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Abstract

In the present study, we investigated the role of abscisic acid (ABA) on chilling tolerance of maize. Two maize genotypes differing

in chilling sensitivity (Z7 tolerant and Penjalinan sensitive) were subjected to chilling (5 8C, 12 h photoperiod, 150 mmol m�2 s�1

PPFD) for 3 days under two relative humidity (RH) regimes (60 or 100% RH). Some plants were exogenously treated 24 h before

chilling with ABA (100 mM). As expected, high humidity (100% RH) or ABA pre-treatment prevented the leaf water deficit induced

by chilling at 60% RH in chilling sensitive Penjalinan plants. ABA pre-treatment improved chilling tolerance of Penjalinan plants,

mainly by decreasing leaf conductance and by increasing root water flow. At the leaf level, we found a relationship between ABA

content and chilling tolerance in both maize genotypes. No relationship between ABA content and leaf conductance was found.

Moreover, during chilling, no differences on leaf conductance between the two genotypes were observed, probably indicating that

the different water stress suffered by the two genotypes could be linked to differences in the root water uptake. The rise in leaf ABA

content during chilling was independent of the leaf water status, so it must be induced by the low temperature per se, and after a

longer cold exposure also by the vapour pressure deficit (VPD) (a higher VPD allows more ABA accumulation). At the root level,

we did not observe a relationship between the root hydraulic acclimation to chilling and the root ABA content. Z7 plants chilled at

60% RH had the same root ABA content as those which were chilled at 100% RH and as Penjalinan plants; however, the former

showed a higher root hydraulic conductance. The rise in the root ABA content in Z7 plants followed the same pattern as observed in

the leaves. In Penjalinan plants, the rise in root ABA content was linked only to low temperatures per se, since it increased in the

same way in plants chilled under 60 or 100% RH.
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1. Introduction

It is well documented that low temperature causes

shoot water deficit in thermophilic crops such as maize

[1�/6]. The water deficit is caused by a reduction in the

root water uptake greater than in the leaf transpiration

rate during chilling [1,2,5]. Among the maize genotypes,

there are some differences in the degree of chilling

sensitivity. Chilling tolerant genotypes suffer less water

deficit during chilling than the sensitive ones [1,3�/6]. It

is well known that tolerant maize genotypes are capable

of closing stomata more fully and faster than the

sensitive ones [1,5,6]. Recently, we found that a tolerant

variety (Z7, from Central Europe) was capable of

increasing its root hydraulic conductance during chil-

ling, while a sensitive one (Penjalinan, from Indonesia)

decreased it [1]. These results point out that the root

hydraulic conductance is also involved in maize chilling

tolerance.

Abscisic acid (ABA) is considered to be one of the

most important hormones involved in the plant response

to cold stress [3�/12]. Thus, it is clear that ABA
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contributes to cold induced freezing tolerance in Arabi-

dopsis thaliana by the expression of several genes [10,11].

Moreover, ABA application induced freezing tolerance

in Arabidopsis [12] and chilling tolerance in several
sensitive species [7�/9]. The protective mechanism of

ABA against chilling stress is linked to its capacity for

inducing stomatal closure [5,6,9]. However, ABA has

also other functions during chilling, i.e. the induction of

antioxidant enzymes [7] and the modulation of poly-

amine levels [8]. On the other hand, it is known that the

exogenous application of ABA increases the root

hydraulic conductance in some cases, although this
effect depends on plant species, temperature and nu-

trient status [13�/20].

Root water uptake and root hydraulic conductance

depend to a large extent on leaf transpiration rate [21].

At the same time, the rise in leaf ABA content during

chilling is reduced by high humidity [3,22]. However, to

our knowledge, there is no information about the

influence of high humidity on the root hydraulic
conductance and root ABA content during chilling in

maize.

Here we report data of the root ABA content and

root hydraulic properties of two maize genotypes

differing in chilling sensitivity [1] during chilling (5 8C,

12-h photoperiod, 150 mmol m�2 s�1 PPFD) under 60

or 100% relative humidity (RH) regimes. Also, some

plants were acclimated to chilling by exogenous ABA
application. Since root response to chilling can be

associated with the vapour pressure deficit (VPD) and

leaf water status [21,23], we also studied these para-

meters and leaf ABA content.

2. Materials and methods

2.1. Plant material and experimental design

Two maize (Zea mays L.) genotypes differing in

chilling sensitivity were used: Z7 (tolerant, from Central

Europe) and Penjalinan (sensitive, from Indonesia)

[1,5,20]. Seeds of both genotypes were surface disin-

fected for 10 min in a 0.02% (w/v) HgCl2 solution and

washed three times with distilled water. Seeds of both

genotypes were germinated in wet expanded clay at
25 8C. After 5 days of sowing, seedlings were grown

hydroponically in 10-l plastic tanks (24 plants per tank),

filled with continuously aerated full-strength Hoa-

gland’s solution in a growth chamber, environmental

conditions were: air temperature 259/1 8C, RH 60%

(corresponding to 1.1 kPa VPD), 12-h photoperiod, 150

mmol m�2 s�1 PPFD provided by fluorescent lamps. At

11th day, seedlings were transferred to a cold chamber
(59/0.5 8C and the same light conditions of the warm

growth chamber) for 3 days. During chilling treatment,

plants of both genotypes were subjected to two different

RH regimes (60%, corresponding to 0.3 kPa VPD or

100%, saturated atmosphere). One hundred percent RH

was obtained by covering hydroponic tanks where

plants were grown with plastic sheets [23]. At the same
time, 24 plants of each genotype were treated 24 h before

chilling with (�//�/)*/cis , trans */ABA (final concen-

tration 100 mM; A.G. Scientific Inc., GA, USA). The

ABA was first dissolved in 1 ml 70% ethanol and then

was added to the nutrient solution or diluted in 1 l of

distilled water and sprayed on the leaves [9]. These

plants were only chilled at 60% RH. Therefore, we had

three groups of chilled plants for each genotype: plants
chilled at 60% RH, plants chilled at 100% RH and

plants pre-treated with ABA and chilled at 60% RH. All

the measurements were made at 0, 6, 30 and 54 h of

chilling treatment in non ABA pre-treated plants and at

0 and 54 h of chilling in ABA pre-treated plants.

2.2. Leaf relative water content (RWC)

The leaf water status was assayed by measuring the
RWC [24]. Leaf samples were weighed (fresh weight)

immediately after harvesting, then placed in a water

vapour-saturated vial at 5 8C for 48 h and weighed

(turgid weight). The samples were dried in an oven at

80 8C for 48 h and their dry weights were determined.

RWC was calculated by the following equation: (fresh

weight�/dry weight)/(turgid weight�/dry weight)�/100.

2.3. Transpiration rate and leaf conductance

The leaf transpiration and the leaf conductance were

assayed by the gravimetric method. Intact, bare-root

plants were sealed in 50 ml vessels (one plant per vessel)

through a rubber bung. Transpiration rate was deter-

mined by the rate of weight loss of the vessel during 1

and 3 h in control and chilled plants, respectively. The
leaf conductance was calculated from the transpiration

rate and VPD as described by Pearcy et al. [25]. Total

leaf area of each plant was determined by an image

analysis system (WinDIAS, Delta-T Devices, Cam-

bridge, UK).

2.4. Root hydraulic properties

Root hydraulic properties were determined in roots

exuding at atmospheric pressure [1]. Plants were cut

below the first leaf and a pipette was attached to the

root stump with a flexible silicone tube. Control and

chilled plants were allowed to exude at 25 8C. Free

exuded sap was collected with a syringe after 1 or 3 h

from control and chilled plants, respectively (the first 30

min of exuded sap was discarded). Exuded sap and
nutrient solution osmolalities were measured by a

cryoscopic osmometer (Osmomat O30, Gonotec

GmbH, Berlin, Germany). Osmotic root hydraulic
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conductance was calculated by the following equation:

Jv�/s�/Lo�/jDCsj, where Jv is the root free exuded sap

flow rate, s the osmotic reflection coefficient, Lo the

osmotic root hydraulic conductance and DCs the
osmotic potential gradient between nutrient solution

and the exuded sap. Since we could not determine s
under our experimental conditions, we expressed osmo-

tic root hydraulic conductance as s�/Lo, and called this

parameter composite root hydraulic conductance

(CRHC) [1,26]. The measurements of free exuded sap

of chilled plants at 25 8C was used as an indicator of

healthy roots, since the exuded sap was undetectable at
5 8C [1].

2.5. Abscisic acid (ABA) determination

Leaf (80�/100 mg FW) and root (200�/400 mg FW)

samples were collected, weighed, frozen immediately in

liquid nitrogen, then thawed and extracted with distilled

water (water:tissue ratio 20:1 v/w) for 16 h at 4 8C in the
dark. Quantitative analysis was performed on crude

aqueous extracts using a solid-phase radioimmunoassay

(RIA) based on a monoclonal antibody (DBPA1) raised

against free (S)-ABA, as previously described by Ver-

nieri et al. [27]. Procedures to validate the efficiency of

the extraction method and the RIA results using

DBPA1 monoclonal antibody on crude extracts of

maize tissues were previously described in detail [28,29].

2.6. Statistical analysis

Means9/standard error (S.E.) of six to ten samples of

each parameter are shown. The significance of the

difference between means was assayed using unpaired

t-test.

3. Results

3.1. Chilling effects at shoot level

We used the leaf RWC to evaluate the water deficit

induced by chilling (Fig. 1A). The only plants that

presented leaf water deficit after 54 h of chilling

treatment were Penjalinan (sensitive genotype) plants
chilled at 60% RH without the ABA pre-treatment.

However, Penjalinan plants chilled at 100% RH or pre-

treated with ABA and chilled at 60% RH, did not suffer

water deficit (Fig. 1A). None of the three treatments on

the Z7 (tolerant genotype) plants showed a decrease in

RWC (Fig. 1A).

Since the VPD at 100% RH is equal to zero, we only

measured the leaf transpiration rate in control and 60%
RH chilled plants. Under control conditions (25 8C, 0

h), the transpiration rate of Z7 plants was higher than

that of Penjalinan’s (0.679/0.06 and 0.459/0.04, respec-

tively) and the ABA pre-treatment did not cause any

significant effect (Fig. 1B). Chilling caused a decrease in

the transpiration rate in both genotypes. However, the

decrease was more pronounced in Z7 plants than in
Penjalinan’s (82 and 77%, respectively after 6 h of

chilling), although the final rate was the same in both

genotypes. No significant changes in leaf transpiration

were observed in either of the two genotypes during

chilling treatment (Fig. 1B). After 54 h of chilling, the

ABA pre-treated plants of both genotypes had signifi-

cantly lower transpiration rates than non pre-treated

ones (Fig. 1B).
Under our experimental conditions, control and

chilled plants were subjected to different VPD (1.1 and

0.3 kPa, respectively). In order to understand if the

observed decrease in leaf transpiration by chilling

treatment was due to stomatal closure, we measured

the leaf conductance (see Section 2). Penjalinan plants

did not change their leaf conductance during chilling

treatment and had a tendency to increase it (from 489/4
mmol m�2 s�1 at control temperature to 699/13 mmol

m�2 s�1 after 30 h of chilling treatment) (Fig. 1C). On

the contrary, Z7 plants tended to decrease their con-

ductance during chilling (from 719/6 mmol m�2 s�1 at

control temperature to 469/5 mmol m�2 s�1 after 30 h

of chilling treatment) (Fig. 1C). However, no significant

differences in leaf conductance values were observed

between the two genotypes (Fig. 1C).
Under control conditions (0 h) no differences in leaf

ABA content between the two genotypes were observed

(Fig. 1D). The ABA pre-treatment caused an increase in

leaf ABA content in both genotypes, being higher in Z7

plants (Fig. 1D). After 30 h of chilling, Z7 plants

significantly increased their leaf ABA contents at both

humidity regimes. After that, only the Z7 plants chilled

at 60% RH showed an increase on the leaf ABA content,
while the ones chilled at 100% RH showed no changes

(Fig. 1D). In Penjalinan plants, leaf ABA content only

increased after 54 h of chilling in both humidity regimes,

although the increase was higher in the plants chilled at

60% RH (Fig. 1D). In each genotype and after 54 h of

chilling, the plants chilled at 60% RH (pre-treated with

ABA or not) had the same leaf ABA content (Fig. 1D).

However, the ABA level was higher in Z7 than in
Penjalinan.

3.2. Chilling effects at root level

Under control conditions (25 8C, 0 h), no differences

in any of the root hydraulic parameters (free exuded sap

flow, Jv; osmotic gradient between nutrient solution and

exuded sap, DCs; CRHC) were observed between the

two genotypes (Fig. 2A�/C). The ABA pre-treatment
caused a decrease of Jv and CRHC and an increase in

DCs and root ABA content in both genotypes (Fig. 2A�/

D). After 6 h of chilling, Jv decreased drastically in all
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plant groups. This decrease was greater in 60% RH

chilled plants than in those chilled at 100% RH, and no

differences were observed between the genotypes (Fig.

2A). At the same time, all chilled plants decreased their

DCs, except Z7 plants chilled at 60% RH (Fig. 2B).

Therefore, only 60% RH chilled plants of both geno-

types decreased their CRHC (Fig. 2C).

After 30 and 54 h of chilling, the Z7 plants chilled at

60% RH recovered their Jv partially, decreased their

DCs, and increased their CRHC (Fig. 2A�/C). On the

contrary, Z7 plants chilled at 100% RH did not change

their Jv, DCs and CRHC during chilling (Fig. 2A�/C).

On the other hand, Penjalinan plants at both humidity

regimes tended to decrease their Jv and CRHC during

chilling. However, the Penjalinan plants chilled at 100%

RH showed the same CRHC than control plants after

54 h of chilling, while those plants chilled at 60% RH

decreased their CRHC down to 7% (Fig. 2A and C).

ABA pre-treated chilled plants of both genotypes had

higher DCs than non pre-treated plants after 54 h of

chilling (Fig. 2B). However, the effect of ABA treatment

on Jv and CRHC differed in the two genotypes. In Z7

Fig. 1. Leaf RWC (A), leaf transpiration rate (B), leaf conductance (C), and leaf ABA content (D) of two maize genotypes differing in chilling

sensitivity: Z7 (tolerant, left panels) and Penjalinan (sensitive, right panels) grown at 25 8C (0 h) then subjected to 5 8C for 3 days at 60% (circles) or

100% (squares) RH. Plants pre-treated with ABA are indicated by triangles. Symbols represent the Mean9/S.E. of six to ten plants.
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plants, ABA caused a decrease in both parameters (Jv

and CRHC) but in Penjalinan it caused an increase in Jv

and a decrease in CHRC (Fig. 2A and C).

The root ABA content increased at the same level

after 30 h of chilling treatment in both genotypes and

humidity regimes (Fig. 2D). After 54 h of chilling, the

root ABA content increased to the same level in all

chilled plants, except those Z7 plants chilled at 100%

RH, in which the increase was lower (Fig. 2D). The root

ABA content of chilled plants (54 h) and pre-treated

with ABA were 61999/633 and 44389/660 ng g�1 DW

in Z7 and Penjalinan, respectively (data not shown in

Fig. 2D).

4. Discussion

It is known that the different degree of chilling

sensitivity among maize genotypes is linked with the
capacity to avoid water deficit induced by chilling [1,3�/

6]. In our experimental conditions, Penjalinan plants

chilled under 60% RH suffered greater water deficit than

Fig. 2. Free exuded sap flow rate (Jv, A), osmotic gradient between exuded sap and nutrient solution (DCs, B), CRHC (C), and root ABA content

(D) of two maize genotypes differing in chilling sensitivity: Z7 (tolerant, left panels) and Penjalinan (sensitive, right panels). The values of ABA for

chilled pre-treated plants with ABA have not been include because they are out of scale (61999/633 and 44389/660 ng g�1 DW in Z7 and Penjalinan,

respectively). Otherwise as for Fig. 1.
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Z7 plants under the same humidity conditions (Fig. 1A).

These results confirm that Penjalinan is more sensitive

to chilling than Z7 [1,5,20,30]. Moreover, chilled Penja-

linan plants pre-treated with ABA did not suffer any
water deficit (Fig. 1A), confirming that ABA is effective

in avoiding the water deficit induced by chilling [9].

The water deficit induced by chilling is caused by the

imbalance between the water loss by the leaves and the

water uptake by the roots. Commonly, the reduction of

the water uptake is more pronounced than the reduction

of the leaf transpiration, which even increases sometimes

[1,2,5]. Under our chilling conditions, since the VPD
was reduced almost four times (see Section 2) it is quite

likely that the water flowed through the root mainly by

the cell-to-cell pathway [21]. The cell-to-cell pathway

can be estimated by measuring the exuded sap flow of

plants (Jv) exuding at atmospheric pressure [1,31]. Using

a potometer system in our previous study [1], we

observed that during chilling Penjalinan plants reduced

the root water uptake more rapidly than the leaf
transpiration and that the decrease in root water uptake

was correlated with a decrease in Jv measured at 25 8C.

Therefore, the measurement of Jv at 25 8C can be used as

an estimation of the behaviour of the root water uptake

during chilling [1]. After 54 h of chilling at 60% RH, the

decrease in leaf transpiration rate was 78 and 62%,

respectively in Z7 and in Penjalinan, while the decrease

in Jv was 61 and 98%, respectively (Fig. 1B, Fig. 2A).
This imbalance in Penjalinan plants chilled at 60% RH

should be the cause of the observed water deficit (Fig.

1A). Therefore, the chilling tolerance among maize

genotypes is not only linked with the capacity to close

the stomata during chilling but it is also linked with the

capacity to maintain the root water uptake. Care must

be taken in extrapolating Jv values to the real values of

the root water uptake, since the former only serves as an
indicator [1]. At the same time, the final value of leaf

conductance was the same for the two genotypes (Fig.

1C). Therefore, as proposed by Duchoslav and Frache-

boud [20], the different degree of water deficit observed

between the two genotypes could be the result of

differences in root water uptake.

There is no agreement whether the rise in leaf ABA

during chilling is associated with chilling per se or with
water deficit induced by chilling. Thus, Pardossi et al. [9]

and Capell and Dörffling [22] found that in Phaseolus

vulgaris L. and in Cucumis sativus L. the rise in leaf

ABA is associated with a chilling-induced water deficit.

On the other hand, Starck et al. [32] found that in

tomato the rise in ABA is caused by chilling temperature

per se. In maize, it has been suggested that both factors

(temperature and water deficit) could be involved [4].
After 30 h of chilling, the Z7 plants at both RH

increased their leaf ABA content. For longer exposure

to chilling, only the Z7 plants chilled at 60% RH

continued increasing their leaf ABA content. At the

same time, no change in the water status was observed

(Fig. 1). Therefore, during the first 30 h of chilling

treatment, the rise observed in leaf ABA content in Z7

plants must be caused by low temperature per se.
However, the following increase (at longer chilling

exposure) could be caused by a greater VPD, because

it occurred only in chilled plants at 60% RH. The

relationship between increased VPD and accumulation

of ABA during chilling has also been found by Capell

and Dörffling in cucumber cotyledons [22]. The same

behaviour was observed in Penjalinan plants, but to a

lower extent and with slower response. Although
Penjalinan plants chilled at 60% RH suffered from

water deficit, the increase in leaf ABA content was

also observed in plants chilled at 100% RH (Fig. 1D), in

which no water deficit was observed (Fig. 1A). More-

over, although Penjalinan suffered more from water

deficit than Z7, the leaf ABA content was less.

Differences in the ABA content observed by our group

could be caused by a different metabolism of the ABA
delivered from xylem or a different re-export rate from

the leaves [33�/35]. This also indicates that there is no

simple relationship between chilling-induced water def-

icit and ABA accumulation.

In earlier studies, a relationship was found between

the rise in leaf ABA content and a decrease in leaf

conductance during chilling [9,30]. However, recently

Wilkinson et al. [36] have found that in short-term
exposure to cold temperature (1 h), stomatal closure is

related to an increase in apoplastic calcium uptake by

guard cells, without any change in the ABA content.

The same experiments might be done in maize to clarify

the short-term response of stomatal closure to low

temperature. Nevertheless, this fact does not indicate

that ABA is not involved in longer cold treatments. In

fact, we observed that Z7 plants accumulated more leaf
ABA after 6 h of chilling and that leaf conductance also

decreased faster than in Penjalinan plants (Fig. 1C and

D) as previously found by Capell and Dörffling [30],

although the final values were the same. However, after

54 h of chilling, chilled plants of both genotypes pre-

treated with ABA had the same leaf ABA content than

non pre-treated plants, but they showed a lower leaf

conductance (Fig. 1C and D). This fact can be explained
by assuming that ABA pre-treatment increases the

stomatal sensitivity to ABA, as in Ackerson’s previous

work in cotton plants [37].

Some plant species have the ability to acclimate their

root hydraulic conductance after some hours of expo-

sure to low temperature [23,26,38,39]. In the present

work, we observed such acclimation in Z7 maize plants

(Fig. 2C) as in Aroca et al. [1]. Since ABA can rise the
root hydraulic conductance in many cases [13�/20], we

tested the possibility that an increase in root ABA

content could be correlated with the root hydraulic

acclimation to chilling stress.
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In control conditions, ABA treatment caused a

decrease in Jv and CHRC in both genotypes (Fig. 2A

and C) in agreement with some previous reports [40,41].

However, most of the work reported an increase in root
hydraulic conductivity induced by ABA application

[15�/17,19]. Apparently, the effect of ABA on the root

hydraulic conductance depends on many factors. Thus

Collins and Morgan [18] found that the stimulation of Jv

by ABA was dependent on temperature in maize, being

the effect greater at 20 8C. This temperature dependence

has been found in other species [13,14]. On the other

hand, ABA effect is also genotype dependent [20]. These
authors found that ABA increased Jv in Z7 genotype but

not in Penjalinan. Finally, the effect of ABA on the root

hydraulic conductance is also time-dependent [15,17,40].

In fact Fiscus [40] found that ABA had three separate

responses on Phaseolus root systems: an initial increase

in the water flux volume, a long-term increase in the

total ion flux, and a long-term decrease in the hydraulic

conductance. We also observed a marked increase in
DCS and a decrease in Jv and CRHC (Fig. 2B and C).

Some authors have found an increase of the root

hydraulic conductance by ABA, although they studied

short time effect (from 1 to 6 h) [15,17,19]. In longer

time effect, Ludewig et al. [17] also found a decrease in

Jv 24 h after of addition of ABA in sunflower plants.

They argued that this could be due to the formation of

substances in the medium that counteracted the incre-
mental effect of ABA (see [17]). Such discrepancies

between ABA and root hydraulic conductance suggest

the need to perform more studies to understand the

effect of ABA on root hydraulic conductance.

After 30 h of chilling, Z7 plants under both humidity

regimes had the same root ABA content, but those

which were chilled at 60% RH had higher hydraulic

conductance (Fig. 2C and D). After 54 h of chilling, the
Penjalinan plants chilled at 100% RH showed values of

CRHC equal to control plants, while the plants which

were chilled at 60% RH showed a decrease in CRHC

down to 7% control values (Fig. 2C). Nevertheless, both

of them had the same root ABA content (Fig. 2D).

Finally, after 54 h of chilling, Z7 plants at 60% RH and

Penjalinan plants at both humidity regimes had the

same root ABA content, but the former had a higher
root hydraulic conductance (Fig. 2C and D). Therefore,

we did not find a relationship between root ABA

content and root hydraulic conductance. Similar results

have been found recently by Vernieri et al. [23] in P.

vulgaris .

The free exuded sap flow (Jv) of chilled Penjalinan

plants pre-treated with ABA was greater than in non

pre-treated ones (Fig. 2A). Thus, ABA pre-treatment
induced chilling tolerance in Penjalinan plants also by

increasing root water flow. Such increase in exuded sap

flow was mainly caused by a higher DCS (Fig. 2B). The

same effect of ABA decreasing the xylem osmotic

potential has been found previously [40,41], although

other authors have found the contrary [13,18,39]. In Z7,

the effect of ABA improving chilling tolerance could not

be seen, quite likely because Z7 is already tolerant
[1,5,20,30].

Vernieri et al. [23] have demonstrated recently that the

rise in the root ABA content during chilling in P.

vulgaris is caused by a signal from the water-stressed

leaves. However, we did not find a relationship between

leaf water status and the rise in the root ABA content in

maize: chilled Penjalinan plants at both humidities

regimes had the same increase in the root ABA content,
and Z7 plants chilled at 60% RH increased their root

ABA content without any change in their leaf water

status (Fig. 1A, Fig. 2D). In Penjalinan plants, it is

plausible that the rise in root ABA content was caused

by chilling per se. In the case of Z7, the plants chilled at

60% RH had higher levels of root ABA content than

those chilled at 100% RH (Fig. 2D). Therefore, as it

happens in the leaves, there may be at least two
mechanisms involved in increasing the ABA levels in

the root: chilling per se and increased VPD during

chilling (since more VPD causes more ABA accumula-

tion).

Like Dörffling and co-workers [3,4,30] described, we

found a relationship between leaf ABA content and

maize chilling tolerance (Fig. 1D). However, there was

no relationship at the root level (Fig. 2D).
In summary, we found that under our experimental

conditions root water uptake could be more important

than leaf conductance to avoid the water deficit induced

by chilling. At the same time, there was a relationship

between leaf ABA content and chilling tolerance, but

not with leaf conductance. At the root level we did not

observe a relationship between ABA content, root

hydraulic acclimation and chilling tolerance. Chilling
induced an increase in leaf and root ABA contents that

was related to chilling per se and to VPD in the tolerant

genotype, and only to chilling per se in the sensitive one.

Finally, no relationship between leaf water status, root

hydraulic acclimation and root ABA content has been

observed.
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[2] J.J. Irigoyen, J. Pérez de Juan, M. Sánchez-Dı́az, Drought

enhances chilling tolerance in a chilling-sensitive maize (Zea

mays L.) variety, New Phytol. 134 (1996) 53�/59.

[3] F. Janowiak, K. Dörffling, Chilling of maize seedlings: changes in

water status and abscisic acid content in ten genotypes differing in

chilling tolerance, J. Plant Physiol. 147 (1996) 582�/588.

[4] F. Janowiak, B. Maas, K. Dörffling, Importance of abscisic acid

for chilling tolerance of maize seedlings, J. Plant Physiol. 159

(2002) 635�/643.
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