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Abstract Fusarium head blight (FHB), primarily caused
by Fusarium graminearum Schw., is a destructive disease
of wheat (Triticum aestivum L.). Although several genes
related to FHB resistance have been reported, global
analysis of gene expression in response to FHB infection
remains to be explored. The expression patterns of
transcriptomes from wheat spikes of FHB-resistant cultivar
Ning 7840 and susceptible cultivar Clark were monitored
during a period of 72 h after inoculation (hai) with F.
graminearum. Microarray analysis, coupled with suppression subtractive hybridization technique, identified 44
significantly differentially expressed genes between cv.
Ning 7840 and cv. Clark. More differentially expressed
genes were identified from susceptible libraries than from
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resistance libraries. The up-regulation of defense-related
genes in Ning 7840 relative to cultivar Clark occurred
during early fungal stress (3–12 hai). Three genes, with
unknown function that were up-regulated in cv. Ning 7840
at most time points investigated, might play an important
role in enhancing FHB resistance.
Keywords Fusarium head blight . Microarray .
Gene expression . Wheat scab

Introduction
Fusarium head blight (FHB) is an economically important
disease of wheat in warm, humid, and semihumid areas
worldwide. It not only significantly reduces grain yield, but
also grain quality (Shroeder and Christensen 1963). Grains
infected by Fusarium graminearum are often shriveled,
with significantly lower kernel weight, and can be easily
blown away with the chaff during threshing (Bai and
Shaner 2004). Additional losses come from contamination
of grains with mycotoxins produced by F. graminearum
(Snijers 1990). Deoxynivalenol is a major toxin produced
by the fungus during infection and is harmful to animal and
human health (Desjardins and Hohn 1997). In North
America, several epidemics caused by FHB in recent years
have resulted in a loss of more than $1 billion per year
(McMullen et al. 1997).
Currently, chemicals are not very effective for FHB
control. Genetic resistance is the most effective strategy to
reduce losses caused by the disease. Chinese resistant
cultivar Sumai 3 and its derivative cv. Ning 7840 have been
a major source of FHB resistance in most breeding
programs worldwide (Bai and Shaner 2004). In cv. Ning
7840, infection is limited to the inoculated floret, and
disease symptoms usually do not spread to uninoculated
spikelets (Type II resistance). In contrast, disease symptoms start to spread from the point of inoculation to other
spikelets of the spike of a susceptible cultivar in about
5 days after inoculation and cover the entire spike in 10 to
15 days thereafter.
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Although molecular mapping of quantitative trait loci for
FHB resistance has been extensively reported, studies on
the biochemical and molecular bases of FHB resistance are
still limited (Bai and Shaner 2004). Differences in activities
of superoxide dismutase, catalase, phenylalanine ammonia-lyase, and ascorbic acid oxidase between resistant and
susceptible varieties have been reported (Chen et al. 1997;
Lu et al. 2001). Pritsch et al. (2000) studied the expression
of peroxidase, β-glucanase, chitinase, and two thaumatinlike proteins (TLP) in spray-inoculated wheat, and reported
that expression of these genes occurred as early as 6 h after
inoculation (hai) with F. graminearum but was greatest at
36 to 48 hai. Results also showed that TLP were detected
earlier in the resistant cv. Sumai 3 than in the susceptible
cultivar Wheaton. A higher level of chitinases and β-1,
3-glucanases was also observed in cv. Sumai 3 than that in
its susceptible mutant during the first 24 h of pathogen
infection (Li et al. 2001).
To date, limited research has been done on genes
possibly involved in interaction between F. graminearum
and wheat. From spray-inoculated Sumai 3 spikes sampled
from 0 to 48 hai, Kruger et al. (2002) identified 29 genes
related to interaction between wheat and F. graminearum.
Those genes were also involved in other plant–pathogen
interactions. Trail et al. (2003) identified a set of genes
from the fungus that were believed to be responsible for
fungal infection. Xing et al. (2000) reported three defenserelated ESTs that expressed only in F. graminearuminoculated cv. Sumai 3. These genes from the fungus and
its resistant host (Sumai 3) may play an important role in
the interaction between the pathogen and the host in the
FHB system. More researches on this area may enlighten
the mechanisms of wheat resistance to FHB infection.
DNA microarrays enable the simultaneous analysis of
thousands of genes in one experiment (Freeman et al. 2000;
Hedge et al. 2000), which allows global profiling of gene
expression and characterization of plant defense genes
responsive to biotic stresses. For instance, Puthoff et al.
(2003) identified 128 genes with altered steady-state
mRNA levels in response to cyst nematode parasitism in
Arabidopsis. Schenk et al. (2003) observed differentially
expressed Arabidopsis genes involved in plant defense, the
β-oxidation pathway of fatty acids, signal transduction,
and cell wall synthesis as part of the systemic acquired
resistance response during the interaction between Arabidopsis and Alternaria brassicicola. However, there are no
published studies on global profiling of gene expression
dealing with interactions between wheat and F. graminearum
during early infection stages using microarray. Genome-wide
identification of up- or down-regulated genes in response to
F. graminearum infection may provide a more integrated
view on the responses of wheat to FHB infection. In this
study, we attempted to identify differentially expressed genes
between Ning 7840 (FHB-resistant) and Clark (susceptible)
during early F. graminearum infection using microarray and
real-time polymerase chain reaction (RT-PCR) coupled with
suppression subtractive hybridization (SSH) techniques. To
our knowledge, this is the first published study on global

expression profiling of FHB-related genes in wheat using
microarray. The information may facilitate further understanding of resistance mechanisms of wheat in response to
Fusarium infection and may aid the development of an
effective strategy for control of wheat FHB.

Materials and methods
Plant materials and growth conditions
Bulked segregants from a population of F9:12 recombinant
inbred lines (RILs) of wheat derived from cv. Ning 7840 ×
cv. Clark were used to construct the SSH libraries. Cv. Ning
7840 is resistant to FHB, whereas cv. Clark is susceptible.
Five resistant and five susceptible RILs were chosen to
form two bulks on the basis of their FHB severity from five
greenhouse tests (Bai et al. 1999). Wheat seedlings were
vernalized in a germination tray for 6 weeks at 4°C in a
growth chamber. After vernalization, seedlings were
transplanted into 5 1/4-in. dura-pots containing MetroMix 360 soil (Hummert Int, Earth City, MO) and grown at
20°C for 12 h with light and at 15°C for 12 h under
darkness. For the microarray analysis, Ning 7840 and Clark
were grown under the conditions described above.
Inoculation of wheat spike and mRNA isolation
F. graminearum conidiospores were produced as described
by Bai et al. (2000). At anthesis, 10 μl of F. graminearum
conidiospore suspension (100 spores/μl) was injected into
a central floret of a spike with a pipette. The inoculated
spikes were enclosed with sandwich bags misted with
water inside until sampling. All inoculated plants were
grown in a growth chamber at 25°C for 18 h of light and at
22°C for 6 h of darkness. After removal of the inoculated
floret, the rest of the wheat spike was harvested,
immediately frozen in liquid N2, and stored at −80°C
until use.
SSH libraries
Suppression subtractive hybridization (SSH) was done
using the PCR-select cDNA subtraction kit from Clontech
(Palo Alto, CA) following manufacturer’s instructions.
Messenger RNA was extracted from tissues of bulked
susceptible or resistant lines (0.5 g/line) with the Message
Maker Kit (Invitrogen, Carlsbad, CA). Tissues collected at
6, 36, and 72 hai were used to generate SSH libraries. The
forward libraries used mRNA from the inoculated resistant
RILs as the tester and the inoculated susceptible RILs as
the driver and vice versa for the reverse library. PCR
products from SSH were cloned into a pGEM-T Easy
vector (Promega, Madison, WI).
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Microarray analysis
Complementary DNA inserts in cloning vector were
amplified via PCR in a 100-μl total reaction volume
consisting of 4 μl of fresh bacterial cells containing target
PCR fragments, 1× PCR buffer, 1.5 mM MgCl2, 0.24 mM
dNTPs, 0.26 μM each of M13 primers, and 2 U of Taq
polymerase (Promega). All PCR products were analyzed in
a 1% agarose (w/vol) gel in 1× TAE buffer to assess the
quality of amplicons. Only the clones that produced bright
and sharp PCR products were printed in the array. The PCR
products (total of 2,306) were precipitated with 3 M
NaOAC (pH 5.2) and two volumes of ethanol. The
resulting pellet was resuspended in 3× SSC at a final
concentration of 100 ng/μl. The PCR products, actin gene
(positive control), and vector with no insert, 3× SSC, and
water (negative controls) were arrayed on GAPS II coated
slides (Corning, Corning, NY) by using an OmniGrid100
Microarray Printer (GeneMachines, San Carlos, CA) at the
Microarray Core Facility, Oklahoma State University
(Stillwater, OK). A total of 4,806 cDNA clones were
arrayed on a glass slide. Among them, 2,306 clones were
isolated from six SSH libraries that derived from the
inoculated spikes after 6, 36, and 72 hai. In addition, 2,500
clones from aluminum-stressed (Al) wheat libraries,
derived from near-isogenic lines contrasting in Al tolerance
(Xiao et al. 2005; Guo et al. personal communication),
were also spotted on the same slide, so the arrays can be
used for both studies on FHB and Al-stress. In brief,
Chisholm-T (Al tolerant) and Chisholm-S (Al sensitive),
which were subjected to 6 h and 1 day stress with 10 mg/l
Al3+, were used to construct SSH cDNA libraries by using
PCR-select cDNA subtraction kit (Clontech) according to
the manufacturer’s instruction. Forward subtraction used
mRNA from Chisholm-T as a tester and Chisholm-S as a
driver and vice versa for the reverse subtraction.
Samples had three replicates and printed at the same
interval for technical replication in each slide. Complimentary DNAs were immobilized in the glass slides by
cross-linking at 300 mJ with a Stratalinker (Stratagene, La
Jolla, CA). Before hybridization, the slide was placed over
a beaker with boiling water for a few seconds with the array
side facing down to rehydrate the array. Once a thin layer of
mist covered the slide surface, the slide was removed and
dried briefly by placing the slide face up on a hot plate
(30 s) then baking in an 80°C oven for 3 h. Slides were
stored desiccated in vacuo at room temperature until use.
F. graminearum-inoculated spikes of cv. Ning 7840 and
cv. Clark were sampled at 0, 3, 6, 12, 24, 36, 48, and 72 hai.
Two wheat spikes per time point were pooled for RNA
extraction using Trizol reagent (Invitrogen). 3DNA Array
50 kit from Genisphere (Genisphere, Hatfield, PA) was
used to detect differentially expressed genes between
fungal-inoculated FHB resistant and susceptible cultivars.
Microarray probes were synthesized from equal amounts of
total RNA isolated from the spike of Ning 7840 and Clark
at different time points. Complimentary DNA hybridizations were conducted overnight at 45°C in a Corning

hybridization chamber (Corning). After washing, 3DNA
hybridization was performed at 48°C for 3 h to incorporate
Cy5 or Cy3 fluorochrome. Hybridizations were repeated
twice for all time points of the fungal stress, and dyes were
swapped to avoid bias in dye intensity detection.
Data analysis
The signal intensity in each array was captured by scanning
the slides at two wavelengths (532 nm for Cy3 and 635 nm
for Cy5) using GenePix 4000B microarray scanner (Axon
Instruments, Union City, CA) at pixel size resolution of
10 microns. The Cy5 and Cy3 images were combined and
spot fluorescence intensity was analyzed using GenePix
Pro 5.0 software (Axon). The composite image was
visually inspected and the spots with scratches or dust
particles were excluded from further analysis. In addition,
any sample with signal intensity less than 200 in both
channels or outliers (spots with signal intensity greater or
less than the mean log2 ratio +2 SDs among replicates)
were removed. The signal intensity values of the actin
housekeeping genes were used to normalize the data. The
GenePix Pro output was statistically analyzed for differential gene expression between Ning 7840 and Clark using
R-project statistical environment (http://www.r-project.
org) and Bioconductor (http://www.bioconductor.org)
through the GenePix AutoProcessor (http://www.darwin.
biochem.okstate.edu/). The log2 ratios of replicated spots
were averaged, and differentially expressed genes were
ranked from the highest to the lowest based on significance
of B statistics. Differential expression of a gene was
considered to be significant if a B value is at least 5
(P<0.01). Genes with similar expression patterns were
grouped together by using K-means clustering module of
Genesis software (Sturn et al. 2003).
Gene sequence analysis
Bacteria with cloned EST fragments were grown in 96-well
plates with Circle growth medium (Bio 101, San Diego,
CA) for 20 h at 37°C on a shaker at 200 rpm. DNA was
extracted using a QiaPrep Turbo 96 BioRobot Kit (Qiagen,
Valencia, CA) and sequenced with M13 universal primers.
Sequencing was run either in a 3700 ABI automated
sequencer or in a Li-Cor 4200 DNA analyzer (Li-Cor,
Lincoln, NE) with a DYEnamic Direct Cycle Sequencing
Kit (Amersham Biosciences, Piscataway, NJ). A BLAST-X
sequence homology search (Altschul et al. 1997) was
performed against the nonredundant protein database in
GenBank. The highest similarity score was considered as
the best match for the putative identity of corresponding
ESTs. Sequence similarity was considered significant if
E-value was equal to or less than 0.001. MIPS Functional
Catalogue (http://www.mips.gsf.de/proj/funcatDB/) was
used to classify ESTs.
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Real-time polymerase chain reaction
The same batch of RNA samples from 3, 12, 36, and 72 hai
that was initially extracted for the microarray experiment
was used for real-time polymerase chain reaction (RT-PCR).
First-strand cDNA synthesis was performed in a 25-μl
reaction by combining 10 μg total RNA with 1 pmol oligo
(dT)12-18 (Invitrogen) and random primers (Promega). The
mix was incubated at 80°C for 10 min before transferring
to an ice tub. Twenty units of SUPERaseIn Rnase Inhibitor
(Ambion, Austin, TX) was added to the RNA-primer mix.
A 50_μl final reaction consisting of 10 μl 5X Superscript
II first strand buffer, 3 μl of 10 mM dNTPs, 5 μl 0.1 M
dithiotreitol, 200 U Superscript II enzyme (Invitrogen),
and the RNA-primer mix was incubated at 42°C for 2 h.
Quantitative PCR reactions (25 μl total volume) were
carried out in 96-well UV plates containing iQ Sybr Green
Supermix (Bio-Rad Laboratories, Hercules, CA), 10 pmol
each of forward and reverse gene-specific primers (Supplemental Material Table S1), and 10.5 μl cDNA sample
(1:1,000 dilution). Gene-specific primers were designed
using Beacon Designer software (Premier Biosoft International, Palo Alto, CA). PCR amplification was performed
in an iCycler (Bio-Rad Laboratories, Hercules, CA)
starting with a denaturation step at 95°C for 5 min,
followed by 45 cycles of 95°C for 20 s and 60°C for 1 min.
After amplification, a melting step was performed at 95°C
for 1 min, then cooling down to 55°C for 1 min, followed
by a slow rise in temperature to 95°C at a rate of
0.5°C/10 sec. Melt-curve analysis was performed after
each RT-PCR run to verify the specificity of Sybr Green
dye and absence of primer-dimer. To normalize the total
amount of cDNAs present in each reaction, wheat β-actin
housekeeping gene was co-amplified. Time points of 3, 12,

36, and 72 hai were assayed for each gene. Each sample
was replicated twice, and the ΔΔCT method of relative
gene quantification (Applied Biosystems 1997) was used
to calculate the expression level of Ning 7840 relative to
Clark.

Results
SSH library and microarray analysis
A total of 44 significantly differentially expressed genes
were identified between cv. Ning 7840 and cv. Clark
(Table 1). Among them were 29 genes from FHB-stress
libraries and 15 genes from Al-stress libraries. DNA
sequence homology search identified 20% of the genes as
defense-related and 21% to be involved in metabolism,
transport facilitation, transcription regulation, and signal
transduction. Majority of the genes have unknown function
(23%) or no homology with known accessions in the
GenBank (36%). All genes that produced a significant
BLAST hit were similar to plant proteins. Fungal protein
was not identified.
Expression profiles of differentially expressed genes
The differentially expressed genes were grouped into six
clusters using K-means method (Fig. 1). On the basis of
their expression patterns, these clusters were further
reclassified into four major groups: (1) up-regulated in
Ning 7840 in comparison to Clark at most time points
investigated, (2) up-regulated in Ning 7840 mainly at early
time points and down-regulated at later time points of

Table 1 List of significantly differentially expressed genes between Ning 7840 and Clark
Name

Cluster a
72R165
72R197
72R198
6F88
72R162
72R164
72R173
72R177
72R292
72R305
G1-87
G2-299
G5-17

GenBank
Putative ID
accession no.

Classification

DR752114
DR752119
DR752120
DR752111
DR752112
DR752113
DY802065
DR752115
DR752124
DR752125
DY802067
DR752087
DT045069

No homology
AAT77377.1| putative cytochrome P450 [Oryza sativa]
No homology
BAB87820.1| P450 [Triticum aestivum]
AAO00709.1| Putative gibberellin 20-oxidase [Oryza sativa]
AAP54688.1| putative gibberellin oxidase [Oryza sativa]
NP_922401.1| putative gibberellin oxidase [Oryza sativa]
No homology
BAD88177.1| putative potassium transporter [Oryza sativa]
No homology
No homology
AAD28730.1| chitinase II precursor [Triticum aestivum]
XP_476497.1| PR-1 type pathogenesis-related
protein PR-1a[Oryza sativa]
XP_479695.1| putative P450 [Oryza sativa]

Unclassified
Unclassified
Unclassified
Cell rescue, defense
Metabolism
Metabolism
Metabolism
Unclassified
Transport facilitation
Unclassified
Unclassified
Cell rescue/defense
Cell rescue/defense

CAD41786.2| OSJNBa0008M17.1 [Oryza sativa]

Unclassified

36R135 DR752110
Cluster b
36F90 DR752094

Unclassified
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Table 1 (continued)
Name

GenBank
Putative ID
accession no.

Classification

DY802069
DR752098

XP_474060.1| OSJNBb0079B02.2 [Oryza sativa]
BAB03114.1| kinesin (centromere protein) like heavy
chain-like protein [Arabidopsis thaliana]

Unclassified
Cell cycle and DNA processing

DR752146
DR752092
DR752089
DR752133

XP_472094.1| OSJNBa0061G20.5 [Oryza sativa]
No homology
No homology
CAA66278.1| thaumatin-like protein [Triticum aestivum]

Unclassified
Unclassified
Unclassified
Cell rescue/defense

DR752132

gi| 34097604| putative calreticulin [Oryza sativa]

C124
G8-345
72R275
C62
72R47
G6-126

DT045076
DY802068
DR752122
DT045030
DR752129
DY802070

G6-78
G8-34
72R194
36R359
72R192
72R321

DT045070
DT045031
DR752118
DR752141
DR752117
DR752128

72R54

DR752130

No homology
No homology
No homology
NP_917791.1| putative cytochrome P450 [Oryza sativa]
No homology
AAL27005.1| pathogen-related protein PR-10
[Oryza sativa]
No homology
No homology
No homology
NP_916283.1| putative regulatory protein NPR1 [Oryza sativa]
No homology
AAP50920.1| putative 3-beta hydroxysteroid dehydrogenase/isomerase
[Oryza sativa]
XP_469137.1| | putative pathogenesis-related thaumatin-like protein
[Oryza sativa]
CAD59574.1| PDR-like ABC transporter [Oryza sativa]
No homology

Protein with binding function
or cofactor requirement
Unclassified
Unclassified
Unclassified
Unclassified
Unclassified
Cell rescue/defense

G5-95
6F5
Cluster c
36R170
G4-266
G2-284
6F176
Cluster d
36R353

C69
DT045008
72R289 DR752123
Cluster e
6F89
DR752096
6F19
6F420
Cluster f
72R170
G1-159
C150
72R2

AAP52294.1|putative transposable element [Oryza sativa]

Unclassified
Unclassified
Unclassified
Signal transduction mechanism
Unclassified
Metabolism
Cell rescue/defense
Transport facilitation
Unclassified
Transposable Elements, Viral
and Plasmid Proteins
Cell rescue/defense
Unclassified

DY802066
DR752095

NP_921964.1| putative serine protease [Oryza sativa]
XP_493874.1| unknown protein [Oryza sativa]

DR752136
DR752088
DT045012
DR752137

CAE03959.2| OSJNBb85H11.8 [Oryza sativa]
Unclassified
AAS49905.2| putative proteinase inhibitor-related protein [Triticum aestivum] Cell rescue/defense
AAP04433.1| putative protease inhibitor [Hordeum vulgare]
Cell rescue/defense
XP_471993.1| OSJNBb0085H11.4 [Oryza sativa]
Unclassified

Clustering was based on similarities of expression pattern by K-means method. Clones with the letter F originated from FHB-resistant
Ning 7840 library. R clones are from the FHB-susceptible Clark library. All others are from the aluminum SSH libraries that
originated from wheat lines with no FHB resistance. The identity of the highest BLAST-X hit (highest similarity score) was assumed
as the putative gene ID. Genes were classified by function based on MIPS FunCat DB

fungal stress, (3) down-regulated in Ning 7840 at later time
points of fungal stress, and (4) down-regulated in Ning
7840 during all time points studied. Among the 44
differentially expressed genes, seven have two to five
identical copies each (data not shown). The redundant
genes had the same expression profile and mapped to the
same cluster; therefore, only one representative was
reported hereafter. These results also demonstrate good
repeatability of our microarray experiment.

Cluster b and e belong to group 1. All three genes in
cluster b showed significant up-regulation in most time
points of the fungal stress in Ning 7840 (Fig 1b). One gene
in this group encoded a kinesin, heavy, chainlike protein,
and two had similarity with unknown genes in GenBank
(Table 1). Cluster e contains three genes that were all
strongly up-regulated in the resistant cv. Ning 7840 at all
time points of the fungal stress, with expression peak at
6 hai (Fig. 1e). All genes in this cluster were from the
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Fig. 1 Mean expression level of
six clusters of differentially expressed genes between Ning
7840 and Clark after fungal
stress. The genes were grouped
based on similarity of expression pattern (K-means) using
Genesis software. The x-axis
represents the time point at
which spikes were sampled,
while the y-axis shows differential expression in log-based
two ratios. The lines represent
the mean transcript abundance
at the time course of infection
and the bars represent ±SD. A
log2 ratio of “+1” and “+2”
mean that the expression of a
gene in Ning 7840 is up-regulated by two-and fourfold, respectively, relative to Clark;
whereas “−1” and “−2” represent down-regulation of gene
expression in Ning 7840 by
two- and four-fold, respectively,
compared to Clark

library of Ning 7840 after 6 h of inoculation. Two of them
are similar to a putative transposable element and serine
protease, while the other is similar to an unknown protein.
Group 2 is the largest group (18 genes) and consists of
clusters a and f. Genes in this group were up-regulated in
Ning 7840 before or during early infection and then downregulated (Fig. 1a,f). Genes in this cluster are mainly
involved in cell rescue and defense (Table 1). Most of the
genes in this group were up-regulated in cv. Ning 7840 at 0
and 3 hai. However, the expression of these genes
gradually decreased in Ning 7840, and became significantly down-regulated at 24 to 72 hai. Genes in this group
have significant similarity with defense-related genes such
as pathogenesis-related (PR) proteins, P450s, potassium
transporter and proteinase/protease inhibitors. Nine genes
in this group have unknown function.
Cluster d belongs to Group 3. This cluster includes seven
genes: calreticulin, P450, two PR proteins, NPR-1, 3-beta
hydroxysteroid dehydrogenase/isomerase, and PDR-like
ABC transporter (Table 1). The putative functions of the
other nine genes are unknown. Genes in this cluster were
significantly down-regulated in Ning 7840 at 36 to 72 hai
(Fig. 1d). Most genes did not show differential expression
for other time points, but genes such as the PR protein and
three unknown genes (C124, G8-345, and G8-34) were
significantly up-regulated at 6–12 hai (data not shown).
Group 4 contains four genes from cluster c (Table 1).
Genes from this group were mainly down-regulated at all
time points tested (Fig. 1c). Most of them have either no
significant similarity with any gene in GenBank or
similarity to the genes without known function. The gene
with known function in this group is a PR protein.

Validation of differentially expressed genes
by RT-PCR
Changes in expression of eight genes identified in the
microarray experiment were verified using quantitative
RT-PCR. RT-PCR data for each gene was normalized based
on expression of a wheat housekeeping gene β-actin. The
expression of β-actin was uniform across all treatments
(Fig. S1). In most cases, a much larger increase in fold
expression was obtained from RT-PCR than that from
microarray analysis (Fig. S2). Microarrays have a relatively
low dynamic range due to low concentrations of cDNA
deposited in slides (Ozturk et al. 2002). As such, they
sometimes do not reflect the full changes in transcript
abundance especially for those strongly up- or downregulated transcripts. However, the trend of up- or downregulation of a gene in Ning 7840 was consistent (Fig. S2).
The result indicated a good agreement between the results
from microarray and RT-PCR.

Discussion
Suppression subtractive hybridization
SSH was the technique of choice for library construction
because it involves a normalization step to balance the
abundance of cDNA in the target population and a
subtraction step to remove cDNA that are common
between the target and tester populations (Diatchenko et
al. 1996). Another advantage of SSH is that it can enrich
rare cDNA (several molecules per cell) by more than
1,000-fold (Diatchenko et al. 1996), thereby enabling the
isolation of rare transcripts that may not be easily obtained
from a regular cDNA library. Any gene that is commonly
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induced in two populations as a response to fungal stress
will theoretically be subtracted out. In this study, a very
small subset of genes (2,306) were derived from six FHBstress SSH libraries instead of a library of all genes from
whole-wheat genomes, which made it feasible for us to
focus on a small number of genes with limited resources.
Therefore, SSH greatly reduced the number of clones to be
screened to a more manageable size, significantly reducing
screening work and cost. In addition, the SSH libraries
were constructed by using two bulks of recombinant inbred
lines with extreme responses to FHB infection. Pooled
samples are expected to average out the contribution of
background genes that is not related to FHB resistance or
susceptibility.
Previous researches indicated that the Fusarium macroconidia usually germinate later than 6 hai, enter the floret
tissue by 36 hai, and spread to nearby uninoculated
spikelets after 48 hai (Pritsch et al. 2000, 2001; Kang and
Buchenauer 2000). In this study, SSH libraries were
constructed with samples collected at 6, 36, and 72 hai
that covered an important time period of early fungal
infection from spore germination to spread of symptoms to
uninoculated spikelets.
Defense-related genes are up-regulated during early
stages of fungal stress
Coordinately regulated genes in response to F. graminearum infection were identified by cluster analysis in this
study. Group 3, with genes from clusters a and f, contains
putative genes for plant defense that were up-regulated in
Ning 7840 during the early stages of fungal stress (0 to
3 hai). Among them, a chitinase II precursor and PR-1 gene
showed up-regulation in cv. Ning 7840 at early time points
of fungal stress, then down-regulated from 24 hai onward.
Chitinase can degrade chitin in fungal cell walls (Collinge
et al. 1993) and releases oligomeric products that can signal
a plant to activate additional defense responses (Li et al.
2001). The chitinase precursor identified in this study is
similar to the wheat chitinase reported by Li et al (2001).
Similar expression patterns were observed for these two
chitinase genes wherein their expression peaks occurred in
FHB-inoculated resistant genotypes at 12 hai or earlier, and
a higher level of gene expression was observed in the
susceptible genotypes at 48 hai (Li et al. 2001). Abundant
PR-1 and chitinase genes were also found in a F.
graminearum-infected Sumai 3 library (Kruger et al.
2002). Another PR gene, up-regulated at 6 to12 hai and
down-regulated at 48 to 72 hai in this study, was similar to
a jasmonate-inducible PR-10 gene (Table 1, cluster d).
PR-10 can also be induced by the fungal pathogen
Magnaporthe grisea in rice (Jwa et al. 2001). Differential
expression of the genes for chitinase and PR-proteins may
play important roles in activation of early defense
responses in resistant genotypes.
Three genes in cluster a that share significant homologies with putative P450 genes were up-regulated at early
time points of fungal stress. One P450 gene (6F88) belongs

to the CYP71C subfamily and may participate in the
biosynthesis of 2,4-dihydroxy-7-methoxy-1,4-benzoxazin3-one (DIMBOA), a major antifungal compound in maize,
wheat, and rye (Frey et al. 1997). DIMBOA inhibits
proteases and oxidative enzymes in fungi, bacteria, and
insects (Niemeyer 1988). DIMBOA-derived antimicrobial
compounds, 6-methoxy-2-benzoxazolinone and 2-benzoxazolinone, significantly inhibited the growth of F. graminearum in vitro (Glen et al. 2001). The P450 gene
identified in this study may hinder the growth of F.
graminearum and development of FHB symptoms. The
function of the other two P450s is still unknown.
Two genes in cluster f are protease/proteinase inhibitors
that were up-regulated in Ning 7840 at 3 hai. Dunaevskii et
al. (1997) showed that the proteinase inhibitor trypsin/
chymotrypsin inhibited germination and growth of Alternaria alternata in buckwheat. Cordero et al. (1994)
demonstrated the up-regulation of a proteinase inhibitor
gene in corn after the plant was wounded or infected by
fungal pathogens. This enzyme can also disrupt the protein
metabolism of insects that attack a plant after the plant is
wounded (Hammond-Kosack and Jones 1996). The upregulation of proteinase inhibitors at 3 hai in cv. Ning 7840
may play a role in inhibiting germination of F. graminearum in Ning 7840.
A putative potassium transporter was uniquely expressed during Sumai 3–F. graminearum interaction
(Kruger et al. 2002). A similar transporter gene was upregulated in Ning 7840 during early fungal infection and,
therefore, may be involved in defense against infection of
F. graminearum in a wheat spike.
In this study, the expression of PR proteins, proteinase
inhibitor-like protein, and cytochrome P450 were downregulated in Ning 7840 with respect to Clark at 36 to 72 hai.
Down-regulation in Ning 7840 means that expression of
these genes is significantly higher in the susceptible cv.
Clark during late time points of infection initiation.
Drought stress also induced a high level of expression of
the similar genes in barley (Ozturk et al. 2002). In F.
graminearum-infected Clark, drought stress probably
occurs after fungal spread to uninoculated spikelets after
48 hai (Pritsch et al. 2000). Pathogen spread causes
clogging of the rachis, thereby limiting or blocking nutrient
and water supply to spikelets above the infected floret. This
suggests that fungal spread within a spike in a susceptible
genotype may induce the expression of drought-stress
genes.
Other differentially expressed genes
A group of three genes in cluster e was consistently upregulated in the resistant cv. Ning 7840. All three ESTs
originated from the libraries of cv. Ning 7840 (forward).
Gene 6F89 had a similarity with a putative transposable
element, 6F19 with a serine protease, whereas the function
of the other gene is still unknown. As these genes were
always expressed to a greater extent in the resistant cultivar
than in the susceptible cultivar at most time points in this
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study, these could be very important genes for FHB
resistance. Further investigation of the functions of these
genes may provide useful information for the understanding of the mechanisms of FHB resistance.
On the other hand, all but one of the differentially
expressed genes derived from FHB-induced library in clusters
c and d were from FHB-susceptible libraries. Genes in the
two clusters were down-regulated in Ning 7840 either at all
time points or at later time points of fungal stress. Therefore,
the expression level of these genes in cv. Clark was
significantly higher than that in cv. Ning 7840. One of the
down-regulated genes in this cluster had significant similarity
with a putative NPR1 regulatory gene. This gene was
reported as a necessary gene for the activation of PR genes in
Arabidopsis, and overexpression of this gene resulted in more
resistant Arabidopsis plants (Cao et al. 1998). However, in
wheat, overexpression of wheat NPR1 resulted in increased
susceptibility (Rommens and Kishore 2000). Further investigation of these genes may elucidate their role in wheatsusceptible response to FHB infection.
In this study, many of the differentially expressed genes
(86%) came from the susceptible libraries, and only 14%
were from libraries derived from Ning 7840. This
observation may indicate that more transcripts were
expressed at higher levels in Clark as a response to F.
graminearum infection. Microarray analyses using cv.
Ning 7840 inoculated with F. graminearum vs inoculated
with mung bean medium showed only 25% as many
significantly differentially expressed genes as those in
Clark (unpublished data). The small number of genes
derived from cv. Ning 7840 could be due to (1) some genes
involved in FHB resistance of cv. Ning 7840 are not
regulated at transcription level or (2) disease resistance in
cv. Ning 7840 may result from a loss of function of
susceptibility genes. Further investigation of the roles of
the susceptible genes in FHB infection process may
provide insight into the understanding of the resistance
mechanism of FHB in wheat.
The identification of many differentially expressed
genes between cv. Ning 7840 and cv. Clark suggests that
plant defense in response to FHB infection is a complex
regulatory network of genes involved in signal transduction, metabolism, transport facilitation, and cell rescue/
defense, as well as genes of still unknown function.
Although a large percentage of these genes produced no hit
in public databases or were similar to hypothetical or
unknown proteins, similarities in gene expression pattern
with known genes provide possible insight into the
functions for novel or unknown proteins. Further characterization of these genes may help to understand the
molecular basis of FHB resistance and lay a solid ground
for cloning of FHB resistance genes in wheat.
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