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Abstract Chilling stress is an important constraint

of global production of maize. This study was

undertaken to compare the chilling responses of

different maize seedling tissues and to analyze

changes in polyamines as a result of chilling stress.

Reponses to chilling were characterized in two maize

(Zea mays L.) inbred lines, ‘HuangC’ and ‘Mo17’,

that putatively differ in chilling sensitivity. Seedlings

were exposed to low temperature (5�C) and chilling

injury was estimated by electrical conductivity (EC),

malonaldehyde (MDA) concentration, and by changes

in putrescine (Put), spermidine (Spd) and spermine

(Spm) concentrations in root, mesocotyl, and coleop-

tile tissues. Membrane permeability (as measured by

EC), MDA concentrations and Put concentrations in

the three tissue of maize seedlings increased after

chilling stress, except for the Put concentration in

roots. Spd and Spm concentrations in the three tissues

of seedlings decreased after chilling stress. The EC for

cold stressed tissues were lower in HuangC than

Mo17. Also, the EC of coleoptile tissues were lower

than for mesocotyl in both inbred lines. We suggest

that mesocotyl tissue can be used to evaluate cold

tolerance in maize. Stepwise regression analyses

showed that chilling injury in roots was generally

correlated with Spd concentration while in the

mesocotyl injury was mainly correlated with Put and

Spd concentrations. Spermidine and Spm concentra-

tions in the coleoptile were correlated with chilling

injury. Characteristics changes of polyamines in chill-

tolerant maize seedling combined with regression

analysis are a reliable method for evaluating chill

tolerance in maize lines.

Keywords Maize � Inbred lines � Polyamines �
Chilling injury parameters � Stepwise regression

analysis

Introduction

Maize, as is characteristic of many tropical and sub-

tropical species, is susceptible to chilling injury at

low non-freezing temperatures below 12�C (Stamp

1984). The chilling sensitivity of maize is particularly

notable during germination and early seedling growth

(Stamp 1984) but varies depending on genotype.

Numerous physiological changes occur in plants in

response to low temperature, particularly with

cellular membranes. Membrane permeability in par-

ticular increases with chilling stress (Markowski et al.

1990). Changes in membrane permeability can be

C. Gao � J. Hu (&) � S. Zhang � Y. Zheng

Department of Agronomy, Zhejiang University,

Hangzhou 310029, China

e-mail: jhu@dial.zju.edu.cn

A. Knapp

Department of Agronomy, Iowa State University, Ames,

IA 50011-1010, USA

123

Plant Growth Regul (2009) 57:31–38

DOI 10.1007/s10725-008-9315-2



demonstrated by characterizing electrolyte leakage

from tissues. Electrolyte leakage has been extensively

used for evaluating cold tolerance (Markowski et al.

1990). During cold stress, cellular membranes can be

attacked by free radicals, resulting in membrane lipid

peroxidation (Elste 1982). Malondialdehyde (MDA)

is a major component of thiobarbiturate-reactive

substances and is used as an indicator of lipid

peroxidation (Elste 1982). During post chilling

recovery at normal temperatures, seedling growth of

chill-tolerant maize lines was more rapid than that of

chill-sensitive maize lines (Sowiński et al. 2005).

These changes all occur before visual morphologic

changes appear post-chilling stress, therefore, mem-

brane permeability and MDA concentration may be

used as physiological marker of chilling tolerance

and chilling injury in maize.

Upon exposure to low temperature, plants accu-

mulate polyamines (PAs) (Lee et al. 1995; Shen et al.

2000). Polyamines, Spd, Spm and their obligate

precursor Put, are small aliphatic low-molecular-

weight polycationic nitrogenous compounds that are

ubiquitous in higher plants. They are important

modulators of biological processes such as plant

growth, development and senescence (Koetje et al.

1993). They are also involved in plant responses to

environmental stress (Bouchereau et al. 1999). The

concentration of endogenous polyamines has been

shown to increases during chilling stress in several

plant species such as rice (Lee et al. 1995), cucumber

(Shen et al. 2000), maize (Szalai et al. 1997; Németh

et al. 2002) and chickpea (Nayyar and Chander

2004). Because they are fully protonated and poly-

cationic in nature at physiological pH, PAs can bind

strongly to negatively charged cellular components

such as nucleic acids, proteins and phospholipids

(Bouchereau et al. 1999). Several mechanisms for the

protective nature of PAs have been postulated,

including stabilizing chromosomes, retarding lipid

peroxidation (radical scavenging) and preserving

membrane integrity (Nadeau et al. 1987).

Previous researchers have indicated that maize

mesocotyl tissues were the most sensitive to low

temperature injury during seed germination (Anderson

et al. 1995; Gao et al. 2006). PAs are generally

distributed in maize embryonic axis (Sepulveda and

Sanchez-de-Jimenez 1988) but Put mainly distributed

in the base of both the coleoptile and root during seed

germination at normal temperatures (Dumortier et al.

1983). These reports showed that sensitivity to low

temperature, as well as the PAs distribution, varied in

different maize seedling tissues. Earlier investigations

of PAs metabolism, in chilling stressed maize seed-

lings mainly used callus tissues (Songstad et al. 1990)

and leaves (Szalai et al. 1997; Németh et al. 2002;

Páldi et al. 2002). Furthermore, these tissues were

usually derived from common maize varieties (Szalai

et al. 1997; Németh et al. 2002). However, by using

chill-tolerant and chill-sensitive maize lines, it should

be possible to characterize differences in PA profiles

following chilling stress that more effectively charac-

terize relationships between PA metabolism and

chilling tolerance in maize. By partitioning maize

seedling, the differences in the metabolism of PA

between different tissues could be investigated. How-

ever, to our knowledge, there are no data using maize

inbred lines with different chilling tolerance to study

changes in PA concentrations in different tissues of

seedlings under chilling stress, and no reports on the

relationship between the changes of PA concentrations

and chilling injury parameters such as membrane

permeability and MDA concentration.

In the present study, chill-tolerant and chill-

sensitive maize inbred lines are used to determine

tissue difference (i.e. root, mesocotyl plus coleoptile

node and coleoptile plus leaves), in polyamine

concentrations in response to chilling tolerance in

maize seedlings. Moreover, we attempt to assess

which PAs are more closely correlated with chilling

tolerance in three different maize seedling tissues.

Materials and methods

Growth of plants and stress application

Two maize (Zea mays L.) inbred lines, HungC (chill-

tolerant) (Zheng et al. 2006), Mo17 (chill-sensitivity)

(Páldi et al. 2002; Zheng et al. 2006), were used. All

seeds were stored at 4�C until used. Maize seeds were

surface sterilized in 0.5% NaOCl for 5 min (Joseph

et al. 1992) and germinated for 4 days in darkness at

25�C (control temperature) on paper moistened with

water. The low temperature stress treatments were

accomplished by transferring them to 5�C (chilling

temperature) for 3 days. Seedlings were then trans-

ferred back to 25�C for a recovery period of 3 days.

Seedlings were grown in growth chambers with a
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12 h light: dark period, illumination at a constant

250 lmol m-2 s-1 during both chilling and the

recovery period. Each of the three replicates was

comprised of 50 seeds.

Seedlings were harvested before the chilling

treatment (day 4), immediately after the chilling

treatment (day 7) and at the end of the recovery

growth period (day 10). Tissues were sectioned into:

(a) coleoptile plus leaves (coleoptile); (b) mesocotyl

plus coleoptile node (mesocotyl); (c) root. MDA

concentration, membrane permeability and PA con-

centrations were measured in three replicates each

consisting of 30 seedlings for each treatment.

MDA concentration assay

MDA concentration was determined by the thiobar-

bituric acid (TBA) reaction as described by Li (2000).

Briefly, 0.3 g fresh weight (FW) of seedling tissue

was collected, and homogenized in 3 ml of 0.1%

trichloroacetic acid (TCA). The homogenate was

centrifuged at 3,600g for 10 min. Two ml of 0.67%

TBA was added to the 2 ml of supernatant. The

mixture was heated at 100�C for 30 min, then cooled

to room temperature and centrifuged at 1,800g for

5 min. The optical density of the supernatant was

measured at 450, 532 and 600 nm. The MDA

concentration was calculated according to the

formula:

C lmol=lð Þ ¼ 6:45 A532 � A600ð Þ � 0:56A450;

then the MDA (nmol g Fw-1) concentration was

calculated.

Membrane permeability assay

Electrolyte leakage was used to measure membrane

permeability using the method of Liu et al. (2000).

The three different seedling tissues were sectioned

into segments of about 5 mm. Each tissue sample

(0.2 g FW) was washed three times with deionized

water, then it was placed in a test tube with 10 ml

deionized water and covered with a plug. After

incubation at 25�C for 6 h, the conductivity (E1) was

measured with conductivity meter DDS-11A (Made

in Shanghai, China). Subsequently, the tissue was

placed in a 100�C water bath for 30 min, and then

cooled to 25�C. A second conductivity measurement

was made (E2). The electrical conductivity of

deionized water was also measured (E0). The relative

electrolyte leakage (REL) was calculated as follows:

REL ¼ E1� E0

E2� E0
� 100%:

Polyamine assay

Free polyamine concentrations were measured

according to the method of Flores and Galston

(1982) with slight modification. Each 100 mg of

tissue was homogenized with 1 ml 5% (w/v) cold

perchloric acid using a cooled mortar and pestle. The

homogenates were kept in an ice bath for 1 h, and

then centrifuged at 23,000g for 30 min at 4�C, the

supernatant was transferred to new plastic vials and

were stored at -70�C for PA quantification.

Plant extracts were benzoylated. One ml of 2 mol/l

NaOH was mixed with 500 ll supernatant. After the

addition of 10 ll benzoyl chloride, samples were

vortexed for 20 s, incubated for 20 min at 37�C.

Following the high temperature incubation, 2 ml of

saturated NaCl was added. Benzoyl-polyamines were

extracted in 2 ml diethyl ether and vortexed for 10 s.

After centrifugation at 1,500g for 5 min at 4�C, 1 ml

of the ether phase was collected, evaporated to

dryness under a stream of warm air, and redissolved

in 100 ll methanol.

The benzoylated extracts were filtered through a

0.22 lm membrane filter, then eluted at room tem-

perature through a 3.9 9 150 mm, 4 lm particle size

reverse-phase (C18) column (Waters Nova-Pak), and

detected at 254 nm. HPLC analysis was carried out

using a Waters 2487 dual k absorbance detector, 515

HPLC pump. The mobile phases consisted of meth-

anol: water (64:36), at a flow rate of 1 ml/min. Three

polyamine standards (Sigma Chemical Co.) of Put,

Spd and Spm were prepared at different concentra-

tions for the production of standard curves.

Calculation of the percent change of PAs

The percent change ¼ The value of PAs in day 7

The value of PAs in day 4
� 100%

If the percent change of PAs was more than 100%

following exposure to stress, it means that the

concentration of this polyamine component increases

during chilling stress.
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Statistical analysis

Analysis of variance (ANOVA) was performed using

SAS software (before analysis, percentage data were

arcsin transformed y = arcsin[sqr(x/100)]. Membrane

permeability and MDA concentration were dependent

variables in regression analyses against the three

kinds of polyamine (independent variables). Their

correlation was analyzed by stepwise regression

procedure of SAS software (Hu 2001). The influence

of an experimental variable was considered signifi-

cant for P values B0.05.

Results

Membrane permeability and MDA concentration

There were no significant differences in membrane

permeability among tissues or between maize line

(HuangC or Mo17) prior to stress (day 4). However,

after stress (day 7), membrane permeability in all

three tissues of Mo17 was higher than that of

HuangC (Table 1). These differences in membrane

permeability were still apparent after 3 days of

warming (day 10) except for mesocotyl tissue where

there were no difference between the lines.

The maize lines had the same MDA concentrations

in all the tissues at day 4 (Table 2). However, MDA

concentrations of HuangC were lower than those of

Mo17 at day 7 and day 10. MDA concentrations in the

three tissues of both HuangC and Mo17 seedlings at

day 7 were higher than those on both day 4 and 10.

MDA concentrations in all three tissues of both lines at

day 10 were higher than those at day 4, except for MDA

concentration in the coleoptile of HuangC which were

not significant between day 4 and day 10 (Table 2).

Polyamines in the roots

After growth for 4 days (day 4) before chilling, there

were no differences in Put concentrations in roots of

HuangC or Mo17. Spd concentration in HuangC roots

was higher than that of Mo17 (Table 3), however,

Spm concentration in HuangC was lower than that in

Mo17. After 3 days at chilling temperatures (day 7),

Put and Spm concentrations in Mo17 roots were

higher than those in HuangC, however, there were no

Table 1 The effect of chilling stress on the membrane permeability (%) in different tissues of maize seedlings

Treatmenta Root Mesocotyl Coleoptile

Mo17 HuangC Mo17 HuangC Mo17 HuangC

Day 4 A16.0cb A16.0b A15.5b A15.8b A10.1c A10.5c

Day 7 A25.2a B20.4a A29.1a B22.1a A17.8a B14.6a

Day 10 A18.2b B15.0b A15.4b A15.5b A14.7b B12.7b

a Day 4, seed germinated for 4 days in darkness at 25�C; day 7, seedling incubated at 5�C (chilling temperature) for 3 days after

day 4; day 10, seedling incubated at 25�C for a recovery period of 3 days after day 7
b Letters in front and behind data for each tissue showed the differences between lines and among treatments, respectively, a = 0.05,

Tukey

Table 2 The effect of chilling stress on the MDA concentration (nmol g Fw-1) in different tissues of maize seedlings

Treatmenta Root Mesocotyl Coleoptile

Mo17 HuangC Mo17 HuangC Mo17 HuangC

Day 4 A1.10cb A1.05c A1.14c A1.09c A1.09c A1.12b

Day 7 A2.99a B2.33a A3.31a B2.47a A2.85a B1.95a

Day 10 A1.95b B1.36b A1.98b B1.57b A1.42b B1.15b

a Day 4, seed germinated for 4 days in darkness at 25�C; day 7, seedling incubated at 5�C (chilling temperature) for 3 days after

day 4; day 10, seedling incubated at 25�C for a recovery period of 3 days after day 7
b Letters in front and behind data for each tissue showed the differences between lines and among treatments, respectively, a = 0.05,

Tukey
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differences in Spd concentration between HuangC

and Mo17. After recovering at control temperature

for 3 days (day 10), Put concentrations in Mo17 roots

was higher than that in HuangC, however, there was

no difference in either Spd or Spm concentration in

roots of either HuangC or Mo17 (Table 3).

Put concentrations in root of Mo17 and HuangC

were not different between day 4 and 7, however, Put

concentration on day 10 was lower than that on both

day 4 and 7 (Table 3). Spd concentration in roots of

Mo17 on day 4 was higher than that on both day 7

and 10, however, there was no difference between

day 7 and 10. Spd concentration of HuangC root

declined from day 4. The change in Spm concentra-

tion in roots of Mo17 over time was similar to that of

Spd concentration. Spm concentration of HuangC

roots on day 4 was higher than that on day 7 and 10,

however, Spm concentration in root of HuangC on

day 7 was lower than that on day 10 (Table 3).

Polyamines in the mesocotyl

For mesocotyls, Put and Spm concentrations of Mo17

were higher than those of HuangC on day 4, however,

there was no difference in Spd concentration between

HuangC and Mo17. After 3 days of chilling temper-

atures (day 7), Put, Spd and Spm concentrations of

both lines were similar to day 4. After recovery, Put,

Spd and Spm of Mo17 were higher than those of

HuangC (Table 4).

Put concentrations in mesocotyl of both Mo17 and

HuangC on day 7 were higher than those on both day

4 and 10. Put concentrations of Mo17 on day 10 were

lower than on day 4. The Put concentration of

HuangC did not change between day 4 and 10. The

Spd concentration of Mo17 on day 7 was lower than

that on day 4 or 10, which were similar. Spd

concentration in HuangC declined throughout. The

change in Spm concentration of both lines over time

was similar to that in Spd concentration of HuangC

(Table 4).

Polyamines in the coleoptile

Prior to chilling (day 4), Put concentrations of Mo17

coleoptiles were higher than those of HuangC while

the Spd and Spm concentrations were lower

(Table 5). After chilling, as comparing Mo17 and

Table 3 Polyamine concentrations of root (nmol g Fw-1) of maize seedlings during germination under chilling stress

Treatmenta Put Spd Spm

Mo17 HuangC Mo17 HuangC Mo17 HuangC

Day 4 A749.8ab A668.0a B169.9a A198.8a A15.7a B10.3a

Day 7 A763.4a B643.1a A120.9b A131.0b A7.0b B4.9c

Day 10 A437.7b B335.4b A111.0b A105.9c A8.7b A8.5b

a Day 4, seed germinated for 4 days in darkness at 25�C; day 7, seedling incubated at 5�C (chilling temperature) for 3 days after

day 4; day 10, seedling incubated at 25�C for a recovery period of 3 days after day 7
b Letters in front and behind data for each tissue showed the differences between lines and among treatments, respectively, a = 0.05,

Tukey

Table 4 Polyamine concentrations of mesocotyl of maize seedlings (nmol g Fw-1) during germination under chilling stress

Treatmenta Put Spd Spm

Mo17 HuangC Mo17 HuangC Mo17 HuangC

Day 4 A932.7bb B476. 1b A235.5a A217.9a A34.7a B16.4a

Day 7 A1074.8a B665.6a A116.7b A147.8b A23.5b B9.7b

Day 10 A693.7c B504.7b A198.9a B104.5c A18.5c B6.3c

a Day 4, seed germinated for 4 days in darkness at 25�C; day 7, seedling incubated at 5�C (chilling temperature) for 3 days after

day 4; day 10, seedling incubated at 25�C for a recovery period of 3 days after day 7
b Letters in front and behind data for each tissue showed the differences between lines and among treatments, respectively, a = 0.05,

Tukey
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HuangC, Put and Spd concentrations in coleoptiles

were similar on day 4 at normal temperatures.

However, Spm concentration showed no difference

between HuangC and Mo17. After recovery at

control temperatures for 3 days, the Put and Spd

concentrations of HuangC were higher than those of

Mo17 while the Spm concentrations were similar.

Put concentration in coleoptiles of Mo17 on day 7

was higher than either day 4 or 10. However, after

3 days at the control temperature (day 10), they were

lower than on day 4 (Table 5). The Put concentration

of HuangC on day 4 was lower than that on day 7 or 10,

but there was no difference between day 7 and 10. Spd

concentrations of both Mo17 and HuangC decreased

throughout the sampling period. Spm concentrations

of both lines on day 4 were higher than those on day 7

or 10, which were not different from each other.

Regression analysis between the chilling injury

parameters and polyamine components in different

tissues of maize seedlings under chilling stress

Stepwise regression analysis was used to select

polyamine components which had significant effect

(a = 0.05 significant level) on chilling injury mark-

ers. The results showed that all regression equations

were highly significant level (\0.0001) (Table 6).

For root tissues, Spd (X2) affected membrane

permeability ðŷ1Þ; while Spd (X2) and Spm (X3)

affected MDA ðŷ2Þ concentration. Spd was high-

lighted by two of the regression equations, indicating

that Spd was a significant factor influencing chilling

injury in roots. MDA concentration in roots appears

to be a more reliable descriptor of chilling injury due

to its relatively larger R2 value (Table 6).

For mesocotyl tissue, both Put and Spd affected

membrane permeability ðŷ1Þ; whereas all polyamines

affected MDA ðŷ2Þ concentration. Put and Spd were

the main factors influencing chilling injury. More-

over, the R2 value in ŷ2 (0.939) was larger than that in

ŷ1 (0.889), indicating that MDA concentration was

again a key indicator of chilling injury.

Both Spd and Spm affected the membrane perme-

ability of coleoptile tissues ðŷ1Þ; all polyamines also

affected MDA ðŷ2Þ concentration. Spd and Spm were

selected into the two regression equations, showing

that Spd and Spm were the main factors influenc-

ing chilling injury in coleoptiles. However, the

Table 6 Stepwise regression analysis between the chilling injury markers and polyamine components in different tissues of maize

seedlings under chilling stress

Tissue Regression equationa R2 Pr [ F

Root ŷ1 ¼ 37:4549� 0:0738X2 0.738 \0.0001

ŷ2 ¼ 5:3676� 0:0187X2 � 0:0637X3 0.905 \0.0001

Mesocotyl ŷ1 ¼ 19:8167þ 0:0197X1 � 0:40380X2 0.889 \0.0001

ŷ2 ¼ 1:5399þ 0:0036X1 � 0:0048X2 � 0:0729X3 0.939 \0.0001

Coleoptile ŷ1 ¼ 29:4834� 0:0093X2 � 0:0701X3 0.880 \0.0001

ŷ2 ¼ 8:35879� 0:0025X1 � 0:0080X2 � 0:0145X3 0.773 \0.0001

a Chilling injury markers: membrane permeability ðŷ1Þ; MDA ðŷ2Þ concentration; polyamine components: Put (X1), Spd (X2),

Spm (X3)

Table 5 Polyamine concentrations of coleoptile (nmol g Fw-1) of maize seedlings during germination under chilling stress

Treatmenta Put Spd Spm

Mo17 HuangC Mo17 HuangC Mo17 HuangC

Day 4 A743.9bb B377.4b B521.2a A658.3a B55.7a A86.7a

Day 7 A950.3a B584.1a B383.4b A573.7b A24.8b A23.8b

Day 10 B391.2c A567.9a B198.9c A225.5c A18.5b A20.5b

a Day 4, seed germinated for 4 days in darkness at 25�C; day 7, seedling incubated at 5�C (chilling temperature) for 3 days after

day 4; day 10, seedling incubated at 25�C for a recovery period of 3 days after day 7
b Letters in front and behind data for each tissue showed the differences between lines and among treatments, respectively, a = 0.05,

Tukey
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membrane permeability (R2 = 0.880) as a chilling

injury marker in coleoptiles might be more reliable

than MDA (R2 = 0.773) according to their R2 value.

Discussion

Chilling injury affected membrane permeability and

MDA concentration in all tissues of both lines. The

apparent injury caused by chilling in Mo17 was

greater than HuangC. Cellular membrane damage

was induced by chilling stress, and the degree of

chilling injury in HuangC was lower than that of

Mo17, which confirms earlier results (Zheng et al.

2006). Furthermore, the present study showed that

mesocotyl tissue was more easily damaged during

chilling stress than other tissues. Mesocotyl tissue

appears suitable for evaluating cold tolerance in

maize. This is consistent with the results using

measures of chilling injury such as catalase and

peroxidase activities and proline concentration (Gao

et al. 2006).

The value of Put concentration as an indicator of

chilling damage varied with seedling tissue. There

was no significant change in Put concentrations in

root tissue after chilling. However, it increased in

both mesocotyl and coleoptile of both maize lines.

During chilling stress, Put can be bound to antiox-

idant enzymes such as superoxide dismutase or be

conjugated to small antioxidant molecules allowing

them to permeate to sites of oxidative stress within

cells (Bouchereau et al. 1999). Therefore, Put can

alleviate chilling injury. Put concentration in chilling-

tolerant HuangC was lower than that of chilling-

sensitive Mo17 under chilling stress, however, the

percent change of Put levels in both mesocotyl and

coleoptile of HuangC were higher than those of

Mo17, moreover, the percent change of Put concen-

tration in coleoptiles was higher than that of the

mesocotyl in both lines (Table 7). Taken together,

these results suggest that the percent change (day 7 to

day 4 ratio) of Put concentration in both coleoptile

and mesocotyl, rather than the absolute concentra-

tions, were positively correlated with chilling

tolerance of maize seedlings. These results agree

with those of rice (Lee et al. 1995).

Spd and Spm inhibited chilling injury by retarding

lipid peroxidation and preserving membrane integ-

rity, also, Spd and Spm might interact with

membranes either by inhibiting the transbilayer

movement of phospholipids, or by stabilizing molec-

ular complexes of thylakoid membranes (Bouchereau

et al. 1999). The percent change of Spd in mesocotyl

and coleoptile of HuangC were higher than those of

Mo17, the ratio of Spd to total PA concentrations

showed a similar trend (Table 7). This indicates that

the percent change of Spd levels and the ratio of Spd

to total PA concentrations in both coleoptile and

mesocotyl were negatively correlated with chilling

injury parameters, and positively correlated with

chilling tolerance of maize seedlings.

Spm concentrations were very low compared to

Put and Spd concentrations in all three tissues of both

lines, and the ratio of Spm to total PA concentrations

was therefore the smallest. This was consistent with

the results of Szalai et al. (1997); Németh et al.

(2002). Shen et al. (2000) considered the contribution

of Spm to the chilling tolerance of cucumber to be

much smaller than Spd. The role of Spm in chilling

tolerance of maize seedling warrants further study.

Various PAs may play different roles in chilling

tolerance. The chilling injury parameters in root were

Table 7 The percent change of PAs (%) and the ratio of Spd to total PAs (%) in different tissues of maize seedlings under chilling

stress

Parametera Root Mesocotyl Coleoptile

Mo17 HuangC Mo17 HuangC Mo17 HuangC

Day 7/day 4 Put 101.2 96.3 115.2 139.8 127.8 154.8

Day 7/day 4 Spd 71.2 65.9 49.6 67.8 73.6 87.2

Spd/total PAs in day 4 18.2 22.7 19.6 30.7 39.5 58.7

Spd/total PAs in day 7 13.6 16.8 9.6 18.0 28.2 48.6

a Day 4, seed germinated for 4 days in darkness at 25�C; day 7, seedling incubated at 5�C (chilling temperature) for 3 days after

day 4
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mainly correlated with Spd concentration, in the

mesocotyl they were mainly related with Put and Spd

concentration and in coleoptile were mainly related

with Spd and Spm concentration. Therefore, it is

likely that a more reliable approach is to combine the

results of a stepwise regression analysis with mea-

sured changes of PAs in maize seedling when

screening for chill-tolerant in maize. Thus, under

chilling stress conditions, the selection of chill-

tolerant maize should not only consider PA compo-

nents and concentrations in different tissues of maize

seedlings, but also the percent change of these PA

components and the ratio of these PA components to

total PA concentrations.
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