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Abstract Powdery mildew, caused by Blumeria grami-
nis f. sp. tritici, is one of the most important fungal diseases
in common wheat (Triticum aestivum L.) worldwide.
Wheat germplasm N9436 is resistant to powdery mildew.
In the present study, a backward subtracted cDNA library
was constructed with cDNA from N9436 leaves inoculated
by Blumeria graminis as the driver and ¢cDNA from
uninoculated N9436 leaves as the tester. A total of 120
positive clones were randomly chosen from the SSH-
cDNA library and were amplified with sp6 and t7 primers
to examine the insert size. After screening the repeated and
redundant sequences, 59 expressed sequence tags (EST)
were acquired. Nucleic acid and protein homology search
were performed using the basic local alignment search tool
(BLAST) program with the default settings at NCBI
website (http://www.ncbi.nlm.nih.gov). BlastX results in
nr-protein database revealed that 23 ESTs were highly
homologous with known proteins involved in primary
metabolism, energy metabolism, transport, signal trans-
duction, and disease resistance and defenses. BlastNr
results showed that 47 and 10 ESTs had high identities
with known Unigene and function-unknown ESTs,
respectively, and two ESTs matched none in the nr-
database. Twenty-one ESTs were both in the nucleic acid
and protein databases, including seven ESTs associated
with powdery mildew resistance. Among them, one was
responsible for signal transduction and six for systemic
acquired resistance (SAR) system.

Keywords wheat, powdery mildew, suppression subtrac-
tion hybridization (SSH), expressed sequence tags (EST)
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1 Introduction

Wheat (Triticum aestivum L.) is the most widely cultivated
and important food crop in the world. It is a stable food
crop for about 35% of the human population (Huang and
Roder, 2004). Wheat powdery mildew, caused by
Blumeria graminis f. sp. tritici (syn. Erysiphe graminis f.
sp. tritici), is one of the important fungal diseases in many
regions in the world and produces significant annual yield
losses, especially in China (McIntosh and Brown, 1997).
China is the largest epidemic region in the world, and
severe losses in grain yield have been reported in any
epidemic year. Research on the mechanism of disease
resistance is the most effective, economical, and envir-
onmentally safe approach to control plant diseases (Liao et
al., 2007). There are two methods to improve the disease
resistance of the varieties. One is utilization of new
resistant genes, while the other is inducing the expression
of defense genes. The defense genes are the main factors
for disease resistance in plants, although the resistance
genes decide whether the plant resistance system is open or
not (Luo et al., 2002a). It is valuable to study the
mechanism of system acquired resistance (SAR) because
SAR is a lasting and broad-spectrum resistance.

Luo et al. (2002b) obtained 65 expressed sequence tags
(ESTs) in wheat by constructing a suppression subtraction
hybridization (SSH) library at early inoculation. The signal
transduction systems of salicylic acid (SA), mitogen-
activating protein (MAP), and phenylpropanoid metabo-
lism were observed to be involved in the powdery mildew
resistance of resistant wheat. He and Wang (2005) cloned
WRPI and RPW2 genes found in the T aestivum X
Agropyron elongatum alien substitution line “Shannong
5517 inoculated with E. graminis by using the techniques
of cDNA representational difference analysis (RDA) and
rapid amplification of cDNA ends (RACE). Niu et al.
(2001) constructed two cDNA libraries, with or without
inoculation with E. graminis for 48h in the 6VS/6AL
translocation line between 7. aestivum and Haynaldia
villosa and primarily disclosed their differential
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expression. SSH is an effective method to offer the
theoretical foundation for separation and cloning candidate
genes that express differently in the c¢cDNA library
(Diatchenko et al., 1996). Using SSH and other
approaches, such as in silico cloning (Chen et al., 2006)
and microarray (Wong et al., 2007), a full-length cDNA
encoding wheat peroxisomal ascorbate peroxidase (pAPX)
was cloned. There were 126 salinity tolerant cDNAs
identified and isolated from the roots of Bruguiera
cylindrica (L.) Blume (Ouyang et al., 2007). Genes
associated with salt stress and albino (Lin et al., 2006)
were identified in tomato (Lycopersicon esculentum Mill.)
and bamboo (Bambusa edulis Murno), respectively.

A few studies have been carried out to isolate genes
found in grain plants related to powdery mildew. Luo et al.
(2002), using wheat, constructed the mixed cDNA library
24 h, 48 h, and 72 h after inoculation with E. graminis in
order to isolate genes related to starting and sustainable
effect of SAR, especially the genes involved in signal
transduction. Using barley (Hordeum vulgare) and gene
chip technology, Cao et al. (2006) selected resistant genes
by mixing H. villosa RNA extracted after inoculation with
E. graminis.

This research aims to study, by using the SSH method,
the molecular mechanism of the resistance to powdery
mildew as expressed in wheat resistant germplasm. We
also seek to disclose the molecular mechanism of the
interaction between wheat and powdery mildew.

2 Materials and methods
2.1 Materials

Wheat germplasm N9436 was provided by the College of
Agronomy, Northwest A&F University. It had multiple
spikelets and high resistance to powdery mildew. The
pathogen race of powdery mildew was Guanzhong No. 4
of Blumeria graminis f. sp. tritici, which is the dominant
pathogenic race in the Guanzhong region of Shaanxi
Province, China.

The wheat seedlings were planted in a greenhouse for
about three weeks. Then, the seedlings were divided into
two groups. One group, the control group, was inoculated
with spores of Guanzhong No. 4 and was identified for
SSH analysis as the ‘driver’. The other group was not
inoculated and this group was known as the ‘tester’. Wheat
leaves were inoculated for 72 h.

2.2 Construction of SSH-cDNA and bioinformation
analysis

Following the prescribed method, total RNA was extracted
and then reversely transcribed into cDNA. The SSH was
performed with inoculated-leaves as the driver and
noninoculated leaves as the tester using the specification

of PCR Select cDNA Subtraction Kit (Clontech, USA)
(Wu et al., 2008; Yu et al., 2008).

ESTs obtained were analyzed using nonredundant
protein (BLASTX) and nucleic acid (BLASTN) databases
in the NCBI website (http://www.ncbi.nlm.nih.gov). The
evaluation rule of significant sequences was E-Value less
than 1x107° and identities more than 40% (Li et al., 2004).
Then, the sequences qualified were classified according to
the function (Bevans et al., 1998).

3 Results

3.1 Construction of SSH library

The total extracted RNA was detected by a nucleic acid and
protein detector. It displayed values of A,¢0/Ag0 between
1.8 and 2.0 and that A,s0/A530 Was greater than or equal to
2.0. The double-strand cDNA from reverse transcription
showed a disperse band, ranging from 200 bp to 2000 bp.
The library was shown to be qualified for SSH.

3.2 Analysis of ESTs

There were 120 positive clones selected randomly and then
sequenced, and 59 ESTs were obtained with nonrepeated
sequences. They were submitted to GenBank (accession
numbers from EX567298 to EX567356 and dbEST-Id
from 50073262 to 50073320).

3.2.1 BLASTX
There were 23 ESTs that had homology to the known
proteins with a percentage of 39% (Table 1). These
proteins were involved in primary metabolism (9%),
energy metabolism (44%), transcription (4%), transport
(9%), signal transduction (4%), and disease and defense
(26%). In addition, unknown ESTs occupied 4% (Fig. 1).
Energy metabolism had the largest proportion (44%)
including chlorophyll a/b-binding protein (F189) and
ribulose-1,5-bisphosphate carboxylase/oxygenase (F2,
F50-2, F113, F125-1, F138). Rubisco is the key enzyme
of the Calvin-Benson-Basham cycle, catalyzing the first
step, in which CO, is reductively assimilated into organic
carbon. Rubisco is also a bifunctional enzyme that controls
the reduction of CO, and the oxygenolysis of ribulose-1,5-
bisphophate. Since Rubisco is responsible for the over-
whelming amount of carbon fixation by plants, nearly all
primary production is linked to the function of this
enzyme. Besides, Rubisco is a well-studied enzyme
because of its extensive agricultural and environmental
significance (Selesi et al., 2005). Ferredoxin-NADP(H)
oxidoreductase (F84) can catalyze the electron transfer
between NADP(H) and the proteins ferredoxin or
flavodoxin (Thomas et al., 2006; Nascimento et al.,
2007). Phosphoribulokinase (F105) is found in most
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Table 1 Result of BlastX sequence homology analysis to nr-protein database
clone GenBank E-value identity/% source putative gene
Acc No.
energy
P EX567299 237 100% T acsiun PR Shiphosphate carbony sl
Fo EX567314 3e-11 100% T. aestivum putative oxygen-evolving complex precursor
F50-2 EX567302 3e-13 100% T. aestivum ribulose bisphosphate carboxylase small clone
F81-1 EX567343 9e-49 98% H. vulgare carbonic anhydrase, chloroplast precursor
F84 EX567328 le-16 93% T aestivum ferredoxin-NADP(H) oxidoreductase
F105 EX567308 5e-20 100% T. aestivum phosphoribulokinase ( PRK )
Fl13 EX567316 66-40 98% T aestivum ribulose-1, 5-bisphosphate carbpxylase/oxyge-
nase large subunit
F125-1 EX567326 3e-13 100% T. aestivum ribulose bisphosphate carboxylase small chain
F138 EX567303 Se-04 100% T. aestivum ribulosebisphosphate carboxylase small subunit
F189 EX567345 1e-09 85% O. sativa chloroplast chlorophyll a-b binding protein
signal transduction
F188 EX567310 Se-05 69% P, sativum thioredoxin
transporter
F23 EX567311 2e-15 100% H. vulgare chloroplast inner envelope protein, putative
F136-1 EX567305 2e-32 98% T. monococcum serine hydroxymethyltransferase
metabolism
F7 EX567317 6e-15 73% A. thaliana putative sterol C4- methyl oxidase
F136-2 EX567312 7e-20 100% A thaliana  SSTine-type endopeptidase/serine-type peptidase/
trypsin
disease and defense
F76 EX567338 2e-17 100% T. aestivum stress responsive protein
F110-1 EX567331 le-73 97% T. aestivum glyoxalase
F125-2 EX567342 5e-09 78% O. sativa beta-1, 3-glucanase
F135 EX567336 2e-17 100% T aestivum non-specific lipid tr(e}il%f)elr)protein 1 precursor
F146-2 EX567337 2e-22 60% H. vulgare lipoxygenase 2 (lox2:Hv:2 gene)
F167 EX567321 le-19 94% A. thaliana hydroxypyruvate reductase
transcription
F48 EX567353 le-15 100% Z. officinale putative reverse transcriptase
unclear classification
F87 EX567339 2e-15 60% O. sativa hypothetical protein

phototrophic organisms. Next to Rubisco, it is one of the
key enzymes of the reductive pentose phosphate pathway
as it catalyzes the only reaction by which the Calvin cycle
intermediates can be provided for further CO, fixation
(Michels et al., 2005; Runquist and Miziorko, 2006).

Of the total ESTs, disease and defense translated
proteins accounted for a large proportion (26%). These
proteins included stress protein (F76) and pathogenesis-
related proteins, such as f-1,3 glucanases (F125-2),
nonspecified transfer protein 1 precursor (F135), glyox-
alase (F110-1), and lipoxygenase (F146-2). Large expres-
sion of nonspecific lipid-transfer protein was induced by
the invasion of pathogen. The growth of the pathogen was

inhibited at different degrees by lipid transfer protein. Van
Loon and van Strien (1999) designated this lipid transfer
protein, such as F135 (Table 1), as “pathogen-related
protein 14.”

Lipoxygenases were proposed to be a possible factor
responsible for the pathology of certain diseases (Ichiro et
al., 2006). The glyoxalase system was proposed to be
involved in various functions that include regulation of cell
division and proliferation, microtubule assembly, and
protection against oxoaldehyde toxicity. Glyoxalase
enzymes are important for the glutathione (GSH)-based
detoxification of methylglyoxal. This reaction is catalyzed
by glyoxalase I and glyoxalase II (Singla-Pareek, 2003).
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results of BlastX

3.2.2 BLASTNr

There were 47 ESTs with high homology to the Unigene
and 12 ESTs had no homologous sequences in nonhuman
and nonmouse EST database (Table 2). Of the total,
unknown proteins accounted for 20%.

3.2.3 Comparison of BLASTX and BLASTNr

Among all ESTs, there were 21 ESTs with uniform
function in different databases. Twenty-six ESTs were
highly homologous with known nucleotides after
BLASTNT, including glyoxysomal malate dehydrogenase
(F71-1), putative thiamine biosynthesis protein (F12),
triose phosphate translocator (F163-1), calmodulin binding
(F75-1), putative ribosomal S1 protein (F15), and catalase
(F134).

3.2.4 Expression of genes inhibited by powdery mildew

There were seven related proteins of powdery mildew
including one protein of signal transduction, five SAR PR
proteins, one SAR defense protein, and one protein of
cellular defense (Table 3).

Among all ESTs, ribulose-1,5-bisphosphate carboxy-
lase/oxygenase large subunit had the highest expression,
followed by putative thiamine biosynthesis protein,
ribulose-bisphosphate carboxylase, SMO1-2 (Sterol C4-
Methyl Oxidase), phosphoribulokinase, plasma membrane
H*-ATPase (hal), ferredoxin-NADP(H) oxidoreductase,
electron carrier/electron transporter/iron ion binding,
SHM1 (Serine hydroxymethyltransferase 1), transporter,
lipid transfer protein precursor, serine-type endopeptidase,
small subunit, carbonic anhydrase, etc. (Fig. 2).

One to twenty represent 1 ribulose-1, 5-bisphosphate
carboxylase/oxygenase large subunit, 2 putative thiamine
biosynthesis protein, 3 ribulose-bisphosphate carboxy-
lase, 4 SMOI1-2 (Sterol C4-Methyl Oxidase), 5

phospho-ribulokinase, 6 plasma membrane H™-ATPase
(hal), 7 ferredoxin-NADP(H) oxidoreductase, 8 electron
carrier/electron transporter/iron ion binding, 9 SHMI
(Serine hydroxymethyltransferase 1), 10 transporter, 11
lipid transfer protein precursor, 12 serine-type endopepti-
dase, 13 small subunit, 14 carbonic anhydrase, 15 catalytic
protein, 16 caspase/cysteine-type endopeptidase, 17 puta-
tive phosphoenolpyruvate carboxylase kinase, 18 amino
acid binding protein, 19 DNA binding, and 20 others.

4 Discussion

In the SSH-cDNA backward library, 72 h after inoculation,
it was found that large quantities of proteins were
expressed, such as ribulose-1,5-bisphosphate carboxy-
lase/oxygenase, B-1,3-glucanase, non-specific lipid trans-
fer protein 1 precursor, glyoxalase, lipoxygenase,
hydroxypyruvate reductase, stress responsive protein, and
thioredoxin.

Yu et al. (2007) reported the high expression of Rubico
in wheat when induced by Puccinia striiformis. Ribulose-
1, 5-bisphosphate carboxylase/oxygenase (RubisCO;
EC4.1.1.39) is a key enzyme in the Calvin-Benson-
Bassham (CBB) cycle (Yoshizawa et al., 2004), which is
important in the assimilation of CO, and modification of
amino acids at the gene or protein level. Furthermore, I
Rubisco is probably associated with oxygen stress.

The genes for disease resistance and defense accounted
for a high percentage. Our results show that there was
accumulation of several pathogenisis-related proteins
(PRs) in the wheat resistant to the powdery mildew. The
defense response was completely induced owing to the
accumulation of several PRs, and accordingly, the
pathogen was inhibited in growth and extension.

Beta-1, 3-glucosidase can catalyze the hydrolysis of -
1,3 and B-1,6-glucan, which is involved in cell division,
seed germination, bud dormancy, flowers formation, and
fruit maturation. One full length ¢cDNA of B-1, 3-
glucosidase was cloned from a cotton cultivar “Hai7124”
(Gao et al., 2007). The coding region of B-1,3-glucosidase
was cloned from wheat induced by stripe rust (Liu et al.,
2007). Lipid transfer protein plays a role not only in lipid
transfer and keratogenesis but also in the plant defense
response (Gomes et al., 2003; Maldonado et al., 2003).

From the above, we conclude that the B. graminis f. sp.
tritici inhibits the expression of several wheat leaf proteins
after 72 h inoculation. Moreover, the degree of effect from
B. graminis f. sp. #ritici may be due to inoculation duration
and concentration. It still needs further study.

There are similar mechanisms for biotic and abiotic
stresses. It was found in our research that there is the same
molecular mechanism operating between biotic and abiotic
stresses. Wang et al. (2007) observed that lipid transfer
protein was expressed in Tamarix androssowii under
drought stress. Liu et al. (1999) revealed that lipid transfer
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Table 2 Result for homological alignment with function genes in nr-nuclear database

clone GenBank E-value identity/% source putative gene
Accn No.
energy
" EX567299 26-108 99 T aestivum ribulose-1, 5-bisphosphate carboxylase/

oxygenase large subunit

ribulose-1, 5-bisphosphate carboxylase/

F9 EX567314 3e-46 100 T. aestivum oxygenase large subunit

F12 EX567298 9e-91 100 0. sativa putative thiamine biosynthesis protein

F50-2 EX567302 4e-114 98 A. thaliana ribulose-bisphosphate carboxylase

F81-1 EX567343 Se-174 100 A. thaliana carbonic anhydrase

F84 EX567328 le-94 95 T. aestivum ferredoxin-NADP(H) oxidoreductase

F105 EX567308 Se-113 100 T. aestivum phosphoribulokinase

F111 EX567325 le-45 100 A. thaliana ribulose-bisphosphate carboxylase

Fl113 EX567316 2e-121 99 T aestivum ribulose-1, S—bisphosphaFe carboxylase large
subunit

F125-1 EX567326 3e-41 97 A. thaliana ribulose-bisphosphate carboxylase

F138 EX567303 2e-97 100 T. aestivum small subunit

Fl146-1 EX567327 4e-56 100 T. aestivum ferredoxin-NADP(H) oxidoreductase

F85-2 EX567324 Te-48 100 T. aestivum phosphoribulokinase

F167 EX567321 9¢-74 98 A. thaliana OXfngZi‘:fiS;’ :g‘gf ;’:g; (;:Iagc]:pi‘r’“p

F170-2 EX567346 le-44 100 A. thaliana CA2 ézﬁ;z(;zzsg‘;ﬁf‘s; ii)ni;;bg(’“ate

F189 EX567345 9e-74 100 A. thaliana chlorophyll binding

metabolism

F6 EX567335 5e-92 99 A. thaliana catalytic

F7 EX567317 4e-114 99 A. thaliana SMO1-2(sterol C4-methyl oxidase)

F71-1 EX567352 8e-85 99 T. aestivum Glyoxysomal malate dehydrogenase

F120 EX567304 6e-138 100 A. thaliana SMOI1-2 (sterol C4-methyl oxidase)

F136-2 EX567312 3638 92 A thaliana  SCEYPe end:i’g:gjf;s;s/ iieﬂ“e'type pep-

F137 EX567322 3e-68 100 A. thaliana LOLjyggz_?}zf;{gei )t;idcfs?ase/

F153 EX567356 7e-80 100 A. thaliana catalytic/ hydrolase

signal transduction

F75-1 EX567330 4e-88 99 A. thaliana calmodulin binding

Fl143 EX567341 4e-119 100 A thaliana electron carrier/ele;itrrl(;rilnt;ansponer/ iron ion

Fl62 EX567320 le72 98 0. sativa putative phosphoen9lpymvate carboxylase
kinase

F188 EX567310 6e-65 99 A. thaliana thiol-disulfide exchange intermediate

transporter

F3-2 EX567301 Te-74 100 T aestivum plasma membrane H*-ATPase (hal)

F58 EX567313 6e-45 96 A. thaliana transporter

F136-1 EX567305 4e-109 99 A. thaliana SHM1 (Serine hydroxymethyltransferase 1)

F163-1 EX567344 4e-45 99 T. aestivum triose phosphate translocator (tptl)

transcription

F45-1 EX567319 9e-100 100 A. thaliana amino acid binding protein

F48 EX567353 3e-136 99 A. thaliana ATPHB3 (PROHIBITIN 3)

F157-1 EX567300 3e-53 98 A. thaliana DNA binding

protein synthesis, destination and storage
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(Continued)
clone GenBank E-value identity/% source putative gene
Accn No.

Fi5 EX567334 2e-44 98 0. sativa putative ﬁbos;:gji SS:) lli’cri‘;:;“ (with alter-
disease and defense
F71-2 EX567351 le-72 100 T. aestivum chalcone synthase (CHS)
F76 EX567338 7e-59 100 T. aestivum stress responsive protein
F81-2 EX567340 2e-54 100 T. aestivum biostress-resistance-related protein
F134 EX567329 8e-49 94 T aestivum catalase (wcatl)
F110-1 EX567331 0 99 T. aestivum glyoxalase
F125-2 EX567342 le-42 94 A. thaliana glucan 1,3-beta-glucosidase
F126-2 EX567333 3e-47 100 T aestivum lipid transfer protein precursor (LTP2)
F135 EX567336 4e-93 100 T aestivum lipid transfer protein precursor (LTP1)
F140 EX567332 2e-58 100 T aestivum cold acclimation protein
F146-2 EX567337 2e-143 98 A. thaliana lipoxygenase
F172-1 EX567354 7e-66 91 A. thaliana lipid transfer protein
unclear classification
F155-1 EX567315 6e-83 90 O. sativa unnamed protein product
unknown proteins
F69-1 EX567306
F42 EX567307
F4-1 EX567309
F23 EX567311
F119 EX567323
F87 EX567339
F110-2 EX567347
F179 EX567348
F175 EX567349
F112 EX567355
F178 EX567318
F172-2 EX567350
Table 3 Resistance-related genes to powdery mildew 1
the kind of gene the name of gene thz fn;.:;l;er .
signal transduction thioredoxin 1 Eu 81
pathogenesis-related beta-1,3-glucanase 1 ;
protein of SAR non-specific lipid transfer protein 1 1 E el

precursor =

glyoxalase

lipoxygenase 2
hydroxypyruvate reductase

defense protein of SAR stress responsive protein

—_ = =

—_

protein from barley (H. vulgare L.) and maize (Zea mays
L.) could inhibit the growth of several kinds of pathogens,
and lipid transfer protein from barley and tomato
(Lycopersicon esculentum Mill.) could be induced by

1 2345678 91011121314151617 181920

gene

Fig. 2 Abundance of different genes induced by pathogen

inoculation

controlling certain environmental factors, such as low or
high temperature and drought. Plant resistance to powdery
mildew is not due to a single entity but rather is a complex
and systematic process, including physiological and



16 Front. Agric. China 2010, 4(1): 10-17

biochemical activities. It reflects the overall harmony of
life’s responses and reactions. The common mechanisms
for both abiotic stresses and resistant reactions provide the
basis for exploring and using a widely adaptable resistance
system.
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