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A4bstract. The application of gibberellin to Acer negundo either duiring or after a short
photoperiod strikingly lowered the amount of hardiness obtained after 4 weeks in darkness
at 5°. Two growth retardants, B9 and Amo 1618, the latter of which interferes with gibberellin
,ynthesis, brought about hardiness increases under long photoperiods. The naturally occurring
inhibitor, dormin, also increased hardiness under the usual inhibiting influence of long photo-
periods. Extracts from plants given long or short days had gibberellin-like compounds in
largest quantities during LD and lowest quantities under SD, while the inverse was true for
the inhibitor.

It has beein shown that cold hardiness induiction
in woody planits is a photoperiodic phenomenon
(5). Short days (SD) induce hardiness while
long days (LD) are inhibitory. In addition, it has
'been shown that LD treated leaves on a plant can
retard the SD promoting effect of other leaves on
the same plant (6). Thtus, the perception of the
long photoperiod allows the productioin of sub-
stances inhi'bitory to hardening. Exposing branched
plants to long and short photoperiods indicated
there was a transfer and balance of growth and
hardiness regulating compounds from 1 branch to
-another (6). Since the compotund(s) were readily
translocated and produced in largest qulantities
during long days, a logical stuspect was gibberellin.
Thus, the influlence of gibberellin and various
growth retardants on cold hardiiness development
was investigated.

Methods and Materials

Plant Material and Experimitental Conditions.
Acer negundo L. (Box elder) seedlings were uised
as test plants for hardiness determination. Seed-
lings were grown for at least 3 months at al)proxi-
mately 210 in a greenhouse under long photoperiods
before undergoing experimental conditions in con-
trolled environment chaimbers.

A completely randomized design was uised and
the analysis of variance was performed according
to the procedture of Le Clerg et al. (7) on the
individual killing points to determine which vari-
ables were significant. Duincan's new- mulltiple
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range test was utilized for mean separationi of the
hardiness levels of all experiments.

Artificial Freezing Test and Determination of
Viability. A standard freezing procedure was uised
in hardiness determinations. An increase in hardi-
ness was represented by the ability of the tissue to
survive a lower temperature. At least 8 tissue
samples from each treatment wvere utsed in the
freezing tests. A 16 cm section from each par-
tictular plant was ctut into 6 pieces and each was
exposed to different temperattures. One section at
50 served as the control. The others were placed
in styrofoam boxes and then in a freezer at -6.50.
The rate of temperatutre drop was less thani 30/hotir.
Air temperatures were monitoredl in each box at
2 and one-half minute intervals anid automatically
recorded. When the temperatulre in the boxes
reached -50, all the boxes except 1 were trans-
ferred to a freezer set at -12.50. This process
was repeated at -17.8, -23.5, and -29.00. After
2 hours at each temperature, the boxes were re-
moved and allowed to thaw at 50 for 6 houirs. The
samples were then l)laced in a plastic container
uinder high humidity at room temperature for 36
hours.

Determination of the viability of the frozeni
tissue and the extrapolation of the killing points
were performed by using a slight modification of
the triphenyl tetrazoliuim chloride (TTC) techniqtue
as previouisly outlined (5, 8).

Extraction Tech;iiqucs. Tlhe extractioni tech-
niqtue employed to remove g.bherellins an(d inh:bi-
tors was similar to that uised by Eagles and( \Tareiing
(3). In each case, the material to hbe extracted
was shredded with a razor bla(le and( then homog-
enized in a blender at 0° in 80 % (v/v) aquleouls
methanol. Three successive changes of methanol
were made at 8-hour intervals. The fractions were
filtered through Whatman No. 42 filter paper and
then concentrated to 100 ml uinder reduiced pressure
at 280. The aqueouis fraction was allowed to set
overnight, refiltered, alnd acidified to pH 2.0 with

9



10 PLA NT

5 % H.SO4. This fractioin was then partitioned
8 times wvith 40 ml of ether and the ether fraction
redutced to dryness iunider redtuced pressuire anld
(lissolved in a known voltume of dry ether for
loadling on chromatograms.

Paper Ch romnatography. Concentrated extracts
were strip-loaded on Whatman No. 1 '_MM chroma-
tography paper and the chromatograms (leveloped
by the ascend,ing method uintil the solvent front was
25 cim from the starting line. The chromatograms
were air dried and cut into 10 transverse strips for
bioassay uising the letttuce germination test.

Dark Germina(itiont of Lettutce Seed Bio(ss(lY.
This test was based on the 1 described by Harada
(4). Chromatograms were cuit into 10 sections as
ment'ione(l above. Each section w,vas then place(d
in a Petri (lish and( moistened with 1.3 ml of
(listillecl w!ater. (\Vheni GA or (lorminl solutions
were usedl, 1.3 ml of the particuilar concenitration
(lesire(l Nwas placed on a blank chromatogram
strip)). One huindred letttuce seeds, variety Grand
Rapicls, Nwere then sowni on each moistene(d strip.
The dishes were place(d in the dark at 250 and the
percent germinlationi determined after 2 d(ays.

Chemicals. TI'he gibberellic acid (GA) used -w,as
the 10 % salt of GA:, obtained from Nultritionial
Biochemicals Corporation, Clevelanid, Ohio. T'lhe
dormn:1 was ol)taine(l from Dr. J. Cherry through
the couirtesy of Dr. J. van Overbeek, Shell Develop-
ment Company, Modesto, Californi.a. The Atno
1618, chemically knownn as 4-hydroxy-5-isopropyl-
2methylphenlyl trimethyl-ammonium chlori(le, I -pi-
peridine carboxylate. was obtained from E. C.
Geiger Company, North \Vales, Pennsylvania, and
the B9 (Alar or B995), chemically known as
N-dimethylaminosuccinamic acid, was receive(l from
Naugatuck Chemical Corporation, Nauigatulck, Con-
necticuit.

Results

Effects of Gibbercfin and Growth Rctzr/a its
Given Dutrinlg the Induction Perio(d ont Grow(cth and
Hardiness. The possibility that SD w\ere bringing
abouit hardening by lowering or overcoming gib-
berellin activity was investigated bhy (lividino 15
Acer p-lants into 3 grouips. One grouip was l)lace(l
under LD and sprayed at weekly intervals with
3000 mig/l concenitration of B9, a growth retard-
ant; the second gro,up was placed tundler LD; the
third grouip uindler SD. The latter 2 treatments
were sprayed with water at weekly intervals.

The stem growth of the plants in the 3 treat-
ments was measuired in order to determine the
effectiveness of the inhibitor application. 'I'he
plants grown under LD continuted to grow quiite
rapidly and prodtuced an increase of 42 mm in
length duiring the 4-week treatment period (fig 1).
The B9 applications were quite effective in limitinig
the growth of Acer, allowilng only 7 mm increase
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in 4 weeks. The SD treatmeint allowed only an
average of 5 mm growth.

The plaints were subsequiently- hardened for 4
weeks at 5° in darkness and the killilng poinlts
determined. As shown by the nutimbers in pareni-
thesis in figulre 1, B9 was also effective in bringinig
abouit an increase inl hardiniess. Long (lays brouight
abouit har(diniess to -16.1°, 'While LD + B9 was
killed at nearlI -20.0o, an ilncrease of 4°. How-
ever, the SD treatment was still more effective, the
klilliin p)oint being -22.2'.
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Fi(;. 1. Efffect of B9 on the -rowtlb andblar(liness
of Acer. B9 wN-as appliedl weekly at 3000 mg/l. Killing
points followx-ed by identical letters are considered nlot
significanth- (lifferenit at tbe 0.05 probalility level.

The influlenice of GA anid Amo 1618, a growth
retardillg compouind shown to inhibit gibberellin
synthesis (2), oIn the growth and( hardiniess of Acer
was also determined. Planits were placed tindler the
followinig coln(litions: 1) SD; 2) LD; 3) SD + a
200 mg/l spray apl)lication of GA each week: 4)
LD + a 1000 mg/l spray applicationi of Amo 1618
each week: anid 5) LD + a spray application of
25 mg/l of GA and(l 1000 mg/l of Amo 1618 each
week.

Gibberelliln treated planits prodluced a tremenidous
burst of growth even tilnder SD, growing an average
of 96 mm compare(d to 59 mm produced hy LD
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FIG. 2. Effect of gibberellic acid and Amo 1618

on the growth and hardines,s of .Acer. Numbers follow-
ing the chemical abbreviationi indicate concenitration
in mg/I. Killing points followed by identical letters are

considered lnot significantly (lifferent at the 0.05 proba-
bilitv level.

duiring the same period (fig 2). The planits treated
with both GA and Amo 1618 grew somewhat less
(46 mm) than LD treated plants, while the LD +
Amo 1618 treatments both grew less thain 10 nmm.
A separate group of SD + GA treated plants was

defoliated and moved to a warm greenhouise under
LD and compared with plants treated with SD
(and no GA) to determine if they were (lormant.
Only those treated with GA put out new foliage,
indicating that the exogenous applications ha(d pre-

vented the indtuction of dormancy by SD.
The plants were subseqtiently hardenetd at 50

for 4 weeks before determining the killing points.
The plants treated with GA under SD did not
harden at all and were even 4° 'less hardy than LD.
The growth retardant, Amo 1618, did lower the
killing point under LD, from -11.8° to near

-14.00. This treatment was repeated 3 times
and in each case 'the Amo 1618 produced a rela-
tively small (3-4°), but significant, increase in
hardiness. The treatment receiving both LD +
Amo 1618 and GA hardened much like LD. Thuis,
the GA canceled the hardiness promoting effect of
Amo 1618.

S.ince weekly applications of B9 and Amo 1618
did bring about modest increases in hardiness,

higher concentrations and more frequenit applica-
tions were attempted in order to more nearly ap-
proximate the SD effect. Concentrations of 2000
mg/i of Amo 1618 brought about visible chlorosis
of Acer after 1 application; therefore, 1000 mg/l
applied 3 times weekly was tused. In addition, B9
at 3000 mg/l was applied 5 times weekly to a
second group of plants under LD. The effects of
these multiple applications were quite marked
(table I). The administration of Amo 1618
brotught abouit an increase of 10° after 4 weeks of
hardening at 50 while the B9 applicationis produiced
an 80 increase.

Table I. The Influcnce of Spray 4ppli'cati'onis of Anto
1618 aniid R9 ont Hardiness of Acer negundo

Treatment' Killing poillt 2'

SD 5 wks -29.6 a
LD + Amo 1618 (Applied at 1000 mig/l

3 times weekly for 5 w-;ks) -27.9 a
LI) + B9 (Applied at 3000 imlg/l

5 times veckly for 4 wvks') -26.4 b
LD 5 ;ks -17.6 c

I Sullbjected to 4 and i weeks under the respeeinve

plhotoperiods followcd by 4 weeks of hardening at 50.
- Killiig- points followed 1y identica-l letters are conl-

si(lere(d not significantly clifferelnt at the 0.05 prob-

ability lexvel.

Effect of GA Applied After thec Induction
Period. In order to determine if GA was also able
to prevent hardiness after SD induction and prior
to hardeniing, plants previously given 6 weeks of
SD were immersed in a 1000 mg/l solution of GA
for 2 minuttes 2, 1 and 0 days before beginning a
6-week hardening treatmenit at 50. The GA treat-
ments were all effective in significantly lowering
the hardiness level (table II). The application
given 2 days before hardening was, indeed, most
effective in redtucing hardiness. However, the GA

Table II. Effect of GA Applied at Different Timiie
Suibseqiuent to Short Days and Prior Hardeninig

of Acer negundo

Treatmllent' Killinig poinlt 0 2
Expt 1 Expt 2

SD (No GA) -39.4 a -33.3 a
SD + GA 1000 mg/l (Applied

wbienl hardening began) -34.5 ) -28.2 b
SD + GA 1000 mg/l (Applied

1 day before hardening began) -35.0 b -27.9 b
SD + GA 1000 mg/l (Applied

2 days lefore hardening beganl) -33.7 c -26.5 c

Subjected to 6 weeks under the respective photo-
periods followed by 6 weeks of hardening at 50.

2 Killing points followed by identical letters are con-
sidered not significantly different at the 0.05 prob-
,ability level.
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treatmeiits were inot abIe to conl)letely eliminate
the SD inifltuenice.

The abilit- of GA to prevent the development
of col(d hardiniess when applied after LD + 5°
night temperature induictioni was tested in a similar
fashioni (table III). 'T'he GA treatment lowered
the hardiness level 9 degrees from -29° to -20°,
a temperatture niearer the LD thani the SD treat-
menit. If the amouint of hardiiness loss as a restilt
of GA application in this experimenit is comi-pared
writh the largest losses brouight aloult by GA after
SD exposture (5.70 and( 6.80 shownIln tab'e II) the
dlifferenices are niot large. However, the relative
legree of har(iniess lost by GA applicationi to the
l,D + i5 iight treate(I plants wxas mulch greater
thanl in the case of SD.

Table III. Effec-t of Lozr 1Tme rpt/atres Dur-ing the
Dark Per iod and G.Al Gi..en Befor-c Har-dening on

Hardiness of Acer neg-undo

Trel-atmllent1 sKilling point 0 2

SD -31.2 a
,I) + 50 nighlit temlip -29.1 a

L,I) + 5; night telulp + GA 1090 mg/I
2 day-s before hardenig, -20.1 h

LI) -18.5 h)

Stiuhjected to 4 w-eeks tui(l r the reswective photo-
periods followed by 4 xw-eeks of hardening at 50.

2 Killing poinits followe(d by identical letters are coni-
sidered not significantly different at the 0.05 prol)a-
h)ility level.

The recentl\- iclentifie(l hormiionie, clorminl, has
also beeni showin to be a gibberellin aiitagonist
(1, 9). Dorminl showe(d an inlteractioni with GA
in the oat coleoptile test aind inhibited GA-stimtu-
lated synithesis of a-amnylase in barley endosperm,
inidicating that it functions as an anti-gi)berellin
in vivo. In addition, it has beeni shown to retard
the stem extension of 'birch plaints anid inhibitedl
bud(1 break in isolated segmeints of birch stems.
'T'huis, the effect of dormin was tested oIn the -rowth
and hardiiness of Acer. The chemical was applied
diring LD by 2 methods: (1) by allowing the
plant to conltinuioutsly take it upl) throuigh a leaf
folded inito a xvial containiing a 100 mg/I soluttion of
dormin; and(l (2) by painting the leaves every other
(lay with a 100 mig/l soluition of dormin. After 3
weeks of treatment, the lplants w,ere hardleined for
4 wseeks in darkness at 5°.

The dormini vas as effective as SD in suip-
pressing the growth of Acer l)lants. Similarly, the
(lormin treatmenits increasedl hardiniess by a suib-
stantial margini (fig 3). The SD treate(d plants
were killed at --28.50 and the LD + dormin (fe(d
throutgh vials) were hard) to -21.10, over 60 lower
thani without dormin. Dormin applied by painiting
the leaves also significantly increase(d hardiness, bult
less than that applied through vials.

Bioassay of Hardincss Inhibitors an1ld Pro mnoters.
Since dormin and other grow%th retardants increased

E
E
I
I-

z
w
-J

w
cnI-1

w
In
w

0
z

w
CD

ACER NEGUNDO

Killing Point in ( )

(-152°) a

SD (-28 5 )c

DORMI 21 I)b
-5 IOOmng/lifed in viols)

DORMIN (-19.50)b
100mg/( pointed on every

other day)

0 2 3
WEEKS OF PHOTOPERIOD TREATMENT

FIG. 3. Effect of (lormlin on the g,rowth and lhardli-
ness of Acer. Killing points followed(l l identical let-
ters are conisidered nOt significantly differenit at the
0.05 probability level.

hardliness while GA decreased it, ani atteml)t was
made to determine if hardiness development were
related to a cotunter-actioni of GA by an inhibitor,
sutch as dormin, tinder SD. Determilnation of the
levels of gibberellini andtl inihibitor under both LD
ancl SD was particuilarly importanit since previouts
data indicated that gibberellin p)revented hardiness
(levelopment while inhibitors increased it. Thuis,
extractions of large volutmes of SD and LD treated
leaves were made, chromatographed and compared
in the lettuice germination test to a solution coni-
taining 25 mg/l each of GA anid dormin. N-Butta-
n,ol :1.5 N NH3 alt 3:1 was tised as the solven-t
becauise it brotight aboult a wide resolultion of GA
and dormiin.

LETTUCE SEED BiOASSAY
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Fi(;. 4. Comparisoni of LD and SD extracts with
dormiini and GA onl germiniation of lettuce seed. The
values for the plant extracts are the average of 4 sepa-
rate assays of 12 g fresh wveight in each. The (lormim
and GA -alues are the average of 2 iassays of 25 mg/l
of eaclh. The solvent was ni-Butanol: 1.5 N NHT:. (3/1
v/v) .
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The relative levels of giibberellin-like compounds
were higher tunder LD than with SD (fig 4).
Likewise, the amount of inhibitor was increased
by SD treatment. The germination-promoting areas
in the 2 extractions were very similar to the peak
produced by GA, all 3 being located primarily
betveen RF 0.0 and 0.4. Correspondingly, the
inhibiting zones of the extracts were very similar
to the inhibition produced by dormin. The Acer
SD extract contained the greater amouint of inhibi-
tory activity and, therefore, resembled the activity
of dormin quite closely.

Discussion

Work conducted on Acer negundo plants demon-
strates that gibberellin acts as an inhibitor to cold
hardiness induction. Applications of GA produce
large amounts of growth, even under SD, and
eliminate the usual hardiness obtained by SD.
Three compounds which exhibit anti-gibberellin or
growth retarding properties (B9, Amo 1618, and
Dormin) were effective in inducing measuirable
levels of hardiness tinder LD, presuimably by cotun-
teracting -the influence of endogenouis gibberellin.
This counteraction of gibberellin apparently simu-
lates the SD effect which normally precedes hard-
ening.

In addition, administration of GA subseqtuent to
the SD preconditioning period and prior to harden-
ing in darkness significantly lowered, but did not
completely eliminate, the hardiness levels attainel.
GA given after LD + 50 nights and before the
hardening treatment prevented hardening in the
tusual manner. Why GA did not completely remove
the hardiness induced by SD, but did under LD with
50 nights is not clear, but one coutld speculate that
the presence of an inhibitor produced under SD,
but not under LD + 50 nights, might partly couin-
teract the GA activity. Once the SD induction has
occurred it may take more than GA to overcome it.

An inhibitor extracted from SD treated Acer

leaves, using techniques similar to extractioni of
dormin in other species, brings about iinhibition
similar to dormin in the lettuce germinatioin test.
Extraction of large voltumes of leaves previouisly
exposed to SD showed relatively lower levels of
gibberellin-like compouinds and higher levels of
inhibitor than LD treated leaves. These resullts
are consistent with the idea that long days inhibit
hardiness as a result of high gibberellini activity
and short days promote hardiness by the buildtup
of an inhibitor able to couinteract gibberellin.
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