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Abstract. Brassica napus and B. campestris are
grown in Western Canada in areas subject to unsea-
sonable frosts. At the seedling stage, cultivars of
Brassica are very sensitive to frosts of —2° to
—5°C, which are either lethal or delay the develop-
ment of the plant. Seedlings of B. napus and B.
campestris, germinated and grown at 10°C (16-h
photoperiod), were treated with a foliar spray of
either 100 pM racemic abscisic acid (ABA), 100 pM
of various ABA analogs, 0.1% acetone, or were un-
treated. Freeze tests indicated 2°C of frost tolerance
could be gained in B. napus following an application
of three ABA analogs. In B. campestris, three an-
alogs also increased freezing tolerance approxi-
mately 1.5°C. The analogs 2',3' dihydro ABA and
acetylenic divinyl methyl-ABA were effective in
both species. Plant fresh weight and dry weight in-
creased in treated plants relative to control or ace-
tone-treated plants after 3 weeks at 10°C. The effect
of frost and/or analog treatment on flowering was
determined in both species. In B. campestris and B.
napus, a mild frost advanced flowering by approx-
imately 2 days compared with nonfrozen control
plants. The promotive effect of frost on flowering
decreased with increasing severity of the frost. Sev-
eral of the analog treatments, particularly 2’,3’ di-
hydro ABA and acetylenic divinyl ABA, advanced
flowering by 2-3 days in both species. The benefit
of these ABA analog treatments on flowering was
enhanced additionally by a mild frost. Plants treated
with either ABA, 2,3’ dihydro ABA, 2',3' acety-
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lenic dihydro ABA, or acetylenic divinyl ABA flow-
ered up to 5 days earlier than control plants.

Brassica campestris and B. napus are grown in
Western Canada and Northern Europe, in regions
that are subject to late summer or early fall frosts.
These frosts, although usually not lethal, can se-
verely reduce seed quality, primarily by increasing
the percentage of green seeds. The increased green
seed number results in higher processing costs and
a lower price for the producer. Therefore, decreas-
ing or eliminating the damaging effects of frost on
seed quality is of considerable economic interest.
Improved oil processing of green seed and inves-
tigations into the molecular mechanisms controlling
the degreening process are two areas of interest.
The possibility of frost avoidance, through earlier
germination, earlier flowering, or faster seed matu-
ration, are also being investigated. Plant breeders
have introduced numerous new cultivars of canola-
quality rapeseed; however, most of the past and
current research in this area has focused on disease
resistance and oil quality. Other efforts have inves-
tigated the promotion of low-temperature seed ger-
mination, and rapid and even seedling emergence
(Abrams and Gusta 1989). If this latter approach is
to be effective, the problems of spring frosts and
decreased seedling growth rate during cool weather
must be addressed. One possible solution is the use
of applied frost protectants and growth promoters
on newly emerged seedlings. The plant hormone
abscisic acid (ABA) has long been implicated in the
process of cold acclimation in plants. Racemic (*)
ABA confers frost tolerance when applied to whole
plants (Chen et al. 1983, Lang et al. 1989) or cell
cultures (Chen and Gusta 1983, Churchill et al.
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1992) and has been shown to increase frost toler-
ance in Brassica species (Johnson-Flanagan et al.
1991, Orr et al. 1986). Endogenous ABA also in-
creases in response to cold temperature (Chen et al.
1983, Daie et al. 1981, Dorffling et al. 1990).

Although ABA may be invoived in frost protec-
tion, there are only a few reports of increased frost
resistance using ABA as a foliar spray (Flores et al.
1988), which is the only practical method of field
application for canola. In addition, whereas (*)
ABA does promote some developmental processes,
it has been shown to inhibit above-ground growth in
many studies (Biddington and Dearman 1982,
Creelman et al. 1989, Rehm and Cline 1973, Watts
et al. 1981) and thus may compound the problem of
low-temperature growth inhibition.

Recent work has suggested that the use of ABA
analogs may be able to overcome these problems.
We have noted differences in the plant physiologi-
cal and molecular responses that result from
changes to the structure of the ABA molecule
(Churchill et al. 1992, Gusta et al. 1992, Walker-
Simmons et al. 1992, Wilen et al. 1993). Bromegrass
suspension culture cells increased in freezing toler-
ance following the addition of certain ABA analogs
(Churchill et al. 1992). Some analogs were shown to
be more effective at inhibiting seed germination
than ABA (Gusta et al. 1992), whereas others dis-
played differential effects on seed germination and
embryo-specific gene expression (Walker-Simmons
et al. 1992, Wilen et al. 1993). We report the effects
of applying ABA and ABA analogs on the freezing
tolerance, low-temperature growth, and flowering
in B. napus and B. campestris.

Materials and Methods

Chemical Synthesis

Racemic ABA (Fig. 1, compound 1) was purchased from
commercial sources. The syntheses of methyl abscisate
(compound 2), ABA aldehyde (compound 3), 2',3' dihydro
ABA ([1a,1(2Z,4E),6B)-5-(1-hydroxy-2,2,6-trimethyl-4-oxo-
cyclohexyl)-3-methyl-2,4-pentadienoic acid; compound 4),2',3’
acetylenic dihydro ABA ([1a,1(2Z,4E),68]-5-(1-hydroxy-2,2,6-
trimethyl-4-oxocyclohexyl)-3-methylpent-2-en-4-ynoic acid;
compound 5), divinyl methyl ABA (methyl-(2Z,4E)-5-(2,6-
dimethyl-1-hydroxy-4-oxocyclohexa-2,5-dienyl)-3-methylpent-
2,4-dienoate; compound 6), and acetylenic divinyl methyl ABA
(methyl-(2Z,4E)-5-(2,6-dimethyl-1-hydroxy-4-oxocyclohexa-2,5-
dienyl)-3-methylpent-2en-4-ynoate; compound 7) were as re-
ported elsewhere (Blake et al. 1990, Lamb and Abrams 1991, Lei
et al. 1994, Mayer et al. 1976). All chemicals were dissolved in
acetone and slowly added to distilled deionized (D.D.) H,O to a
final concentration of 100 uM and 0.1% acetone. Cittowett
(0.1%) was added to all solutions, as a surfactant, to aid in uptake
of the analogs.
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Fig. 1. Structural formulae of ABA and ABA analogs. 1:
(£)ABA, 2: (£) methyl-ABA, 3: (x)ABA aldehyde, 4: (+)2',3’
dihydro ABA, 5: (+)2',3’ acetylenic dihydro ABA, 6: divinyl
methyl-ABA, 7: acetylenic divinyl methyl-ABA.

Freezing Tests

Brassica campestris cv Tobin and B. napus cv Delta seeds were
obtained from Dr. W. McNab (Pioneer Hi-Bred Production Ltd.,
Georgetown, ON). Seeds were germinated and seedlings grown
at 10°C (16-h photoperiod, light intensity 550 wmol-m?-s~?) in
controlled environment chambers (Conviron). When the major-
ity of the plants were at the one-leaf stage, they were thinned to
5-6 plants per seeding compartment, and then sprayed with a
solution containing either 100 pM ABA or 100 pM of various
ABA analogs. All solutions contained 0.1% acetone and 0.1%
cittowett. Plants were also sprayed with a solution of acetone
and cittowett as a treated control.

Freeze tests were conducted 2 days after application of the
growth regulators. Plant trays were placed in a ‘‘styrofoam’’ box
partially filled with a dry mixture of peatmoss and vermiculite to
prevent freezing of the root tips growing from the bottom of the
trays. The tops of the trays were adjusted to be level with the top
of the “‘styrofoam’ container. Plants were then placed in a
chamber at —3°C and allowed to equilibrate for 1 h. Ice crystals
were placed on plants to initiate extracellular freezing, and plants
were then left at —3°C for an additional 60 min. The temperature
was then lowered by 1°C h~!, with samples removed at 1°C
intervals. Brassica napus plants were frozen to —7°C, and B.
campestris plants were frozen to —8°C. Plants were removed
after 60 min at each temperature and transferred to 10°C for 7
days for survival evaluation. Plants were rated as surviving if the
apex displayed no signs of frost damage and no more than 50% of
the leaf area of the primary leaf and cotyledons were frost in-
jured.
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Table 1. Effect of ABA and ABA analogs on freezing tolerance in Brassica napus cv Delta

and B. campestris cv Tobin.

B. napus (£SE)

B. campestris (+SE)

Treatment® LT,® % Survival® LTs, % Survival
Control -39+x0.2°C 328 =21 -53+02°C 488 2.1
Acetone -43+£03C 36.7=42 -53+04°C 478=x25
ABA —-41x04C 41254 -6.0£0.1°C 57.1 3.6
Methyl (me)-ABA -39x0.5C 323=x63 -6.0 £ 0.5C 56.4 +6.3
ABA Aldehyde -57%x03C 44939 -56 £0.3C 547 £2.6
Dihydro ABA -59=x04C 59440 -6.6 *0.4°C 62.8 2.0
Acetylenic dihydro ABA —-49+05°C 46453 -6.7+02°C 63.6x1.8
Divinyl me-ABA -46=*0.2C 41.1x23 -6.0£0.2°C 543 £3.2
Acetylenic divinyl me-ABA —-5.6 = 0.1°C 543 + 4.2 -6.7+03C 62.8=x5.0
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2 All compounds were applied as a foliar spray to one-leaf-stage plants at a concentration of

100 pM.

® LT, was the temperature at which 50% of the plants were killed.
¢ Percentage of the plants that were alive at the conclusion of the experiment.

Low-Temperature Growth

The plants were cultivated as described earlier for freeze tests.
Immediately after treatment, one-fourth of the plants from each
treatment were collected, and fresh and dry weights were re-
corded. At 7-day intervals, an additional 25% of the initial num-
ber of plants were harvested, and fresh and dry weights were
measured until all plants were harvested (21 days after treat-
ment). Eight seeding trays per treatment were used, and the
experiment was repeated twice for each species. Plants were
maintained at 10°C and watered daily for the duration of the
experiment.

Flowering

Plants were grown as described in the Freezing Tests section.
Following foliar application with either ABA or ABA analogs,
plants were either left at 10°C for 14 days or were frozen 2 days
after the foliar treatment. The plants were frozen as previously
described and transferred to 10°C for an additional 12 days.
Plants were transplanted into 15-cm pots (3 plants/pot) and trans-
ferred to the greenhouse (23°C; natural light supplemented with
artificial lighting to maintain a 16-h photoperiod). After being
transferred to the greenhouse, plants were watered daily and
fertilized (20-20-20; NPK) weekly. Plants were monitored daily
for flowering. After seed set, the plants were harvested and the
flowering dates recorded. Each experiment consisted of 6-8 pots
per treatment, and the experiment was replicated three times.

Results

Effect of ABA, ABA Metabolites, and ABA
Analogs on Freezing Tolerance

Freeze tests indicated that the LT, for the Brassica
campestris variety Tobin was on average 1°C lower
than the B. napus variety Delta (Table 1). Applica-
tion of (x)ABA and its methyl ester were ineffec-

tive in increasing the freezing tolerance of the Delta
variety, but did result in a small gain in freezing
tolerance for the B. campestris cv Tobin plants (Ta-
ble 1). An approximately 2°C increase in freezing
tolerance was observed 2 days following foliar ap-
plication of ABA aldehyde, 2',3’ dihydro ABA, or
acetylenic divinyl methyl ABA to B. napus plants.
In B. campestris, 2',3" dihydro ABA, 2',3’ acety-
lenic dihydro ABA, and acetylenic divinyl methyl
ABA all increased freezing tolerance by 1.5°C (Ta-
ble 1). As well as lowering the LTs,, the effective
treatments also increased the overall survival rate
of the plants in both species (Table 1). Application
of 2',3' dihydro ABA resulted in twice the frost
survival rate (over the entire test temperature
range) compared with control plants (59.4 vs.
32.8%) in B. napus.

Effect of ABA and ABA Analogs on
Low-Temperature Growth

Application of either ABA or some of the ABA an-
alogs produced significant increases in both fresh
weight and dry weight in both Brassica species (Fig.
2) 3 weeks following treatment and continued
growth at 10°C. Differences were also noted in the
tissue water content (data not shown). The rate of
growth in untreated plants at 10°C decreased notice-
ably after the emergence of the third leaf, which
occurred 1-3 weeks after the onset of the experi-
ment. The observed decline in the growth rate after
this stage was highest in the control plants.
Methyl ABA, ABA-aldehyde, dihydro ABA, and
acetylenic divinyl methyl ABA were the most effec-
tive treatments in promoting both fresh weight and
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Fig. 2. The effect of 100 pM of either ABA or ABA analogs on
fresh weight and dry weight of Brassica campestris cv Tobin and
B. napus cv Delta seedlings grown at 10°C for 21 days. Dry
weight increases are indicated by open bars, and increases in
fresh weight are indicated by solid bars. Treatments were as
follows: C, untreated control plants; A, acetone-treated plants;
1, (£)ABA; 2, (+)methyl-ABA; 3, (2)ABA aldehyde; 4, (x)2,3’
dihydro ABA; 5, (%£)2',3' acetylenic dihydro ABA; 6, divinyl
ABA; and 7, acetylenic divinyl ABA. Standard errors are indi-
cated.

dry weight in Brassica campestris at 10°C (Fig. 2).
In B. napus, application of ABA, dihydro ABA, and
acetylenic divinyl methyl ABA resulted in the larg-
est gains in fresh weight, whereas ABA, ABA alde-
hyde, and acetylenic divinyl methyl ABA were the
most effective treatments at increasing dry weight
(Fig. 2). No significant differences were noted in
fresh weight or dry weight between acetone-treated
and control plants in either species (Fig. 2).

Promotion of Flowering by Frost and
Analog Treatment

Subjecting plants to a mild nonlethal frost of —3 or
—4°C reduced the time to flowering by 1-2 days
compared with nonfrozen plants of either Brassica
campestris or B. napus (Table 2). However, as the
severity of the frost increased, the early flowering
benefit observed from the mild frost was lost in both
species (Table 2). The percentage of control plants
that survived freezing temperatures of —5°C in B.
napus and —6°C in B. campestris was extremely
small; therefore, only temperatures warmer than
these were examined for effects on flowering.
Application of ABA and ABA analogs also ef-
fected the date of flowering (Table 2). Dihydro
ABA, divinyl methyl ABA, and acetylenic divinyl
methyl ABA promoted flowering in B. campestris
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by approximately 2.5 days (Table 2). Only dihydro
ABA and acetylenic divinyl methyl ABA signifi-
cantly reduced the time to flowering in B. napus
(Table 2). A combination of a mild frost and an
application of ABA or ABA analogs had a synergis-
tic effect on reducing the time to flowering. The
average time to flowering was reduced by as much
as 4 days by application of ABA, dihydro ABA,
acetylenic dihydro ABA, and acetylenic divinyl
methyl ABA in combination with a frost treatment
of —3 or —4°C for B. napus and —4 or —5°C for B.
campestris (Table 2).

Discussion

The concept of using ABA and/or ABA analogs to
increase frost resistance has been suggested (Flores
et al. 1988, Gusta et al. 1990). Similar to the results
obtained by Flores et al. (1988) for winter wheat,
application of ABA and several ABA analogs re-
sulted in enhanced recovery from freezing in both
Brassica campestris and B. napus. This is shown by
an increased survival rate of frozen plants (Table 1)
and a reduced time to flowering following a frost in
ABA- and ABA-analog-treated plants (Tables 1 and
2). However, in contrast to the results of Flores et
al. (1988) with winter wheat, treatment of rapeseed
plants with ABA analogs did result in an increase in
freezing tolerance (Table 1). A possible explanation
may be that winter wheat has reached its maximum
achievable level of frost tolerance, an idea that is
supported by the inability of plant breeders to sig-
nificantly increase the cold hardiness of this crop
for over 75 years (Fowler et al. 1993). In addition,
the genes encoding the major proteins that accumu-
late during cold acclimation in winter wheat are not
responsive to exogenous ABA (Houde et al. 1992,
Ouellet et al. 1993). In contrast, B. napus cell cul-
tures have been shown to increase in freezing tol-
erance in response to (x*)ABA (Johnson-Flanagan
et al. 1991, Orr et al. 1986). Also, a number of cold-
regulating genes, which have been isolated from
several crucifer species, are induced by exogenous
(£)ABA (Kurkela and Franck 1990, Orr et al. 1992).
Our studies suggest there is some potential to in-
crease the frost tolerance of rapeseed with ABA
and analogs of ABA.

Both Brassica species demonstrated increased
rates of growth at 10°C following treatment with
ABA and ABA analogs. ABA is generally associ-
ated with reduced shoot growth (Biddington and
Dearman 1982, Creelman et al. 1989, Rehm and
Cline 1973, Watts et al. 1981); however, these re-
ports are based on optimal growth temperatures.
Low temperature is a form of stress. Thus, applica-
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Table 2. Effect of ABA and ABA analogs on time to flowering in frozen and nonfrozen Brassica campestris cv Tobin and B. napus cv

Delta plants.

Average days to flower from date of seeding (+SE)

B. campestris B. napus
Treatment 10°C —4°C -5C 10°C -3°C —4°C
Control 58.0 = 0.6 56.4 = 0.4 58.7 £ 0.7 655+ 1.0 64.9 = 0.5 66.8 = 1.1
Acetone 57.1 = 0.6 559 = 0.7 58.4 = 0.6 65.1 = 0.9 65.5 £ 0.7 66.3 = 0.9
ABA 56.7 = 0.6 544 = 0.7 56.5 = 0.6 64.6 = 0.6 63.6 = 0.7 64.9 = 0.8
MeABA 573 0.9 55.4 0.4 573+ 0.8 65.2 = 0.9 63.8 = 0.5 65.7 = 1.0
ABA aldehyde 57.1 £ 0.7 56.0 = 0.9 58.5 = 0.7 64.7 = 0.6 62.8 = 0.7 64.1 = 0.8
Dihydro ABA 555 0.5 55209 54.7 £ 0.6 63.1 +0.3 619 + 0.4 62.0 = 0.6
Acetylenic dihydro ABA 56.3 = 1.1 56.1 = 0.5 55.1 0.5 64.8 = 0.3 62.8 £ 0.6 62.6 1.1
Divinyl me-ABA 554 0.4 56.2 = 0.8 58.7+0.8 64.4 = 0.3 63.0 £ 0.5 65.1 = 0.9
Acetylenic divinyl me-ABA 542 + 0.4 54.6 = 0.6 54.9 £ 0.6 62.9 + 0.5 60.8 = 0.5 61.8+1.2

tion of ABA, which is generally acknowledged as a
stress regulator (Zeevaart and Creelman 1988), may
partially alleviate this stress and allow the plants to
adapt to growth under these conditions.

The reduction in the time to flower observed in
both species may be related to the enhanced low-
temperature growth rate induced by ABA and
ABA-analog treatment. The increases in dry weight
indicate that active photosynthesis is occurring at
substantially higher rates in the treated plants com-
pared with the control plants. This stored dry mat-
ter would then be available for rapid growth when
temperatures become optimal. The treated plants
were left for 14 days after treatment at 10°C. Thus,
the promotion of flowering may reflect the in-
creased accumulation of dry matter measured in
treated plants (Fig. 2), which was then utilized
when the plants were transferred to the greenhouse.

The promotion of flowering by these treatments
may also be related to stress. Several stresses, in-
cluding cold temperature, have been reported to
promote flowering (Fontes et al. 1967, Miller et al.
1985). The ABA treatments may induce a similar set
of proteins to these imposed stresses, which in turn
induces the flowering response. The induction of
similar patterns of gene expression by ABA and
various environmental stresses is well documented
(Bray 1988, Close et al. 1989, Heino et al. 1990,
Skriver and Mundy 1990).

The basis for the selection of analogs used in this
study were results obtained in previous studies. The
2',3’ dihydro ABA molecule has been shown to
have strong ABA-like activity in induction of freez-
ing tolerance (Churchill et al. 1992), promotion of
cotyledon abscission (Suttle and Abrams 1993), in-
duction of embryo-specific gene expression
(Walker-Simmons et al. 1992), inhibition of seed
germination (Gusta et al. 1992, Walker-Simmons et

al. 1992), and stomatal closure (Oritani and Ya-
mashita 1982). Acetylenic and methyl ester analogs
of ABA have also been demonstrated to have ABA-
like activity (Churchill et al. 1992, Suttle and
Abrams 1993, Walker-Simmons et al. 1992, Wilen et
al. 1993). Thus, neither the ring nor side chain bond
order appear to be strictly required for activity.

The ability of some ABA analogs to have a
greater effect than ABA may be related to metabo-
lism. ABA is degraded to phaseic and dihy-
drophaseic acid in vivo, and the application of ABA
induces its own metabolism (Uknes and Ho 1984).
The 2',3’ dihydro ABA analogs are not converted to
phaseic acid in cell cultures (Lamb et al. 1993). The
two divinyl analogs were also selected for this study
because they potentially would not be metabolized
as rapidly as natural ABA. The absence of the 8’
methyl group in the divinyl ABA analogs would pre-
vent the formation of phaseic acid. Thus, the in-
creased activity that is apparent with these analogs
may be related to a slower rate of their metabolism.
In all three assays conducted in this study, 2',3’
dihydro ABA and acetylenic divinyl methyl ABA
were the most active.

Except for the nonchiral divinyl compounds, the
growth regulators used in this study were racemic
mixtures while naturally occurring ABA exists as
the (S) enantiomer. Studies have shown differences
in the activity and the metabolism of the different
enantiomers of ABA and various analogs (Cummins
and Sondheimer 1973, Lamb et al. 1993, Wilen et al.
1993). It would be of interest to examine the relative
activities of the (R) and (S) enantiomers ABA, ABA
aldehyde, and the two dihydro analogs to establish
whether ABA receptors consistently display enan-
tio selectivity.

These results indicate a potential for the applica-
tion of ABA and other growth regulators to improve



240

the stress tolerance of canola. If the problem of
low-temperature germination can be overcome, it
may be possible to seed rapeseed earlier in the
spring and subsequently avoid the hazards of early
fall frosts. Earlier seeding and increased low-
temperature growth could also result in seed set
occurring before the hottest part of the summer,
which also impacts on seed quality. We are cur-
rently conducting field trials with these growth reg-
ulators to determine if commercial application is
feasible.
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