturned to the growth
chambers for an additional 3 days, at the end of
which time lengths of the hypocotyl uinits w-ere
measured.

In some experiments 1 growth retardant was
added to the root mediuim while another retardant,
IAA, or GA3 was added to the shoot tips. W\hen
a growth retardant soluition was added to vermicui-
lite it was prepared immediately before uise by
dissolving the retardant in complete mineral nti-
trient soluition. Then either 250 ml of growth
retardant soltution or 2.50 ,ml of plaini nuitrient
soluition were added to each container. 'No fulrther
additions to the vermiculite were needed dturing a
period of 3 days. Growth retardants to be applied
to shoot tips were prepared in distilled H0O to
which was added 0.05 % (v/v) of Tween 20, and
a single 10 ul aliqtuot was added to each shoot tip.
Ten ul of 0.05 % Tween 20 soluition w-ere applied
to seedlings not receiving growth retardant. GA
and IAA solutions were prepared in 25 % ethanol-
0.05 % Tween 20, and 10 ul were applied to each
seedling shoot tip.

Various temperatuire and light intensities were
tested in addition to the standard conditions de-
scribed above. However, the standard conditions
were optimal among those tested for promoting
rapid development of seedlings and a nearly con-
stant rate of hypocotyl elongation during a 3-day
period following treatment. Under the standclard
conditions the cotyle(lons were mature and the
blade of the first true leaf was approximately 1
cm long at the end of the experiments.

The growth reguilators uised in the experiments
and the soulrces from which theN, w-ere obtained
were: A) potassiitm salt of gibberellic acid (GA,)
("Gibrel" of MXerck and Companv), which is 81 %
KGA3 containing a trace (<5 %) of GA1, B)

F1G. 1. Interaction between gibberellin and Amo-1618 in affecting elongation of hypocotyl units. Both chemicals
were applied simultaneously to shoot tips. Insert illustrates a representative growtlth curve for control hypocotyl units
for the experimental period. Data denote the changes in length of hypocotyl units which -,vere 2 cm long at the time
of treatment.

FIG. 2. Interaction bethvseen gibberellin and B-995 in affecting elongationi of hypocotyl units. Both regulators were
applied simultaneously to shoot tips.

FIG. 3. Interaction betws een gibberellin and CCC. The vermiculite was saturated with 10-3 Mr CCC soltition or
mineral nutrient solution, and gibberellin was applied to the shoot tips.

FIG. 4. Interaction between auxin and Amo-1618 in affecting elongation of hypocotyl units. Both chemicals were
applied to shoot tips.

FIG. 5. Interaction betw\een auxin and B-995. Both chemicals were applied to slhoot tips.
FIG. 6. Interaction between auxin and CCC. The root medium was saturated with 10-3 -m CCC solution or

mineral nutrient solution, and IAA was applied to the shoot tips.
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indole-3-acetic acid (IAA) (Mann Research Lab-
oratories) ; C) N,N-dimethyliaminostiecinamic acid
(B-995) (technical grade "Alar" of Naugatuck
Chemical Division of U. S. Rubiber Company);
D) 2-isopropyl-4-dimethylamino-5-methylphenyl-l -
piperidinecarboxylate methyl chloride (Amo-1618)
(Enomoto and Company); and E) (2-chloroethyl)
trimethylammonium chloride (CCC) ("Cycocel" of
American Cyanamid Company).

The data presented in the graphs are, in each
case, from single representative experiments se-
lected from a total o,f more than 24 experiments.
Each mean, representing the change in length of
2-cm hypocotyl tunits in 3 days, is based on 10 to 15
plants, and the values plotted are the means plus
anicl minus the standard errors of the means.

Results

Ini-teractionts of IAA and GA3 withi Growcth
Retairdants. At dosages of 1 jug or more per plant.
GA3 completely counteracted the growth-retarding
action of 10 jug of Amo-1618 (fig 1) and 25 Kg of
B-995 (,fig 2) on elongation of the hypocotyl units
when staindard doses of these 2 retardants were
applied simultaneously with varying doses of GA3
to the shoot ti.ps. Ten jug of G-A3 applied to the
shoot tip nullified the inhibitory influence of 10-3 M
CCC added to the root medium (fig 3). The
greater response of hypocotyl utnits to 10 .g of
GA, in figure 3 than in figures 1 and 2 is attrib-
utable to a somewhat higher growth potential in
the seedlings uised for the experiment described in
figure 3. That the relationship between the dose-
response curves depicted in figure 3 is fully re-
producible was confirmed in a duplicate experi-
ment, wherein it was found that the dose-response
eurves again converged at a 10 ug dosage of GA3,
even though the maximum change in length of
hypocotyl uinits was only 3 cm. The insert in
figure 1 illustrates the growth curve for untreated
hypocotyl ttIuits in a representative experiment.
The growth rate of the coiltrol hypocotyl units
was nearly constaint over the 3-day period following
treatiment.

In contrast to the effect of GA. in couinteracting
the effects of all 3 growth retardants, IAA nullified
only the effect of CCC (.fig 6). Doses of 1 or 10
jig of IAA applied to the shoot tips completely
couinteracted the retarding effect of 10-3 MI CCC
itn the root meditum. The curves for plants treated
with 10 pkg of Amo-1618 with and without varving
dosages o,f IAA (fig 4) and 25 ,ug B-995 with and
withotut IAA (fig 5) show no tendency toward con-
vergence at higher dosages of IAA.

The selection of standard dosages of growth
retardants to be tused in the experiments describe(d
previously, as well as in those experiments to be
described later, was based on preliminary dose-
response experiments. The objective in selecting

standard dosages was to discover dlosages which
would evoke approximately 50 % inhibition of hypo-
cotyl tunit elongation. From the data presented in
figure 7, a standard dosage of 10 pg of Amo-1618
was selected, and in the case of B-995, a standard
dosage of 25,ug was chosen (fig 8). As is apparent
in figures 1 and 2, 4 and 5 and 7 through 11, these
dosages of Amo-1618 and B-995 were about equally
effective in causing approximately 50 % inhibition
of hypocotyl elongation in the absence of GA3 or
IAA. Illuistrative dose-response curves for CCC
may be seen as the tuppermost cturves in figuires 9
and 10. From such dose-response curves, 10-3 M
CCC was selected as a standard concentration of
soluition of this retardant to be used in experiments
where the interaction osf CCC with varying amounts
of another growth reguilator was to be investigated.

Growth Ret(rdaint Interactions. The hypothesis
was formulated that it mighit be posslible to deter-
mine whether 2 growth retardants inhibit the same
or different processes essential to growth by apply-
ing 2 retardants simultaneously and observing the
kinetics of their interaction in inhibiting hypocotyl
elongation. Accordingly, interactions among CCC,
Amo-1618 and B-995 in retarding elongation of ctt-
ciimiber hypocotyl units were investigated. When
plants were treated with different concentrations
of CCC solution added to the root medium simtll-
taneously both with and withotut a standard dose
of 10 ,ug of Amo-1618 applied to the shoot tips, it
was fotlnd that the inhibition cutrves converged at
10-2 M CCC and remained essentially coincident at
10-' M CCC (fig 9). Thus, according to the stated
hypothesis, it wouild appear that Amo-1618 and CCC
inhibit a commoon process essential to growth. It
shoutld be noted in this regard that 10-1 M CCC was
a highly toxic concentration which caused yellowing
and marginal necrosis of the cotyledons and injury
to the shoot tips. Hence in the presence of 10-1 M
CCC hypocotyl growth totally ceased within a brief
time (<24 hours) after application of the chemical.
No other concentration of CCC or any other growth
retardant uised evoked apparent toxicity symptoms.

When parallel experiments were performed with
a standard dosage of 25 ,ug of B-995 and varying
concentrations of CCC, the curves converged only
at the highest concentration of CCC (fig 10), which
resuilt, according to the stated hypothesis, would
indicate that B-995 and CCC do not inhibit a com-
mon process essential to hypocotyl extension.

Finally, experiments using a standard dosage
of Amo-1618 and variable levels of B-995 added
to the root mediu-m were performed. Convergence
of the cturves occturred only at 10-1 M B-995 which
practically totally prevented extension of the hypo-
cotyl uinits (fig 11). Thus, the results of experi-
ments uising 2 growth retardants simultaneously
indicated that CCC and Amo-1618 probably inhibit
a common process involved in hypocotyl elongation,
whereas B-995 inhibits a different process.
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Discussion

Confirming the earlier report by Katsiimi et al.
(14), it has been show n that hypocotyl elongation
in seedlings of the National Pickling variety of
cucuimber (Cuicniiiiis sativius L.) is promoted by both
IAA and GA3' Thus clicilmb)er see(llings are con-

venient for uise in inl-vestigations of the capacities
of auixins and gibberellins to overcome inhibitory
effects of growth retardants in intact plants.

The work of Katsumi et al. (14, 15) substantiated
that both auxin and gibberellin are essential for
normal hypocotyl elongation in light-grown cucuim-

ber seedlings. Thus growth, a gross process, ob-

viously is dependent tupon a number of partial
processes, including auixin an(d gibberellin biosyn-
thesis, both of which processes conceivably may be
inhibited by growth retardants. These considera-
tions led to the formulatioln of the hypothesis that
it might be possible to determine w-hether 2 growth
retardants inhibit the same or differeint partial
processes essential to growth by a type of experi-
ment in which 2 growth retardants are applied
simultaneously. To test this hypothesis, cucumber
seedlings were treated writh varying levels of 1

retardant in the presence and absence of a standard,
sub-maximally e,ffective dose of a second retardant.
The expected result from suich experiments is that
the 2 dose-response curves (with and without the
growth retardant used at a standard dosage) would
converge at a sub-maximally effective level of the
variable retardant, if the 2 retardiailts inhibit a

common process on hich growth is (lependent.
This wouild be true since the effects of the 2 chemi-
cals would be additive. On the contrary, if the 2
retardants used in such an experiment affect dif-
ferent processes, the cuirves should only intersect
at a concentrationi of the variable retar(lant which
essentially sto,ps growth. The latter would be ex-

pected since if any partial process hich is truly
essential to growth is totally blocked, the influence
of a retardant affecting some other process wo%uld
not be discernible.

The restilts of experiments con(duicte(d to test
the above hypothesis suiggest that Amo-1618 and
CCC do in fact inhibit a common process essential
to hypocotyl elongation, although their modes of
action are not strictly identical. So far as the
mode of action of Amo-1618 is concerned, the data
here reported corroborate the conclusion of other
auithors that growth retardation ev-oked by Aimo-
1618 results from inhibition of GA biosynthesis.
Clearly, Amo-1618 does inhibit gibberellin biosvn-
thesis in Fus(ariumitl n1ion1iliforiu}c (16, 24), develop-
ing pea seeds (2), and also in Echinocystis mai(icro-
c(rpta endosperm-nulcelltis, since it inhibits the for-
mation of kaurene from mevalonate in the latter
(6). None of the growth retardants apparently
interferes with the GA stimuilation of a-amylase
in barley endosperm (21). In addition to the direct
evidence for interference by Amo-1618 with gib-

berellin biosyuthesis, there are several reports de-
scribing reversal of Amo-1618 inhibition by applied
gihberellin in intact plants (e.g., 1, 9, 10, 14). Not
to be ignored, however, are investigations with
excised plant parts anid calluis tisstues which have
revealed that exogenouis GA did not reverse Amo-
1618 inhibition. For example, Cleland (5) found
that GA didc not reverse the inhibition of growth
of Av'Cna leaf sectiolns caulsed b)y Amo-1618 whereas
IAA partially reversed the inhibitory effect of
Armo-1618. Sachs aind \VNohlers (25) reported that
neither GA nor stupplementary auxini was effective
in reversing Armo-induiced inhibition of growth in
variouis calluis tissules in vitro, and( they concluded
that the effect of Amo-1618 cannot be simply one
of inhibiting gibberellin (or auixin) biosynthesis.
Additional data w%hich are difficult to reconcile with
the mode of action being entirely inhibition of GA
biosynthesis are reported by Halevy (8, 9, 10) who
found that Amo-1618, and CCC and B-995 as well,
stimtulated peroxidase and IAA oxidase activity in
preparations of cuicumber seedlings.

CCC and Amo-1618 interacted additively in evok-
ing retardation of cuicuimber hypocotyl elongation,
and inhibition by CCC was readily overcome by
applied GA. These findings are interpreted as evi-
dence that CCC also inhibits GA biosynthesis. How-
ever, inhilbition of hypocotyl elongation resuilting
from treatment with CCC apparenitly is not due
solely to inhibition of GA biosynthesis since the
effect of CCC on hypocotyl extension is overcome
as readily by applied IAA as by applied GA. It has
been reported previou,sly that CCC and soime analogs
of the compound inhibit GA biosynthesis in Fusa-
riliii mtiontilifor0)11e (13, 16, 19) anld( in Phmrbitis (27).
And reversal of the effect of CCC on stem elonga-
tion in intact plalnts by exogenouis GA has been
noted (1, 18, 26, 27). The available evidence slig-
gests that CCC and Aimo-1618 act at differeint sites
in the pathway of gibberellin biosynthesis (1,6,13).
Yet, as in the case of Amo-1618, CCC-induced inhi-
bition of growth of excised pea stem sections,
Avena coleoptile sections, Raphialnuxs leaf (lisks (17),
Aveiia leaf sections (5) and callus tissuies (25) was
not reversed by GA. Other reportedl evidence, with
which the present report tends to agree, suggests
that CCC may interfere with endogenous aulxin in
some way. Auixin (IAA) was effective in over-
coming the growth inhibitory effect of CCC oIn
Arvena coleoptile sections an,d pea stem sections
(17), for example. Fuirthermore, Norris (20) has
reported recently that CCC caused a reduction in
the levels of both tryptophan and auxin in wheat
seedlings, suggesting that CCC effects may be duie
to alterations of indole compound metabolism.
Compatible w\rith this hypothesis is the report of
KIlraishi and Mulir (17) who foutnd that treatment
of pea seedlings caulsed a reductioin in the amount
of diffulsible aiuxin obtainable from the stem apices.

The mode of action of B-995 is perhaps even
less completely uinderstood than that of CCC, and
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the restults of the present investigation contribute
little toward clarifying the matter. The fact that
the effect of B-995 on hypocotyl extension was
readily overcome by applied GA might be considered
evidence that B-995 inhibits GA biosynthesis. How-
ever, this is an improbable conclulsion in view of
the fact that 1-995 failed to interact additively with
either Amo-1618 or CCC. Furthermore, Ninne-
mann et al. (19) reported that B-995 failed to
inhibit GA biosynthesis in Fusariumt. Dennis et al.
(6) conclulded that B-995 did not inhibit the forma-
tion of kautrene from mevalonate in preparations of
Echinocystis lmtacrocarpa endosperm-nucellus, even
though their data reflect a possible inhibitory effect
with the highest concentration of B-995 that they
used. Significantly, the chemically related hydra-
zine retardant /8-hydroxyethylhvdrazine (BO11)
was not effective in inhibiting kaulrene production
(6).

Some positive effects of B-995 and related re-
tardants on the metabolism of inidole compounds
have been reported. These effects inclulde enhance-
ment of enzymatic destruction of IAA by BOH
(7) and B-995 (10) and inhibition of enzymatic
oxidation of tryptamine to indoleacetaldehyde by
BOH and B-995 (22, 23). Thuis some evidence
exists that B-995 may interfere with auixin metab-
olism. Yet, in the present work IAA failed to
reverse the effect of B-995 on cuictumber hypocotyl
extension, whereas GA was effective. These resuilts
agree with the report by Zeevaart (28) that GA3,
but not IAA or naphthaleneacetic acid, overcame
the inhibitory effect of B-995 on stem growth and
flower formation in Pharbitis, and also the report
by Buikovac (3) that GA3 reversed the inhibition
of stem growth evoked by C-ill. Additional work
obvioutsly will be required to eluicidate completely
the mode of action of hydrazine growth retardants.
It appears from the present investigation that B-995
may affect a process essential to growth which is
d,ifferent from those processes affected by Amo-
1618 and C;CC, and that the action of applied GA
in overcoming the effect of B-995 on growth may
be indirect.

Obviously ftull tunderstanding of the modes of
action of growth retardants will require direct bio-
chemical investigations combined with kinetic analy-
ses of growth regtulator interactions in intact plants.
Cucumber seedlings wouild seem to be nearlv ideal
material foor both kinds of experiments, particullarly
since hypocotyl growth in the intact seedlings is
stimulated by both applied auixin and gibberellin.
The procedulre described for testing whether 2
retardants affect common or different processes
also should prove useftul in futuire preliminary
attempts to determine the process essential to growth
which is affected bv a particullar new retardant
by testing its interaction with a retardant the mode
of action of which is known.
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