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ABSTRACT

The induction of chilling tolerance by abscisic acid (ABA) in
maize (Zea mays L. cv Black Mexican Sweet) suspension cultured
cells was examined. Cell viability during exposure to chilling was
estimated by triphenyl tetrazolium chloride reduction immediately
after chilling and a filter paper growth assay. Both methods
yielded comparable results. Chilling tolerance was induced by
transferring 5-day-old cultures (late log phase) to a fresh medium
containing ABA (10 to 100 micromolar). The greatest chilling
tolerance was achieved with ABA at 100 micromolar. Growth of
cells was inhibited at this concentration. After a 7-day exposure
to 40C in the dark, the survival of ABA-treated cells (100 micro-
molar ABA, 280C for 24 h in the dark) was sevenfold greater than
untreated cells. Effective induction of chilling tolerance was first
observed when cells were held at 280C for 6 hours after adding
ABA. No tolerance was induced if the culture was chilled at the
inception of ABA treatment. Induction of chilling tolerance was
inhibited by cycloheximide. These results indicate that ABA is
capable of inducing chilling tolerance when ABA-treated cells are
incubated at a warm temperature before exposure to chilling, and
this induction requires de novo synthesis of proteins.

The induction of freezing tolerance can be inhibited by CH2
(2), indicating that protein synthesis is required. It also has
been shown that the induction of freezing tolerance by ABA
is associated with de novo synthesis of proteins (9, 12, 16, 22,
27). Some of these ABA-regulated proteins are also synthe-
sized in response to cold acclimation (9, 12, 26, 27). However,
cold acclimation results in injury, including death of chilling-
sensitive plants such as maize. ABA induces chilling tolerance,
and the induction occurs only in a warm temperature regimen
(5, 20, 21). It is not known whether the enhancement of
chilling tolerance by ABA in maize cultured cells is also
associated with the expression of ABA-induced genes. CH, a
cytoplasmic protein synthesis inhibitor (10), was used in
conjunction with ABA to address this question.
We report here a study of ABA-induced chilling tolerance

in maize suspension-cultured cells. Chilling injury in intact
plants is often associated with chilling-induced water stress
(29). Suspension-cultured cells provide conditions in which
water stress can be minimized. It also facilitates the uptake of
exogenous chemicals, such as ABA and CH, into cells. That
ABA-induced chilling tolerance is probably a true tolerance
to chilling rather than an ability to tolerate chilling-induced
secondary water stress is discussed.

A chilling temperature is defined as a temperature low
enough to cause plant tissue damage but not low enough to
cause freezing of tissue water (13). For most chilling-sensitive
plants, chilling temperatures are between 10 and 0°C (14).
Maize (Zea mays L.) is a chilling-sensitive plant species.
Exposing young maize plants to chilling at 5°C day/night for
6 d results in >60% damage of total leaf area (28). Spraying
mefluidide on maize plants before chilling increases endoge-
nous ABA and reduces chilling injury (29). Zhang et al. (29)
proposed that increases in endogenous ABA before chilling
may be an essential step in inducing chilling tolerance. Al-
though direct application ofABA to maize plants was unsuc-
cessful in reducing chilling injury (29), ABA has been shown
to reduce chilling injury in a number ofother chilling-sensitive
plants (5, 10, 19-21) and in maize callus culture (4).
The mechanism of ABA-induced chilling tolerance is not

understood. ABA is capable of inducing freezing tolerance in
many chilling-insensitive plants (2, 3), whether or not the
treatment was held at warm or cold temperature regimens.

' Scientific Joumal Series Paper No. 19397 of the Minnesota
Agricultural Experiment Station, St. Paul, MN 55108.

MATERIALS AND METHODS

Culture of Maize Cells and Application of ABA

Maize (Zea mays L., cv Black Mexican Sweet) cells were
cultured in Murashige-Skoog medium containing 100 mg L-
asparagine, 200 mg i-glucose, and 2 mg 2,4-D per L (6).
Stock solutions of 2,4-D were prepared in 2 mm KOH.
Ethanol was not used in any solutions because ethanol has
been shown to minimize the induction of freezing tolerance
by ABA in bromegrass (18). Cell cultures were incubated at
28°C in the dark on a rotary shaker; 2.5-mL volumes of cell
suspension were subcultured weekly into 40 mL of fresh
medium in a 125-mL flask.
Racemic ABA (Calbiochem, San Diego, CA) stock solu-

tions were prepared in 50 mM K2CO3. Equal amounts of
K2CO3 (0.25 mm final concentration) were added to control
cultures. Medium pH was adjusted to 5.8 with NaOH or HCI
before autoclaving. At day 5 after subculturing (late log growth
phase), cells were collected by filtration through sterile Mira-
cloth (Calbiochem). Two grams of cells (fresh weight) each

2Abbreviations: CH, cycloheximide; TTC, triphenyl tetrazolium
chloride; FPGA, filter paper growth assay.
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were transferred to fresh media containing various concentra-
tions of ABA. Cells were cultured at 28°C for various dura-
tions and then chilled at 4°C.

Determination of Protein Synthesis Inhibition

The method for determining the effect of CH on protein
synthesis in ABA-treated cultures was similar to that of Lam
et al. (11). After incubation for 2 h with CH and 100 Mm

ABA, 2 mL cell culture was transferred to a 5-mL plastic
culture tube containing 10 ,uCi L-[35S]methionine (>1000 Ci
mmol-'; ICN Irvine, CA). Cell cultures were allowed to
incorporate L-[35S]methionine for 2 h at 28°C, rinsed with
culture medium, then frozen in liquid nitrogen, and stored at
-70C. To determine the incorporation of L-[35S]methionine
into proteins, cells were ground in a liquid nitrogen-chilled
mortar and pestle with 1 mL O'Farrell lysis buffer (17). The
homogenates were centrifuged for 30 min at 100,000g. Ali-
quots of 5 ML supernatant from each sample were used to
determine the total and TCA-precipitable radioactivities with
a scintillation counter. The ratio of TCA-precipitable activity
to the total activity in non-CH-treated ABA-containing me-

dium was set at 100%. Relative protein synthesis rates in CH-
treated samples were expressed as the percentage of non-CH-
treated ABA samples. After the inhibition of protein synthesis
was determined, the remaining cells were cultured at 28°C for
12 h and then chilled to determine survival.

Estimation of Survival after Chilling

Survival of cell cultures after chilling exposure was esti-
mated by TTC reduction and FPGA. TTC reduction was
conducted according to the method described in ref. 25 with
slight modifications: TTC (0.8%, w/v) was dissolved in 50
mm potassium phosphate, pH 7.5; after TTC treatment for 1

d at 25°C in the dark, the red formazan was extracted from
cells with 95% ethanol for 1 d at 25°C in the dark. The
absorbance of the extract was measured at 530 nm. Survival
was defined as the ratio of absorbance of chilled to unchilled
cells. FPGA was conducted similarly to the method described
in ref. 8. One milliliter of chilled cell suspension containing
30 mg (fresh weight) cells was plated on 7-cm Whatman No.
2 qualitative filter paper discs that had been placed on 25 mL
Murashige-Skoog medium containing 0.8% agar in 100- x

15-mm Falcon Petri dishes. After the plated cells were incu-
bated in the dark at 28°C for 1 d, the filter paper with the
cells was transferred to another Petri dish containing 25 mL
fresh agar medium; the net growth ofplated cells (fresh weight)
was measured. Increase in fresh weight during this period
might be the result of both cell division and enlargement.

After 14 d, the fresh weight reached a plateau because of
nutrient limitation. Given sufficient time, a small amount of
cells survived the chilling exposure and grew to a weight
comparable to unchilled cells; therefore, a standard growth
assay with the unchilled ABA-treated and control cells was

conducted. Growth of unchilled cells plated on agar medium
reached a plateau after 14 d growth at 28°C. The 14-d regrowth
period was then chosen as a standard regrowth time to esti-
mate the survival of chilled samples. The ratio of the net
growth of chilled to nonchilled cells was used to estimate the
percentage survival.

RESULTS

Induction of Chilling Tolerance with ABA

Figure 1 shows the percentage survival estimated by TTC
reduction and FPGA in ABA-treated and untreated cells after
various days of chilling exposure to 4°C. Both assays of cell
viability indicated that 100 AM ABA significantly increased
the chilling tolerance of maize cells. These two methods were
comparable for cell viability estimation with a correlation
coefficient of 0.94** (** means significance at 0.01 level).
After a 14-d exposure to chilling, the ABA-treated cells had
about 40% capability to reduce TTC and to regrow. The
capability for TTC reduction and regrowth was diminished
in untreated cells after the same period of chilling. Figure 2
shows the appearances of the 14-d chilled controls and 14-d
chilled ABA-treated cultures after a 14-d regrowth at 28°C.

Effect of ABA Concentrations

Various concentrations of ABA induced different levels of
chilling tolerance (Fig. 3). At a concentration <1 AM, ABA
did not induce any detectable increase in survival after chill-
ing. At 10 AM ABA, a 20% increase in survival after chilling
was observed; at 100 AM, survival was doubled as compared
with the culture treated with 10 AM. After 7 d of chilling, the
survival of 100 Mm ABA-treated cells was 76% estimated by
TTC reduction, whereas the survival of untreated cells was
<10%. Concentrations >100 Mm were not tested because cell
growth with 100 Mm ABA was inhibited at 28°C. However,
when treated cells were transferred into fresh medium con-
taining no ABA, cells resumed normal growth (data not
shown).
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Figure 1. Survival of maize cells estimated by both relative TTC
reduction and relative regrowth. Two grams of cells (fresh weight) at
late log phase was transferred to fresh medium containing no ABA
(0, El) or 100 ,M ABA (0, U) and were grown at 280C for 24 h before
chilling exposure. Aliquots of 1 mL cell culture each containing about
30 mg cells (fresh weight) were sampled to determine survival just
before and every 2 d after initiation of chilling. Survival was estimated
by TTC reduction immediately after chilling and by regrowth for 14 d
at 280C. Data are the means of four replicates. Vertical lines represent
SE. Survival of control (0) and ABA-treated (0) cells was estimated
by TTC reduction; survival of control (E) and ABA-treated (U) cells
was estimated by regrowth.
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14-DAY-CHILLED

Figure 2. Regrowth of 14-d chilled ABA-treated (100 uM, 24 h at
280C) and control cells. After a 14-d exposure to 40C, 30 mg ABA-
treated or control cells was plated as described in "Materials and
Methods." After an additional 14-d incubation at 280C, cells were
incubated with 0.8% TTC in the dark at 280C for 24 h and photo-
graphed. Darkness indicates viability of cells. C, Cells transferred to
medium containing no ABA; ABA, cells transferred to medium con-
taining 100 gM ABA.

Time Course of Development of ABA-induced Chilling
Tolerance

The development of chilling tolerance at 28"C in ABA-
containing medium was time dependent (Fig. 4). Induction
of chilling tolerance was observed when cells were held at
280C for 6 h after ABA treatment. Chilling tolerance increased
with time and reached the highest level after 24 h. No signif-
icant increase in chilling tolerance was observed with longer
incubation at a warm temperature (data not shown). ABA did
not increase chilling tolerance if applied at the inception of
chilling exposure (Fig. 4).
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Figure 3. Effects of ABA concentrations on chilling tolerance. Two
grams of cells (fresh weight) at late log phase was transferred to
fresh medium containing various concentrations of ABA and grown
at 280C for 24 h before chilling at 40C. On days 7 and 14 after chilling
exposure, 1 -mL aliquots of cell suspension were sampled for TTC
reduction. Data are the means of four replicates. Vertical lines are SE.
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Figure 4. Increase in chilling tolerance of ABA-treated maize cells in
ABA-containing medium cultured with time. Two grams of cells (fresh
weight) at late log growth phase was transferred to fresh medium
containing 0 (control) or 100 gM ABA. Cells were grown at 281C for
6, 12, and 24 h and then chilled at 40C. Following 7 d of chilling, 1-
mL aliquots of cell suspension were sampled, and survival of the
chilled cells was estimated by relative TTC reduction. Data are the
means of four replicates. Vertical lines are SE.

Inhibition of Protein Synthesis and of ABA-induced
Chilling Tolerance by CH

To test whether ABA-induced chilling tolerance depends
on the de novo synthesis of proteins, CH was added to ABA-
containing media at concentrations from 0.5 to 10 Mm before
transferring cells. Up to 2 Mm, CH did not decrease survival
of unchilled cells (data not shown). CH was present during
the entire period of ABA treatment at 28TC and throughout
the chilling exposure at 4"C. Preliminary experiments showed
that the presence of CH at 4°C had no significant effect on
cell viability (data not shown). At 0.5 gM, CH reduced the
protein synthesis rate to 47% compared to the cells treated
with ABA without CH; it also reduced the survival to about
half that of the non-CH-treated ABA sample (Fig. 5). Corre-
lation analysis indicates that the percentage ofprotein synthe-
sis was significantly correlated with percentage of survival
after chilling with a correlation coefficient of 0.99 (significant
at 0.01 level).

DISCUSSION

The results indicate that ABA is capable of increasing
chilling tolerance in maize suspension-cultured cells when
ABA-treated cells are held at 28"C for 6 h before chilling.
Although induction of chilling tolerance with ABA in maize
plants has not been demonstrated (29), ABA has been re-
ported to increase chilling tolerance of eggplant, soybean, and
cucumber seedlings (5, 15, 21), cotton cotyledonary discs (19,
20), and maize callus culture (4). The inability of ABA to
induce chilling tolerance in maize plants could result from
lack of uptake or biodegradation of applied exogenous ABA.
High RH during chilling exposure greatly reduced chilling

injury in cucumber seedlings (21). ABA treatment reduces
water loss during chilling exposure in cucumber cotyledon
(21). Rikin and Richmond (21) proposed that ABA amelio-
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Figure 5. Effects of CH on both protein synthesis and chilling toler-
ance induction by ABA. CH was added to ABA-containing (100 MM)
medium to concentrations of 0.5 Mm (CH0.5), 1 MM (CHI), 2 Mm (CH2),
3 AM (CH3), 5 AM (CH5), and 10 AM (CH1 0). Relative protein synthesis
was defined as the ratio of percentage incorporation of L-[35S]methi-
onine into proteins in the presence of CH to the percentage incorpo-
ration in the absence of CH. After cell were sampled to determine
relative protein synthesis, the remaining cells were allowed to grow

at 280C for an additional 10 h to determine survival by TTC reduction.
Relative survival was expressed as the ratio of the survival in the
presence of CH to the survival in the absence of CH. C, Control
without ABA treatment; CH, control treated with 2 AM CH; ABA, ABA
treatment without CH. The vertical lines are SE.

ration of chilling injury functioned by improving water bal-
ance. ABA improves plant water status by an increase in root
hydraulic conductance (15) and/or by an early closure of
stomata during chilling (5). Because the water potential of a

liquid medium changes little during culture as well as during
chilling exposure, the complication of water stress during
chilling is greatly reduced in the maize suspension-cultured
cell system. Therefore, ABA-induced chilling tolerance in
maize suspension-cultured cells is likely to reflect a true
tolerance to direct effects of chilling rather than amelioration
of secondary stresses during chilling exposure.
Most chilling-insensitive plants synthesize new proteins and

become hardy during cold (chilling) acclimation (7, 9, 12, 26).
Also, ABA can induce freezing tolerance in many chilling-
insensitive plants with a warm temperature regimen (3), and
the induction is associated with the de novo synthesis of
proteins (12, 16, 22, 27). ABA-mediated responses to osmotic
and salinity stresses are also associated with the induction of
specific gene expression (1, 23, 24).
We were interested in knowing whether ABA-induced chill-

ing tolerance in chilling-sensitive plants is also regulated by
expression of ABA-induced genes. CH was then used to
inhibit the protein synthesis during the induction of chilling
tolerance by ABA. This study showed that the presence of
CH (0.5-10 lM) in the ABA-containing medium inhibited to
various degrees the synthesis of proteins and the development
of chilling tolerance (Fig. 5) and that the inhibition of chilling
tolerance was highly correlated with the inhibition of protein
synthesis (r = 0.99). It could be argued that the inhibition of
protein synthesis may weaken the cell's viability and result in
a decreased survival. Weakening of cell viability of unchilled

cells by CH is unlikely to affect the survival in our experi-
mental conditions because the survival was estimated by the
ratio of TTC reduction (chilled versus unchilled cells). Any
loss in viability due to the presence of CH in unchilled cells
also should be reflected in the chilled cells. Also, CH (2 uM)
did not reduce the survival after chilling of non-ABA-treated
cells (Fig. 5). The decrease in chilling tolerance of ABA-treated
cells with the presence of CH is conceivably the result of a
lack ofde novo synthesis ofproteins. We, therefore, tentatively
conclude that de novo synthesis of ABA-induced proteins is
necessary for the induction of chilling tolerance.
ABA-induced chilling tolerance was observed in maize

culture cells only when ABA treatment was held at a warm
temperature regimen for a certain period of time (hours)
before chilling exposure (Fig. 4). No reduction of chilling
injury was detected when cells were exposed to chilling im-
mediately after ABA treatment. These effects are also ob-
served in eggplants (5) and cotton (19, 20). Eggplants that
were foliar sprayed with ABA at 30'C close their stomata after
1 h of chilling; however, stomata remained open when ABA
was sprayed at 60C.

Rikin et al. (19) showed that ABA was ineffective in pre-
venting chilling injury if applied to cotton cotyledonary discs
at the inception of chilling, even though sufficient ABA was
found in the tissue. Penetration of ABA into the tissue ap-
peared not to be a problem at a chilling temperature. Rikin
et al. (19) proposed that "factors" such as active metabolism
may be required for an effective ABA protection. Exposure
ofmaize seedlings to chilling (40C) increased endogenousABA
content but had no effect on chilling tolerance (29). Meflui-
dide, a synthetic growth regulator, capable of inducing an
increase in endogenous ABA at a warm temperature regimen
(280C), increases chilling tolerance if applied 12 h before
chilling (29). It is suggested that a "protective system" may be
activated by the mefluidide-induced elevation of endogenous
ABA at warm temperatures (29).
Our results indicate that de novo synthesis of proteins after

ABA treatment is associated with induction of chilling toler-
ance. We suggest that inability to synthesize some ABA-
induced proteins may be one of the reasons that ABA cannot
induce chilling tolerance when the treatment is initiated at
the inception of chilling exposure. It is also possible that these
proteins are synthesized but unable to function at a chilling
temperature. The latter is unlikely, because the ABA-treated
cells could survive for at least 14 d at 40C. This is an interesting
question to be clarified.
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