
Introduction

Drought is the most widespread abiotic constraint

to maize production. Significant difference of

drought tolerance among maize germplasms im-

plicates the hope of improving production of

maize varieties under drought stress (Edmeades

et al. 1993; Fu et al. 2008). However, breeding for

drought tolerance is particularly challenging be-

cause of the genetic complexity of this trait, the

variability in the timing and severity of drought,

and the strong genotype by environment interac-

tions that affect trait phenotype. Drought tolerance

is believed to be the result of cooperative interac-

tions among multiple morphological, physiologi-

cal and biochemical characters. Moreover,

different genotypes may exhibit different re-

sponses to drought stress (Ludlow and Muchow

1990; Bohnert et al. 1995; Bray 1997; Shinozaki

and Tamaguchi-Shinozaki 1997).
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The identification and expression analysis of

candidate genes are helpful to improve the effi-

ciency of breeding for increased drought tolerance

by marker-assisted selection (Bartels and Nelson

1994; Quarrie 1996; Bruce et al. 2002). Besides

the methods used to display the differential expres-

sion on the level of transcription, two-dimensional

isoelectric focusing polyacrylamide gel electropho-

resis (2-D-IEF- PAGE) and peptide mass finger-

printing are useful tools to identify drought-induced

changes in the proteome and highlight

drought-related genes (Pappin et al. 1993). With

these methods, broad variation in expression

amount was found with seventy-eight proteins out

of a total of 413, forty-two proteins out of more

than 1000 and seventy-nine proteins out of more

than 500 leaf total proteins in drought-stressed

maize, rice and beet, respectively (Riccardi et al.

1998; Salekdeh et al. 2002; Hajheidari et al. 2005).

Perez-Molphe- Balch et al. (1996) reported that

drought tolerant varieties had narrower variation

in protein expression amount than sensitive variet-

ies in rice.

Although a series of genes have been found to

be involved in response of maize to drought, the

accumulation of the related information is far from

enough to explain their functions for drought tol-

erance. It is necessary to find out more related pro-

teins or candidate genes and fulfill information

gaps in gene expression regulation under drought

stress. In previous study, we identified four

drought-tolerant (81565, 200B, 87-1 and R09) and

two drought-sensitive (Dan340 and ES40) inbred

lines from 57 parental lines of commercial maize

hybrids under severe drought stress (Fu et al.

2008). This study was attempted to identify ex-

pression changes in leaf proteins during their re-

sponse to drought stress, analyze sequence

similarity of drought induced proteins to previ-

ously reported proteins and to discuss their physi-

ological functions in drought tolerance in maize.

Materials and methods

Drought treatment and extraction of leaf

proteins

According to the drought tolerance evaluation

conducted by Fu et al. (2008), drought tolerant in-

bred lines ‘81565’ and ‘200B’ were chosen for the

study and planted in pots filled with 10 dm3 sandy

loam soil. Four seedlings were kept in each pot af-

ter the third leaf stage. All the plants were

well-watered and managed under ordinary condi-

tions until the seventh leaf stage. For each of the

two inbred line, three pots were treated with 16%

PEG-6000 (polyethylene glycol) solution to simu-

late drought stress of –0.5 MPa (Michel and

Kaufmann 1973) and three other pots were wa-

tered with the same volume of water as control.

Seventeen, twenty-four and forty-eight hours

after drought treatment, leaf samples were col-

lected from the same leaf position, and ground un-

der liquid nitrogen freezing. By referring to He

et al. (2000), total protein was extracted with the

method of trichloroacetic acid/acetone (1:9) and

dried by vacuum evaporation. Every microgram of

the dried pellet was suspended with 20 �L of lytic so-

lution [9.0 mol L–1 urea, 9.0 mmol L–1 dithiothreitol

(DTT), 0.8% amphoteric electrolyte (ampholine), 4%

CHAPS], and vortexed for 2 min. The steps of freez-

ing in liquid nitrogen, thawing in 35oC water bath

and vortexing for 2 min were repeated five times

to dissolve protein sufficiently. After centrifuging

at 16100 g and 4oC for 15 min, the supernatant was

aliquoted for concentration assay and two-dimen-

sional electrophoresis.

Two-dimensional isoelectric focusing

electrophoresis

After concentration assay (Bradford 1976), pro-

tein samples were separated by 2-D-IEF-PAGE.

The isoelectric focusing electrophoresis of the first

dimension was conducted in Protein TEF Cell IEF

system (Bio-Rad). One-milligram sample was

loaded on 17-cm long immobilized pH gradient

(pH 3–10) gel strip, and run with limiting electric

current of 40-�A at 20oC. After the run, the gel

strips were balanced with balance buffer I

(6.0 mol L–1 urea, 2% SDS, 0.375 mol L–1

Tris–HCl pH 8.8, 20% glycerol, 130 mmol L–1

DTT) for 10 min in order to denature the proteins

by reducing the disulfide bonds, and subsequently,

with balance buffer II (6.0 mol L–1 urea, 2% SDS,

0.375 mmol L–1 Tris—HCl pH 8.8, 20% glycerol,

135 mol L–1 iodoacetamide) for 12 min to neutral-

ize the excess DTT in balance buffer I.

SDS-polyacrylamide gel electrophoresis of the sec-

ond dimension was conducted in PROTEAN II xi

Cell plate electrophoresis system (Bio-Rad). Gel

strips were loaded onto 15 % polyacrylamide gel

(acrylamide:bisacrylamide = 29:1) plates of 17 × 17

cm, and run with constant electric current of 24 mA.

Gel plates were stained with Coomassie brilliant

blue and scanned in Gel Doc 2000 gel documenta-

tion system (Bio-Rad) and analysed by PDQuest

software (version 7.4, Bio-Rad).
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Peptide mass fingerprinting analysis

Protein spots induced under drought stress were

cut into 1.0 mm2 pieces and digested with

endoprotease trypsin (TaKaRa Biotechnology

(Dalian) co., Ltd.). Peptide mass fingerprinting of

each digested protein was assayed by ma-

trix-assisted laser desorption-ionization time-of-

flight mass spectrometry (MALDI-TOF-MS –

model Macromass Tofspec 2E). Saturated solu-

tion of �-4-hydroxycinnamic acid was prepared

with 50% acetonitrile containing 0.1%

trifluoroacetic acid and used as matrix. Two

microliter of the sample was mixed with an equal

volume of the matrix and loaded onto stainless

steel target. After air-drying at room temperature,

the target was introduced in the ion source and as-

sayed for the mass to charge ratio (m/z) and apex

intensity of the digested peptides. The conditions

were set as follows: N2 laser of 373 nm, laser pulse

width of 4 ns, flying distance of 65 cm, accelerat-

ing voltage of 23608 V and detecting voltage of

1850 V.

Resulting spectra were annotated using X-MASS

software (http://www.proteomesoftware.com), and

peak reports were analysed using MASCOT data-

base search engine software Matrix Science

(http://www.matrixscience.com) on an in-

house server. Data were searched against the com-

plete NCBI non-redundant protein database as-

suming up to one missed trypsin cleavage and a

mass error of ±0.3. For positive identification of

proteins, probability-based molecular weight

search (MOWSE) scores had to be significant with

P < 0.05 (Pappin et al. 1993).

Quantitative real-time PCR

For the drought induced proteins displayed by the

above-mentioned procedures, the expression dif-

ference of their coding genes was detected by

qRT-PCR among three drought-tolerant (81565,

200B and 87-1) and one drought-sensitive (Dan

340) inbred lines under drought stress and

well-watered control. Drought stress was treated

as same as the above-mentioned procedures. At

zero, six, twelve, twenty-four and thirty-six hours

after drought treatment, the seventh leaf was sam-

pled from each plant and used to extract total RNA

with TRIZOL agent kit (Invitrogen). The integrity

of the total RNA samples was detected by 1%

non-denaturing agarose gel electrophoresis. The

concentration and purity were assayed in ultravio-

let spectrophotometer (DU 800, BECKMAN

COULTER). The first strand of cDNA was re-

verse transcribed with reverse transcription kit

(TaKaRa).

Specific primers to amplify fragments of

cinnamyl alcohol dehydrogenase gene CAD

(5’-TTGGAAGTTCTCAAGGGAT-3’ / 5’-GGA

AGAGGAAGGGTAGGAT-3’), caffeic acid

O-methyltransferase gene COMT (5’-AAGGTC

ATCGTCGTCGAGTGC-3’ / 5’- GCGTTGGCG

TAGATGTAGGTG-3’) and the internal standard

gene Actin (5’-ACTTCGGCATTGTTGAGG-3’ /

5’-AAGTCGGTAGAAACCAGAT-3’) were de-

signed by Premier 5.0 (http://www.onlinedown.net),

based on their sequences registered at GenBank as

accession number AJ005702, EU963977 and

AY108616, respectively. In order to validate the

specificity of these primers, ordinary PCR ampli-

fication was conducted before qRT-PCR. The am-

plified products were separated by 1%

non-denaturing agarose gel electrophoresis. Spe-

cific fragments were recovered, cloned into

plasmid pMD19-T, and sequenced at Invitrogen

Corporation.

The recombined plasmids were extracted using

Plasmid Miniprep Kit (Omega Bio-Tech). DNA

concentration of these three genes was calculated

according to the length of the inserted fragments

and the vectors, and diluted with TE buffer to

seven standard concentrations: 1×109, 1×108,

1×107, 1×106, 1×105, 1×104, 1×103, 1×102 and

1×101 copy/mL. The cycle threshold (CT) values

were assayed three times for each of the samples.

Calibration curves were constructed according to

the CT values of the standard concentrations.
For each of the three genes, qRT-PCR was con-

ducted with three replications (tubes) and another
blank control on Bio-Rad iQ5 Optical System
(Bio-Rad). Twenty-five µL of qRT-PCR system
contained: the diluted cDNA 1.0 µL, SYBR Pre-
mix Ex Taq 2 × (TaKaRa) 12.5 µL, 10 µmol L–1

gene specific primer 0.5 µL each and ddH2O
10.5 µL. The temperature cycle was: 94oC for 3
min; 40 cycles of 94oC for 30 s, 54oC for 30 s and
72oC for 40 s. For gene COMT, the annealing tem-
perature was changed to 56oC. The fluorescence
signal was detected for 5 s during the elongation at
72oC of every cycle. At the end of the last cycle,
the temperature was increased by 0.5oC/s to 95oC,
for the calculation of melting curve and specific
detection of the amplified product. The relative
expression amount of each sample was calculated
as following:

NEA (copies/mL) = EATG (copies/mL)/

EAIG (copies/mL)

REA (copies/mL) = NEADS (copies/mL)/

NEAC (0 h) (copies/mL)
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where NEA, EATG and EAIG stand for normal-

ized expression amount, expression amount of tar-

get gene, and expression amount of internal gene,

respectively. REA, NEAD and NEAC stand for

relative expression amount, normalized expres-

sion amount of drought stress, and normalized ex-

pression amount of control, respectively.

Field evaluation for drought tolerance and leaf

lignin content assay

According to the drought tolerance evaluation

conducted by Fu et al. (2008), six inbred lines with

varying drought tolerance coefficients were

planted in a randomized block design with three

replications at Yinchuan, Ningxia, where annual

rainfall is about 200 mm, far less than evaporation

amount. Three drought stress treatments were de-

signed as severe drought (fully irrigating before

sowing), moderate drought (fully irrigating before

sowing and at shooting stage) and well-watered

control (fully irrigating before sowing, at shooting

stage and at grain filling stage). By referring to

Edmeades et al. (1993), Bolanos and Edmeades

(1996), and Fu et al. (2008), drought tolerance co-

efficients of anthesis-silking interval (ASI) and

grain weight per plant (GW) were investigated and

used as indices for drought tolerance evaluation.

On the day of tassel shooting, the first leaf be-

neath the ear was sampled from each plant. After

removing the principal vein, the leaf samples were

deactivated at 105 for one hour, baked at 95 to

constant weight and ground to powder. Leaf lignin

content (LLC) was assayed in three replications by

employing the method introduced by Dence and

Lin (1992).

After variance analysis, drought tolerance co-

efficient of ASI was calculated for each inbred line

according to the formula:

drought tolerance coefficient = 1– (ASI under

drought treatment – ASI under well-watered con-

trol) / (ASI under well-watered control).

For GW, drought tolerance coefficient was cal-

culated according to formula:

drought-tolerance coefficient = GW under

drought stress / GW under well-watered control.

For LLC, the drought tolerance coefficient was

calculated according to the formula:

drought-tolerance coefficient = (LLC under

drought stress - LLC under well-watered control) /

LLC under well-watered control.

Correlation analysis was made among mean

drought tolerance coefficients of GW, ASI and

LLC.

Results

Expression change of leaf proteins in response to

drought stress

Figure 1 is a consensus map generated by

PDQuest software from the scanned images of the

twelve treatment combinations of the inbred lines,

drought stress durations and controls. More than

500 spots were detected from this map. Their
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Figure 1. 2-D-IEF-PAGE consensus map of maize leaf proteins among twelve drought treatment combinations



isoelectric point ranged from pH 3 to 10, and mo-

lecular weight from 10 to 80 kD. Most of these

spots centralized in the area of pH 3–8 and

10–80 kD, while some clear spots were also iden-

tified at the alkaline end (pH 7–10) and at the low

molecular weight end (< 10 kD). Separation pat-

terns were different between the two inbred lines

and among the drought stress durations and the

control. As a total, these two inbred lines had

fifty-eight proteins in response to drought stress.

The up-regulated expressed proteins (induced and

increased) were more than down-regulated ex-

pressed proteins (inhibited and decreased) under

the drought stress, especially in both of the two

drought-tolerant inbred lines (Table 1).

Drought-induced proteins

Out of these drought-responsive proteins, the ex-

pression of spots 2506, 3507 and 4506 was in-

duced under drought stress (Figure 1 and Table 1).

Spot 2506 at isoelectric point pH 5.5–6.0 and mo-

lecular weight 45–50 kD, and spot 3507 at

isoelectric point pH 6.0–6.5 and molecular weight

45–50 kD were detected both in ‘81565’ and

‘200B’ at all the three drought stress durations, but

not under the well-watered control (Figure 1, 2

and 3). The highest expression amount was found

at twenty-four hours of drought stress. Spot 4506

at isoelectric point pH 5.0–5.5 and molecular

weight 55–60 kD was detected only in ‘81565’ at

twenty-four and forty-eight hours of drought

stress (Figure 1 and 4). The highest expression

amount was found at twenty-four hours of drought

stress (Figure 4 and 5).

Peptide mass fingerprinting of drought-induced

proteins

The three drought-induced proteins were digested

by endoprotease trypsin. The peptide mass finger-

printing of the digested fragments is depicted by

mass to charge ratio and apex intensity (Table 2).

Eighteen fragments were detected from spot 2506.

Four of them matched with fragments of cinnamyl

alcohol dehydrogenase (NCBI accession number:

NP001105654) in maize (Halpin et al. 1998). The

matched fragments included 71 out of the total of

247 amino acids (Table 3). By the significant

MOWSE score of 67, it was speculated that spot

2506 functions as cinnamyl alcohol dehydro-

genase (CAD).

Ten fragments were detected from spot 3507
(Table 2). Seven of them matched with fragments
of cytochrome protein 96A8 (NCBI accession
number: NP175193) in Arabidopsis thaliana. The
matched fragments included 96 out of the total of
270 amino acids (Table 3). By the significant
MOWSE score of 68, spot 3507 was speculated to
have the same function as cytochrome protein
96A8, a member of CYP450 family of cytochrome
proteins (Feldmann 2001; Nelson 1999). This pro-
tein has been recently described in maize (Dooner
and He 2008).

Nineteen fragments were detected from spot
4506. Five of them matched with fragments of
S-adenosyl-L-methionine synthetase (SAMS,
NCBI accession number: AAK29410) in
Elaeagnus umbellata. The matched fragments in-
cluded 115 out of the total of 260 amino acids (Ta-
ble 3). By the significant MOWSE score of 68,
spot 4506 was speculated to function as
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Table 1. Expression change of leaf proteins in response to drought stress

Inbred line Expression change Duration of drought stress*

17 hours 24 hours 48 hours

81565 Induced 0035, 2506, 3507, 5893
1098, 1305, 2079, 2506, 3507, 4122,
4506, 4709, 7533

2506, 3507, 4506

Inhibited 5203 3001, 4136

Increased
0100, 0214, 1472, 2387,
3128, 3402, 4598, 5213, 7653

0021, 1003, 2170, 2387, 2864, 3128,
3339, 4193, 4713, 4790, 5319, 5893,
7653, 8721, 8850

5893, 7653

Decreased 1096, 4713, 5319, 7047 0078, 2390, 3177
0103, 0214, 2170,
2387, 5213, 7047

200B Induced 2506, 3507 1890, 2506, 3507 2506, 3507

Inhibited 3027, 3304, 5214 1893, 4013
1473, 3120, 4029,
4152

Increased
0098, 0103, 0497, 1092,
2864, 3339, 4713, 5213

0021, 0078, 1134, 2864, 3177, 5893,
6079, 7533, 7653

0497, 6079

Decreased 2390, 4790, 7047 1305, 2170, 7047
0098, 0108, 2169,
7301

*The numbers in bold letters represent the drought induced protein spots detected both in ‘81565’ and ‘200B’ at all the three drought stress dura-

tions, but not under the well-watered control.



S-adenosyl-L-methionine synthetase. This protein
is newly described in maize.

Differential expression of candidate genes for

lignin biosynthesis

As we will discuss later, all three drought-induced

proteins are involved in lignin biosynthesis. The

protein sequence similar to spot 2506 is speculated

to function as CAD, which is one of the key en-

zymes to lignin biosynhtesis (Yamada and Kuboi

1976; Hibino et al. 1993; Monties and Fukushima

2001). Therefore, the expression difference of

CAD encoding gene, together with the encoding

gene of caffeate O-methyltransferase (COMT),

which is another important enzyme for lignin

biosynthesis (Bugos et al. 1991; Ruelland et al.

2003), was quantified by qRT-PCR among the

three drought-tolerant (81565, 200B and 87-1) and

one drought-sensitive (Dan 340) inbred lines un-

der drought stress and well-watered control. The

result showed that the expression of CAD and

COMT encoding genes was decreased sharply at
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Figure 2. Induced expression of spot 2506 under drought stress in ‘81565’ and ‘200B’

Figure 3. Induced expression of spot 3507 under drought stress in ‘81565’ and ‘200B’

Figure 4. Expression amount of spot 4506 at different durations of drought stress and control in ‘81565’ and ‘200B’



the beginning of drought stress in all the four in-

bred lines. At about twenty-four hours of drought

stress, the expression amount recovered in the

three drought-tolerant inbred lines (81565, 200B

and 87-1), but not in the drought-sensitive inbred

line (Dan340) (Figure 6 and 7).

Leaf lignin content and its relationships with

drought tolerance

Variance analysis showed that the difference in

ASI and GW was highly significant among the six

inbred lines. The variation of the drought tolerance

coefficients for these two characters showed the

similar pattern under the severe and moderate

drought treatments (Table 4). Therefore, the fol-

lowing analysis was based on the mean drought

tolerance coefficients under these two treatments.

For GW, inbred lines ‘200B’ and ‘81565’ had high

tolerance with coefficients close to 1; ‘R09’,

‘87-1’ and ‘ES40’ showed intermediate tolerance

with coefficients from 0.7 to 0.8; and ‘Dan340’

was sensitive with a coefficient less than 0.7. This

result was corresponding to the evaluation con-

ducted by Fu et al. (2008). The variation of

drought tolerance coefficient for ASI among the

six inbred lines showed the similar pattern with

GW.

Highly significant difference in LLC was also

found among the six inbred lines and among the
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Figure 5. Expression amount of spot 4506 at different durations of drought stress and control in ‘81565’ and ‘200B’

Table 2. Mass to charge ratio (m/z) and apex intensity of drought-induced proteins digested by endoprotease

trypsin

Spot 2506 Spot 3507 Spot 4506

m/z ratio Apex intensity m/z ratio Apex intensity m/z ratio Apex intensity

1051.56 1350 1352.76 2500 1107.61 1700

1171.50 1100 1403.73 2500 1157.68 800

1179.61 1500 1491.70 1100 1195.63 2700

1270.53 950 1553.82 950 1268.61 1000

1273.61 850 1693.90 1000 1332.70 8400

1306.73 900 1707.01 1200 1344.68 1200

1308.68 1600 1786.01 900 1435.72 4600

1325.66 950 1791.88 2500 1453.81 1200

1365.68 600 1901.95 800 1539.76 4100

1428.72 1200 2318.37 3000 1587.93 3400

1475.80 1100 1768.90 5200

1791.86 5300 1780.91 1000

1871.99 500 1798.02 5800

2050.11 400 2272.29 800

2094.18 900 2317.27 600

2163.21 1900 2368.30 500

2384.14 2100 2382.31 2200

3223.48 400 2417.39 400

2649.50 300



three drought treatments. Under severe and mod-

erate drought treatments, LLC was increased sig-

nificantly and its mean coefficients were relatively

high in highly drought-tolerant inbred lines

‘200B’ and ‘81565’. LLC was increased slightly

in intermediately drought-tolerant inbred lines

‘R09’ and ‘87-1’. LLC was as high as or lower

than the well-watered control in drought-sensitive

inbred lines ‘ES40’ and ‘Dan340’ (Table 4). The

mean drought tolerance coefficient of LLC was

significantly correlated to mean drought tolerance

coefficients of GW (r = 0.848*) and ASI

(r = 0.889*).

Discussion

In this study, the three drought-induced proteins
were speculatedto function as CAD, CYP450 and
SAMS. All of these three enzymes are involved in

lignin biosynthesis (Yamada and Kuboi 1976;
Grand 1984; Bugos et al. 1991; Hibino et al. 1993;
Edwards 1996; ; ; Li et al. 1997; Sewalt et al. 1997;
Meyer et al. 1998; Ruelland et al. 2003). CAD is a
key enzyme that catalyzes the final step of
biosynthesis of p-coumaryl, coniferyl and sinapyl
alcohol monomers (Yamnada and Kuboi 1976;
Hibino et al. 1993; Monties and Fukushima 2001).
A mutant (bm1) of CAD encoding gene has been
found to severely reduce lignin content in lignified
tissues (Halpin et al. 1998; Vermerris et al. 2000).
CYP450 is involved in a number of physiological
and biochemical processes such as electron trans-
port and oxidative phosphorylation (Bolwell et al.
1994; Leng and Qiu 2001). In lignin biosynthesis,
CYP450 catalyzes the hydroxylation reactions
from cinnamyl acid to p-coumaric acid, from
ferulic acid 5-hydroxyferulic acid, from
coniferaldehyde to 5-hydroxyconiferaldehyd, and
from coniferyl alcohol to 5-hydroxyconiferyl al-
cohol. Cinnamic acid 4-hydroxylase (C4H) and
ferulate 5-hydroxylase (F5H) are two highly ac-
tive members of CYP450 family. CYP450 is also
involved in more than 16 reactions in synthesis of
phenylpropanoid, which is the precursor of lignin
biosynthesis (Grand 1984; Werck-Reichhart
1995; Meyer et al. 1998). Together with
caffeoyl-CoA 3-methyltransferase, SAMS cata-
lyzes the conversion of caffeoyl coenzyme A to
feruloyl coenzyme A, and 5-hydroxyferuloyl
coenzyme A to sinapyl coenzyme A (Espartero
et al. 1994; Edwards 1996). Other rate-limiting
steps in lignin biosynthesis are the methylation re-
actions from 5-hydroxyferulic acid to sinaplic
acid, from 5-hydroxy coniferaldehyde to
sinapaldehyde, and from 5-hydroxyconiferyl alco-
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Table 3. Sequence similarity of drought induced proteins to previously reported proteins

Spot MOWSE
score

Matched proteins Species Matched sequences*

2506 67/66 Cinnamyl alcohol
dehydrogenase

Maize YNDVYTDGRPTQGGFASTMVVDQKFVVKIPAGLAPEQAAPL
LCAGVTVYSPLKHFGLTTPGLRGGILGLGGVGHMGVKVA
KAMGHHVTVISSSSKKRAEAMDHLGADAYLVSSDAAAMGPA
ADSLDYIIDTVPVHHPLEPYLALLKLDGKLVLLGVIGEPLSFV
SPMVMLGRKAITGSFIGSIDETAEVLQFCVDKGLTSQIEVVKM
GYVNEALERLERNDVRYRFVVDVAGSNVEAEAAAADAASN

3507 68/66 Cytochrome protein
96A8

Arabidopsis
thaliana

PRSLSIEMPEVEFSKALDDVGDAIVHRHITPRFVWKLQKWIGI
GTEKKMLKAHATFDRVCFIKLDATKYEVLKPSHDKFLRDFTI
GFMAAGRDSTASTLTWFFWNLSKNPNVLTKILQEINTNLPRT
GSDQDMSSYLNKLVYLHGALSESMRLYPPIPFQRKSPIKEDV
LPSGHKVKSNINIMIFIYAMGRMKTIWGEDAMEFKPERWISN
IMIFIYAMGRMKTIWGEDAMEFKPERWISETGGVRHEPSYK
FLSFNAGPRTCLGKNLAM

4506 68/66 S-adenosyl-L-methioni
ne synthase

Elaeagnus
umbellata

METFLFTSESVNEGHPDKLCDQISDAVLDACLAQDPDSKVAC
ETCSKTNMVMVFGEITTKANVDYEKIVRDTCRTIGFVSDDV
GLDADNCKVLVNIEQQSPDIAQGVHGHFTKRPEEIGAGDQG
HMFGYATDETPELMPLSHVLATKLGARLTEVRKDGTCPWLR
PDGKTQVTVEYYNDKGAMVPVRVHTVLISTQHDETVTNDE
IAADLKEHVIKPVVPEKYLDEKTIFHLNPSGRFVIGGPHGDAG
LTGRKIIIDTYG

*Matched sequences were showed in bold letters

Table 4. Mean drought tolerance coefficients for

anthesis-silking, grain weight per plant and leaf lignin

content as averaged over moderate and severe drought

treatments in field

Inbred line Anthesis-
silking interval

Grain weight
per plant

Leaf lignin
content

200B 0.950 a 0.989 a 0.302 a

81565 0.638 b 0.934 ab 0.177 b

R09 0.700 b 0.795 abc 0.111 bc

87-1 0.550 bc 0.756 bc 0.029 c

ES40 0.375 c 0.713 bc –0.190 d

Dan340 0.363 c 0.664 c 0.003 e

In the same column, the values labeled without one same letter have

statistically significant difference (P<0.05), while the values labeled

with at least one same letter have no significant different



hol to sinapyl alcohol, catalyzed by COMT
(Bugos et al. 1991; Riccardi et al. 1998; Ruelland
et al. 2003). The increased expression of these four
enzymes was found in response to drought stress
on the level of protein and (or) mRNA in this study

(Figures 2–7 and Table 1). Similar results were
obtained for SAMS in response to salt stress in to-
mato (Espartero et al. 1994), and for COMT in re-
sponse to drought stress in maize (Riccardi et al.
1998; Vincent et al. 2005). Furthermore, the in-

duced expression of �-glucosidase, cysteine
synthase and glutamate semialdehyde amino-
transferase under drought stress was also thought
to be related to lignin biosynthesis in maize
(Riccardi et al. 1998).

The significant difference in leaf lignification
between drought-tolerant and drought-sensitive
inbred lines (Table 4) along with the high correla-
tion between the mean drought tolerance coeffi-
cient for LLC and mean drought tolerance

coefficients for GW and ASI, are further evi-
dences for the mechanism that the expression of
candidate genes for lignin biosynthesis is induced
under drought stress. Lignification of root was
also found in favor of sorghum to improve drought
tolerance by decreasing water dissipation (Cruz
et al. 1992).

Lignin is a biopolymer composed of

p-coumaryl, coniferyl and sinapyl alcohol mono-

mers, integrated into reticular cellulose structure

Candidate genes for lignin biosynthesis in maize 221

Figure 6. Expression difference of cinnamyl alcohol dehydrogenase (CAD) encoding gene among three drought-tolerant

(81565, 200B and 87-1) and one drought-sensitive (Dan 340) inbred lines under drought stress

Figure 7. Expression difference of caffeate O-methyltransferase (COMT) encoding gene among three drought-tolerant

(81565, 200B and 87-1) and one drought-sensitive (Dan 340) inbred lines under drought stress



of cell wall. Lignin, not only gives terrestrial plant

rigidity against compressive forces but also forms

a mechanical barrier against pathogens and envi-

ronment stress. Aromatic property of lignin makes

cell wall impermeable to water, in favor of plant to

decrease water transpiration and keep normal

turgor pressure under drought stress (Monties and

Fukushima 2001). Therefore, lignification of leaf

can be speculated to be a kind of initiative re-

sponse of maize against drought stress.

Drought-tolerant inbred lines display a more ac-

tive response of leaf lignification to drought stress

than drought-sensitive inbred lines.

Conclusions

The expression of many leaf proteins is induced

under drought stress. The expression pattern of

key lignin biosynthesis enzymes, such as

cinnamyl alcohol dehydrogenase and caffeate

O-methyltransferase, is different among maize in-

bred lines with varying drought tolerance. Leaf

lignin content is a useful index for evaluation of

drought tolerance in maize. Molecular selection

marker can be developed on the basis of the differ-

ential expression of the candidate genes and ap-

plied to maize improvement for drought tolerance.
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