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Summary. 'The development of cold hardiness in 2 woody plant species (Acer negundo
and Viburnum plicatum tomentoswm) was shown to be independent of the induction of
bud dormancy. Substantial hardiness levels were obtained under controlled conditions
with long days and certain low temperatures—without dormancy development as a
prerequisite.

Low temperatures given during the dark period with long days induced hardiness to
a level not significantly different from that of short days. Giving plants continuous 10°
temperatures under long days forced plants to harden as if they were under short days,
even though they were not dormant.

Development of hardiness was shown to be a photoperiodic response. Increasing
weeks of short days, followed by a low temperature hardening period in darkness, brought
about a progressive increase in hardiness. The short day stimulus could be reversed by

long days.

Following 6 weeks of short days, the rate of hardening in darkness at 5°

was over twice that of plants previously exposed to long days.

The chronological similarity between bud dormancy
or rest (i.e. the inability to produce normal growth
even under favorable growing conditions) and cold
hardiness development in woody plants led observers
to believe that these 2 processes were intimately
associated (3,9). According to Chandler (1), devel-
opment of cold resistance was partly due to early or
rapid development of the dormant period in the woody
plant during late summer and early fall. He postu-
lated, therefore, that substances move into the bark
of the trees during the fall period as precursors of
substances inducing cold hardiness, but that these
materials could not accumulate until the plant was
fully dormant. Thus, the theory evolved that cold
hardiness could be induced only after the dormant
state had been reached. This dormancy prerequisite
concept indicated that the final state was the result of
a 2-step process, first dormancy induction and then
cold hardiness development. The idea gained accept-
ance even in the face of other research indicating, at
least indirectly, that bud dormancy was not involved
(2,4,7). This paper demonstrates that cold hardi-
ness development is not dependent on bud dormancy.

Materials and Methods

Plant Material and Experimental Conditions. The
plants used in this study included rooted cuttings of

1 Journal Paper 3055, Agricultural Experiment Station,
Purdue University, Lafayette, Indiana. Part of a Ph.D.
Thesis, submitted by R. M. Irving.

2 Present address: Department of Horticulture, Okla-
homa State University, Stillwater, Oklahoma.
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Viburnum plicatum tomentosum Thunb. (Doublefile
viburnum) and seedlings of Acer negundo L. (Box
elder). Plants were grown for at least 3 months at
approximately 21° in a greenhouse under long photo-
periods before undergoing experimental conditions.

Plants exposed to long photoperiods under fall
conditions received 400 ft-c of artificial light from
5:00 pM until 11:00 pM. All other experiments were
conducted under controlled environments at either
2500 or 1000 ft-c, the latter being used when 5°
temperatures were employed.

Experimental Design and Analysis. A completely
randomized design was used and the analysis of
variance was performed, according to the procedure
of Le Clerg et al. (6), on individual killing points to
determine which variables were significant. Duncan’s
new multiple range test was utilized for mean separa-
tion. Those killing points followed by an identical
letter are not significantly different at the 0.05
probability level.

Artificial Freezing Test. A standard freezing
procedure was used in hardiness determinations. An
increase in hardiness was represented by the ability
of the tissue to survive a lower temperature. At least
8 tissue samples from each treatment were used. A
16 cm section from each plant was cut into 6 equal
pieces and each was exposed to different temperatures.
One section at 5° served as the control. The others
were placed in styrofoam boxes in a freezer at —6.5°.
Internal air temperatures were recorded in each box
at 2 and one-half minute intervals. When the box
temperatures reached —5° all the boxes, except one,
were transferred to a freezer set at —12.5°. This
process was repeated at —17.8°, —23.5°, and —29.0°.
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The rate of temperature drop was 3° per hour. After
2 hours at each temperature, the boxes were removed,
held at 3° and the material was allowed to thaw. The
samp'es were then placed in a plastic container under
high humidity at room temperature for 36 hours.

Triphenvl Tetrazolium Chloride Technique for
Viability Detcrminations. 'The viability of the frozen
tissue and the extrapolation of the killing points were
determined by using a slight modification of the
triphenyl tetrazolium chloride (TTC) technique as
outlined by Steponkus (8).

Previously frozen plant material was weighed to
50 mg samples. The Viburmum sections were cut to
a maximum of 3 mm, while the Acer sections were
cut to a maximum of 2 mm to facilitate penetration
of the TTC into this species. (The remainder of
cach section was placed in a box of vermiculite which
was then placed under an intermittent mist system.
Visual determinations of viability was made after 10
days as a final check of the refined TTC test.)
Tissue samples were placed in test tubes and 3.0 ml
of a 0.69 TTC solution (buffered at pH 7.4 in
0.05 phosphate-phosphate buffer, plus 0.01 %
Ortho X-77 as a wetting agent). Viburnum samples
were vacuum infiltrated at 12 cm of Hg for 2 minutes
while Acer samples were vacuumed at 3 cm of Hg
for 5 minutes.

Tubes were then stoppered and incubated at 27°
for 13 hours.

The TTC solution was removed and the tissue
rinsed with distilled water to remove any TTC not
fixed in the sample itself. Fiburnum samples were
then diced to 2 mm sections to allow for a more
quantitative extraction.

Tubes were filled to 7 ml with 93 9, ethanol and
placed for 10 minutes in a boiling water bath to
extract the reduced TTC.

Tubes were cooled and filled to 10 ml with ethanol.

Absorbance at 330 my was recorded and the values
divided by the abscrbance of the 5° control to deter-
mine the percent reduction. The killing point was
extrapolated as the temperature at which 50 9, of the
tetrazolium reducing capacity was lost. ‘The value
of 50 9, was determined as the critical level in pre-
liminary correlation studies between tetrazolium ac-
tivity and visual observation of tissue viability.

Determination of the Dormant Condition. Plants
were considered dormant if normal leaves were not
produced within 5 wecks after transfer to favorable
growing conditions. If a majority of the plants
within a particular treatment failed to grow, that
treatment was considered dormant.

Results
and Discussion

Hardiness Development Under Natural and Long
Day Conditions. To clarify the role of dormancy
in cold hardiness. an experiment using Viburnum
plicatum tomentosum as the test plant was designed
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Table I. Development of Cold Hardiness in Viburnum
plicatum tomentosum as Influenced by Photoperiod
and Temperature

These values were measured 12 weeks from begin-
ning of trcatments.

Killing point

Plant location Photoperiod Dormant ok
Greenhouse Long No —6.0 a
Greenhouse Short Yes —I13.5D
Outdoors Long No —272¢
Outdoors Natural (Short) Yes —29.6 d

* Killing points followed by identical letters are not
significantly different at the 0.05 probability level.

that would indicate the killing point (KP) of the
non-dormant, non-hardened; dormant, non-hardened;
non-dormant, hardened; and dormant, hardened plants.
The treatments and the results obtained are shown in
table I. Plants located in the greenhouse from Sep-
tember 15 to December 15 under long days (LD)
(non-dormant, non-hardened) were killed at —6.0°.
Plants located in the greenhouse under short days
(SD) (dormant, non-hardened) were hardy to
—13.5°, indicating that some increase in hardiness
was obtained by photoperiod alone. The non-dormant,
hardened condition was obtained by placing plants

VIBURNUM PLICATUM TOMENTOSUM
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Minimum daily temperatures are shown.
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under natural fall conditions and extending the photo-
period. Surprisingly, hardiness by December 15 de-
veloped to —27.2° under these long days with natural
temperatures. Proof that these plants were not dor-
mant was obtained by taking a separate group into
a warm greenhouse under LD where growth resumed
almost immediately. Under the assumption of the
dormancy requirement theory, these plants should
have failed to harden when exposed to a trcatment
that prevented dormancy deve'opment. However,
their hardiness was almost identical to plants located
outdoors under natural photoperiods (the dormant,
hardened plants), which hardened to —29.6°.

Hardiness Development Under Avrtificial Condi-
tions Without Dormancy. 'The information in table I
is consistent with data obtained from an experiment
where hardiness was determined at 2-week intervals
on plants placed outdoors under natural photoperiods
or LD during the autumn of 1965 (fig 1). The
development of hardiness in conjunction with mini-
mum temperatures during this time provides additional
insight into why LD treated (non-dormant) plants
developed hardiness. Under natural conditions a
large increase in hardiness was produced between
October 18 and November 30, while the non-dormant,
LD plants made a similar increase between November
16 and December 17. Although the development of
hardiness was delayed by about 1 month, it was by
no means prevented.

What brought ahout hardiness under LD condi-
tions? The most likely explanation is that even
though the plants under LD continued to grow for a
period in the fall, growth had ceased by November 1
and by late November the night temperature dropped
below —4° on 3 successive nights. These cold tem-
peratures killed the foliage but did not affect the stem
tissue. Removal of the leaves that perceived the LD
influence quite likely was critical for subsequent
hardening. It therefore seems possible that under
long days and normal temperatures a hardiness in-
hibitor was produced in the leaves which prevented
hardening. 'Thus, killing the leaves by low tempera-
ture removed this inhibition.

An experiment was also conducted in a cold
chamber at 5° under LD (16 hrs) in an attempt to
induce hardiness without dormancy under controlled
conditions. After 28 days under LD at 5°, 1 group
of each species remained under the same condit‘ons
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Table I1I. Induction of Cold Hardiness in Acer negundo
by Short Days or Long Days and 3°
Night Temperaturcs

Killing point

Treatment* ok

Short days —311 a
Long days 4+ 5° night temperatures —292 a
Long days —1835 b

*  Subjected to 4 weeks under the respective photo-
periods followed by 4 weeks of hardening in dark-
ness at 5°.

*#*  Killing points followed by identical letters are not
significantly different at the 0.05 probability level.

while another group was transferred daily for 6 hours
during the dark period to a freezer, which was lowered
0.5° per day, beginning at 1° and dropping to —6°
in 14 days. This treatment is referred to as the
low temperature sequence in table II.

Considerable development of hardiness was ob-
tained with LD and low temperatures (table II).
The Viburnuwm plants given the low temperature
sequence were hardy to —26° while those receiving
LD at 5° failed to survive —17°. The .4cer plants
given the low temperature sequence were hardy to
—31.7° compared to —19.5° for those receiving 5°
continuously. None of the treatments induced dor-
mancy.

Alteration of the Long Photoperiod Response by
Low Temperature. Having accomplished the devel-
opment of substantial levels of hardiness by LD at
5° with the low temperature sequence, without in-
ducing dormancy as a prerequisite, the next step was
to determine if 5° during the 8-hour night would
induce hardiness. Acer plants were subjected to SD
(8 hrs) and LD (16 hrs) treatments while a third
group received LD plus 5° at night for 4 weeks.
All treatments were subsequently hardened in dark-
ness at 5° for 4 weeks, frozen, and the killing points
determined (table III). The SD control group was
killed at —31.1° while the LD control was killed at
—18.5°. The LD plus 5° night treatment did develop
hardiness, to —29.2°, a figure not significantly dif-
ferent from the SD control. Here again. hardiness
was induced in sizeable levels without dormancy heing
developed.

If low temperature given continuously or during

Table II. Development of Cold Hardiness in Viburnum and Acer Under Long Photoperiods and
Low Temperature Treatments

Plaqt Dormant Killing point
species Continuous 5° 6 weeks Ok
Viburnum Temperature treatment* No —17.0 a
Low temperature sequence No —26.1 b
Acer Continuous 5° 6 weeks No —195 a
Low temperature sequence No —31.7 b

* Low temperature sequence was 4 weeks at 5° under long days; then +1° to —6° in 14 days (lowered 0.5°/day)

during dark period only.

**  Killing points followed by identical letters are not significantly different at the 0.05 probability level.
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the 8-hour dark period could bring about an increase
in hardiness under 1.D, the next step was to consider
whether or not a particular 4-hour cold period during
the night would increase hardiness. An experiment
using Acer plants was designed to test the effect of
cold periods during the night on hardiness. In addi-
tion, groups of plants were placed in LD, SD, and
LD plus 3° night temperatures but were given no
subsequent hardening in order to determine if the 5°
temperature itself had a hardening effect during the
photoperiodic preconditioning treatment (table IV).

The low temperatures given during LD were
effective in bringing about hardiness. However,
there was no difference as a result of cold treatment
given during the first or second halves of the dark
period. Unfortunately, the effect of low temperature
given during different parts of the light period was
not tested. Failure to detect a difference in response
to cold exposure given during the first or last half
of the night may be due to the confounding effects
of low temperature on hardening rather than to photo-
period itself. Additional work in this area is needed
to separate and clarify the influence of low tempera-
ture under these conditions.

There was no difference between LD and LD
+ 5° night temperatures if the plants were not
hardened, indicating that the low night temperature
effect was realized only during the hardening treat-
ment. This was the case even though growth was
somewhat retarded by the 5° night temperatures during
this time. In addition, the low temperature exposure
was incapable of bringing about the dormant condi-
tion after 4 weeks under these LD conditions.

To further explore the possibility of producing
hardiness without induction of dormancy, plants from
each species were placed under LD at 10° (a non-
hardening temperature), SD at 10°, or SD at 21°
during the preconditioning period of either 4 or 5

Table IV. Effect of Photoperiod and Low
Temperatures During the Dark Period on
Hardiness of Acer negundo

Killing point

Treatment* Hardening** okokok
Short days Yes —31.1 a
Long days 4+ 5° night Yes —292 ab

Long days -+ 5° night 2nd
half of dark period + 4

more hrs during light Yes —270 b
Long days + 3° night 1st

half of dark period + 4

more hrs during light Yes —263 b
Long days Yes —185 ¢
Short davs No —122 d
Long days No —84 e
Long days + 5° night No —85 e

* Subjected to 4 weeks under the respective photo-

periods.

**  Four weeks of hardening in darkness at 5°.
**%  Killing points followed by identical letters are not
significantly different at the 0.05 probability level.
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weeks. At the end of this period, one-half of the
plants were defoliated and placed in the greenhouse
under LD to determine dormancy, and the other half
were subjected to hardening temperatures in darkness.
Table V shows that Acer survived —29° regardless
of treatment, which is in contrast to the usual —15°
to —17° killing point obtained by similar hardening
after LD at 21°. In addition, Viburnum plants ex-
posed to LD at 10° were killed at —22.9°, nearly
10° greater than the average killing point with LD
at 21°. Yet, dormancy was not induced by the LD
at 10°. Nevertheless, SD at 10° was effective in
bringing about the dormant condition and a sizeable
degree of hardiness in contrast to the effects reported
by Moshkov (7).

Obtaining such hardiness indicates that the 10°
temperature during the preconditioning period forced
the plant to respond physiologically more like it was
exposed to SD than to LD. Apparently, the 10°
temperature altered the plant’s ability to respond to
LD. However, the fact that the LD 10° treatment
failed to produce the dormant condition in either
species illustrates that there was not complete re-
versal of the photoperiodic influence by low tem-
perature.

Induction of Hardiness by Short Days. If hardi-
ness development is not dependent on dormancy, what
triggers the reactions that bring about hardiness in-
creases of over 30° in many plants? To investigate



IRVING AND LANPHEAR—ENVIRONMENTAL CONTROL OF COLD HARDINESS

1195

Table V. Effect of 10° Temperature Prior to Hardening on the Subsequent Development of Hardiness
of Acer end Viburnum

Killing point
ok

Species Treatment Dormant

Acer Long days at 10°, 4 weeks No —29.0 a
Short days at 10°, 4 weeks Yes —290 a
Short days at 21°, 4 weeks Yes —29.0 a

Viburnum Long days at 10°, 5 weeks No —229 a
Short days at 10°, 5 weeks Yes —288 b
Short days at 21°, 5 weeks Yes —302 b

* Killing points followed by identical letters are not significantly different at the 0.05 probability level.
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Fic. 3. Effect of short days on hardiness of Vi-
burnum. Standard deviations are shown.

this, experiments were conducted to determine if cold
hardiness induction was in response to short days.
Acer and Viburnum were exposed to varying periods
of short days, followed by a hardening period in
darkness at 5° or lower. Figures 2 and 3 show that
with both species hardiness increased in a linear
fashion in response to increasing exposure to SD.
Hardiness of Acer increased steadily over the 6-week
induction period going from about —19° with no
SD to —28.5° with 6 weeks of such treatment.
Hardiness of Viburnum increased linearly from 2 to 7
weeks of SD, ranging from —12° with 2 weeks to
—26.7° after 7 weeks. If dormancy per se were
required before hardening could proceed, no gain in
hardiness would occur for about 4 weeks with Acer
and 5 with Piburnum, which is the time required for
the induction of dormancy. Instead, hardiness in-
creased steadily for 6 and 7 weeks.

Table VI gives an indication of the effect of SD
upon subsequent hardiness developed. At the end
of the 6-week photoperiod treatment, but prior to
low temperature exposure, SD had increased hardiness
slightly (2.6°). However, after 4 weeks of hard-
ening, the SD influence had widened the difference
to nearly 14°. The LD treatment gained about 8°
during hardening while SD gained nearly 19°, indi-
cating that the rate of hardening after SD exposure
was twice as rapid as after LD treatment.

The response of Acer to 5° temperature in dark-
ness after having been exposed to 0, 2, 4, and 6 weeks
of SD is shown in figure 4. There is a progressive
increase in hardening by all 4 treatments in response
to 5° temperatures. However, the slopes of the
lines are distinctly different; the greater the number
of SD, the steeper the slope. For instance, there
was a 4° difference between the 0- and 6-week SD
treatments at the outset and nearly 11° after the
hardening period.

To further verify that the SD influence was truly
a photoperiodic phenomenon, the night interruption
experiment was conducted. Plants were given either
a 9-hour SD, a 16-hour LD, or an 8-hour SD plus
1-hour night interruption in the middle of the 16-hour
dark phase. In accordance with the SD concept of
hardiness, the night interruption treatment produced
hardiness almost identical to LD (table VII). Those
plants receiving LD or SD and interrupted nights
were killed at near —18° while the SD treatment
was hardy to —31°. Table VIII gives an indication
of the ready reversibility of the effect of SD. While
4 weeks of SD increased the hardiness level 12° from
—15.5° to —27.2° and 2 weeks of SD lowered the

Table VI. Effect of Photoperiod on Level of
Hardening of Acer

Killing point

Treatment Hardening* okk
Long days, 6 weeks No —6.5 a
Short days, 6 weeks No —9.1 a
Long days, 6 weeks Yes —148 b
Short days, 6 weeks Yes —280 ¢

* Four weeks at 5° in darkness.
**  Killing points followed by identical letters are not
significantly different at the 0.05 probability level.
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Table VII. Effect of Night Interruption and Other
Photoperiodic Treatments on the Induction
of Hardiness of Acer negundo

Killing point

Treatment* ok
Short days - —31.1 a
Short days 4 1 hr night interruption —18.3 b
Long days —185 b
*

Subjected to 4 wecks under the respective photo-
periods followed by a hardening period of 4 weeks
at 5°.

**  Killing points followed by identical letters are not
significantly different at the 0.05 probability level.

Table VIII. Reversibility of the Photoperiod Effect
on Hardiness of Acer negundo

Killing point

Treatment* ok

Short days, 4 weeks —272 a
Long days, 2 weeks; short days, 2 wecks —195 b
Short days, 2 weeks; long days, 2 weeks —155 ¢
Long days, 4 weeks —156 ¢

*  Subjected to 2 or 4 wecks of the respective photo-
periods followed by a hardening period of 4 weeks
at 5°.

*+* Killing points followed by identical letters are not
significantly different at the 0.05 probability level.
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killing point by 4°, the succeeding 2 weeks of LD
completely cancelled the 4° increase. This ability to
rapidly reverse the effect of SD with long photo-
periods provides evidence that hardiness induction is
somewhat unstable, at least during the imitial stages.

Thus, the data indicate that bud dormancy and
cold hardiness development are distinctly separate and
independent and that both SD with subsequent low
temperature or I.D with proper low temperature will
develop hardiness in woody species.

As shown in table I, the effects of dormancy
(induced by photoperiod) and low temperature are
additive rather than synergistic. The combined ef-
fects of dormancy without hardening 7.3°) and
hardening without dormancy (21.2°) increased hardi-
ness over 28°, while the combination taking both
into account (dormant: hardened) resulted in only
a 23° increase in hardiness.

Tt has been a mistake to assume that dormancy
was a necessary prerequisite for hardening, simply
because thev occurred in that order during the same
season. Photoperiod-induced dormancy, without low
temperature, resulted in small increases of 3 to 6°
hardiness, which could account for earlier observa-
tions, such as those of Kramer (3). that dormant
material was somewhat less susceptible to cold periods
in early fall. However, this condition is likely a
result of short days and not dormancy per se. Cold
hardiness development in woody plants thus appears
to be a photoperiodic phenomenon similar to other
processes such as flowering, tuberization. and dor-
mancy induction.
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