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Abstract
Stripe rust (or yellow rust), which is caused by Puccinia striiformis f. sp. tritici (Pst), is one of

the most devastating wheat diseases worldwide. The wheat cultivar Xingzi 9104 (XZ) is an

elite wheat germplasm that possesses adult plant resistance (APR), which is non–race-spe-

cific and durable. Thus, to better understand the mechanism underlying APR, we performed

transcriptome sequencing of wheat seedlings and adult plants without Pst infection, and a

total of 157,689 unigenes were obtained as a reference. In total, 2,666, 783 and 2,587 differ-

entially expressed genes (DEGs) were found to be up- or down-regulated after Pst infection
at 24, 48 and 120 hours post-inoculation (hpi), respectively, based on a comparison of Pst-
and mock-infected plants. Among these unigenes, the temporal pattern of the up-regulated

unigenes exhibited transient expression patterns during Pst infection, as determined

through a Gene Ontology (GO) enrichment analysis. In addition, a Kyoto Encyclopedia of

Genes and Genomes (KEGG) pathway analysis showed that many biological processes,

including phenylpropanoid biosynthesis, reactive oxygen species, photosynthesis and thia-

mine metabolism, which mainly control the mechanisms of lignification, reactive oxygen

species and sugar, respectively, are involved in APR. In particular, the continuous accumu-

lation of reactive oxygen species may potentially contribute to the ability of the adult plant to

inhibit fungal growth and development. To validate the bioinformatics results, 6 candidate

genes were selected for further functional identification using the virus-induced gene silenc-

ing (VIGS) system, and 4 candidate genes likely contribute to plant resistance against Pst
infection. Our study provides new information concerning the transcriptional changes that

occur during the Pst-wheat interaction at the adult stage and will help further our under-

standing of the detailed mechanisms underlying APR to Pst.
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Introduction
Stripe rust (or yellow rust), which is caused by Puccinia striiformis f. sp. tritici (Pst), is a common
and damaging disease of wheat (Triticum aestivum L.) that causes significant yield and grain
quality losses [1–4]. The plant innate immune response is highly diverse in its capacity to recog-
nize and respond to biotrophs, and most plants are resistant to most plant pathogens [5].
Accordingly, the breeding of resistant cultivars is the most effective, economic and environmen-
tally favorable method for controlling diseases [6]. Stripe rust resistance is broadly categorized as
either all-stage resistance (seedling resistance) or adult plant resistance (APR) [1]. Because that
Pst rapidly evolves new races, cultivars with seedling resistance to Pst usually become susceptible
within a few years after being popularized [7, 8]. However, wheat cultivars with APR usually
remain resistant even after being popularized in large areas for many years [9, 10]. Wheat cultivar
Xingzi 9104 (XZ) is susceptible to Pst at seedling stage, which possesses non-race specific to stripe
rust at adult plant stage [4, 11–13]. However, its underlying protective mechanism is still unclear.
Over the past several years, the rapid and inexpensive next-generation sequencing (NGS) method
has resulted in high-throughput gene expression profiling, genome annotation and the discovery
of non-coding RNA [14, 15]. An increasing body of evidence suggests that transcriptome
sequencing using NGS technology provides high-resolution data and is a powerful tool for study-
ing global transcriptional networks. Using this technology, we can successfully obtain a large
amount of sequence data that may represent the gene expression profile of wheat under a partic-
ular condition. To the best of our knowledge, the transcription profiling of the wheat cultivar XZ
infected with stripe rust has not yet been reported. Considering the agricultural value of XZ, a
comprehensive description of the genes expressed in XZ during infection is necessary for the dis-
covery of candidate defense-related genes. In this study, we obtained a large number of distinct
sequences (designated as unigenes) from an equal mix of total RNA from XZ at 0 hours post-
inoculation (hpi) without Pst at the adult plant stage (Ak-M-0) and total RNA from XZ at 0 hpi
without Pst at the seedling stage (Sk-M-0) using the Illumina NGS technology. In this manu-
script, we present the current understanding of the assembled and annotated transcriptome
sequences. Additionally, we provide information obtained from a digital gene expression (DGE)
system that was used to compare the gene expression profiles of adult XZ plants at three infection
stages, namely 24, 48 and 120 hpi with Pst. This comparison allowed us to elucidate the molecu-
lar mechanism and identify the responsive genes underlying the complex XZ resistance to Pst.
These findings should facilitate the development of effective strategies for the breeding of resis-
tant “wheat” varieties to obtain a better control of stripe rust.

Materials and Methods

Plant materials and Pst inoculation
Triticum aestivum cv. XZ and Pst pathotype CYR32 were used in the study. For the preparation
of plant samples, germinated seeds were maintained at 4°C for 40 days for vernalization before
being planted in large 20-cm-diameter pots, which contained mellow soil. These pots, which con-
tained five seeds, were placed in a greenhouse at 20°C for cultivation, where they received 16
hours of light a day. Topdressing can be carried out with water during booting stage of wheat.
For the inoculation, the second leaf of wheat seedling plants at the two-leaf stage and the flag leaf
of wheat adult plants at the boot stage were simultaneously inoculated with fresh Pst race CYR32
with a paintbrush until whole surface became wet without run-off as described [12]. Control
plants (mock-inoculated plants) were treated with sterile water. Inoculated and control leaves
were collected at 0, 24, 48 and 120 hpi for RNA isolation. These time points were selected based
on microscopic studies [12]. All of the samples were rapidly frozen in liquid nitrogen and stored
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at -80°C. The remaining plants were rated in terms of symptoms at 15 days post-inoculation
(dpi). Three independent biological replicates were performed for each time point.

RNA isolation and cDNA synthesis
The total RNAwas isolated using lysis buffer from the RNeasy Plant Mini Kit according to the man-
ufacturer’s instructions (QIAGEN, Hilden, Germany). DNAwas removed using the TRIzol Reagent
TURBO (Qiagen RNase-Free DNase set) (Ambion) according to the manufacturer’s instructions.
The RNA integrity was confirmed by 1.0% agarose gel electrophoresis, and the total RNA quantity
was determined with a NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific, Waltham,
MA, USA). First-strand cDNAwas synthesized with 2.5 μg of total RNA using the Reverse Tran-
scription System (Promega, Madison,WI, USA) following the manufacturer’s directions.

Illumina library construction and sequencing
The RNA of two samples (Ak-M-0 and Sk-M-0) was subjected to RNA-Seq analysis at the Bei-
jing Genomics Institute (BGI; Shenzhen, China). The transcriptome library was prepared and
sequenced using Illumina HiSeqTM2000 using paired-end technology. A fragmentation buffer
was used to cut the mRNA into short fragments (approximately 200 bp). These short fragments
were used as templates with random hexamer-primers to synthesize the first-strand cDNA.
The second-strand cDNA was synthesized using buffer, dNTPs, RNaseH and DNA polymerase
I. Short double-stranded cDNA fragments were purified using a QIAquick PCR purification
kit (Qiagen) and resolved with EB buffer for end repair prior to the addition of poly(A). The
short fragments were then connected with sequencing adaptors. We then selected suitable frag-
ments as templates via agarose gel electrophoresis and enriched them by PCR amplification. A
Solexa HiSeqTM2000 sequencer was employed to sequence the constructed libraries [16].

DGE library construction and sequencing
The RNA of six samples (Ak-M-24, Ak-M-48, Ak-M-120; Ak-I-24, Ak-I-48 and Ak-I-120) was
prepared for DGE library construction and sequencing at the Beijing Genomics Institute (BGI;
Shenzhen, China). In brief, the mRNA was purified using oligo (dT) magnetic beads. The first-
and second-strand cDNA were synthesized after the mRNA was bound to the beads. While on
the beads, the double-stranded cDNA was then digested with the anchoring restriction enzyme
NlaIII to remove all fragments other than the 3’-most CATG fragment attached to the oligo
bead, and the GEX adapter 1 was added to the new 5’end. The junction of GEX adapter 1 and
the CATG site was recognized byMmeI. This enzyme cuts 17 bp downstream of the CATG
site, thus producing 17-bp cDNA sequence tags with GEX adapter1. After removing the 3’ frag-
ments through magnetic bead precipitation, GEX adapter 2 was ligated to the 3’ end of the
cDNA tag. Tags flanked by both adapters were enriched by PCR using the GEX PCR primers 1
and 2 (Illumina) according to the manufacturer’s instructions. The PCR products were purified
with a 12% PAGE gel. The purified cDNA tags were sequenced on an Illumina cluster station
and genome analyzer (Illumina) following the manufacturer’s instructions [17, 18].

Raw read cleaning, assembly and sequence annotation
Prior to assembly, raw reads were obtained from the original sequence data, and the reads were
filtered using a Perl script dynamic-Trim.pl [19] to remove the adaptor sequences, empty
reads, short reads (<25bp), reads with an N ratio greater than 10%, and low-quality sequences,
all of which negatively affect the bioinformatics analysis. We then generated clean reads in the
FASTQ format. All of the clean reads were mapped to our transcriptome reference database,
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allowing no more than a 2-bp mismatch using the software SOAP aligner/soap2. The results
revealed the distribution and location of the clean reads in the reference genome. De novo
assembly of the high-quality reads was performed using SOAP de novo and yielded unigenes.
The unigenes of two samples were spliced and processed by clustering software to obtain the
longest possible non-redundant unigene. Finally, the generated unigenes were analyzed by a
BlastX alignment search (E-value<10−5) against the protein databases NR, Swiss-Prot, KEGG
(Kyoto Encyclopedia of Genes and Genomes), and GO (Gene Ontology), and the best aligning
result was used to determine the sequence unigenes direction [16, 20].

Statistical analysis of gene expression levels
Gene expression was calculated from the number of reads mapped to the reference sequence
[21]. The expression level was calculated using the RPKMmethod (reads per kb per million
reads) with the following formula:

RPKM ¼ 106C

NL=103

where RPKM (A) is the expression of gene A, C is the number of reads uniquely aligned to
gene A, N is the total number of reads uniquely aligned to all of the genes, and L is the number
of bases on gene A. The RPKMmethod eliminates the influence of different gene lengths and
sequencing discrepancies during the calculation of gene expression such that the calculated
gene expression levels can be directly compared among samples. If there is more than one tran-
script for a gene, the longest is used to calculate its expression level and coverage [22].

Evaluation of DGE libraries
We compared the differential expression of genes in each DGE library (Ak-I-24 vs. Ak-M-24,
Ak-I-48 vs. Ak-M-48 and Ak-I-120 vs. Ak-M-120) using the method described by Audic and
Claverie [23]. The correlation between the detected count numbers between parallel libraries
was assessed statistically by calculating Pearson’s correlation (P) coefficient. In addition to the
P value, the false discovery rate (FDR) was used to determine the threshold P value in multiple
tests. Genes were classified as significantly differentially expressed if they had a P-value less
than 0.005, an FDR less than 0.001 and an absolute value of log2Ratio of at least 1 in sequence
counts across the libraries utilized in our study.

GO and KEGG pathway enrichment analysis
GO enrichment analysis provides all of the GO terms that are significantly enriched in differen-
tially expressed genes (DEGs) compared with the genome background and filters the reads that
correspond to biological functions. This method first maps all DEGs to GO terms in the data-
base by calculating gene numbers for every term and then uses a hypergeometric test to identify
the significantly enriched GO terms in the DEGs compared with the genome background. The
KEGG database was used to identify the significantly enriched metabolic pathways or signal
transduction pathways in the DEGs compared with whole genome backgrounds. N is the num-
ber of all of the genes with a KEGG annotation, n is the number of DEGs in N, M is the number
of all of the genes annotated to specific pathways, and m is the number of DEGs in M.

Quantitative real-time PCR analysis
Quantitative real-time PCR (qRT-PCR) was performed to verify the expression of 30 differen-
tially expressed genes. To standardize the data, the wheat translation elongation factor 1α
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subunit gene (TaEF-1α, GenBank Accession Number M90077.1) was used as an internal refer-
ence for the qRT-PCR analysis. The qRT-PCR analysis was performed in triplicate using the
SYBR Green fluorescence dye in a 7500 Real-Time PCR System (Applied Biosystems, Foster
City, CA, USA). Each qRT-PCR reaction (25 μL) included 2.5 μL of 10×Taq Buffer, 3.0 μL of
MgCl2 (25 mM/L), 0.5 μL of dNTPs (10 mM/L), 0.4 μL of 50×SYBR Green (QIAGEN, Hilden,
Germany), 2.0 μL of cDNA, 0.5 μL of forward/reverse primers (10 μmol/L) and 0.3 μL of Taq
DNA polymerase (TaKaRa Bio Inc., Japan). The qRT-PCR data were analyzed using the com-
parative 2-ΔΔCt method [24]. Mean and standard deviation were calculated with data from 3
independent biological replicates.

Histological observations and host response
Capped in vitro transcripts were prepared from linearized recombinant plasmids containing
the tripartite BSMV genome [25] with the mMessage mMachine T7 in vitro transcription kit
(Ambion, Austin, TX, USA) according to the manufacturer's guidelines. Three independent
sets of plants were used, and germinated seeds were maintained at 4°C for 40 days for vernali-
zation before being planted in large pots. The inoculation system contained 0.5 μL of RNAs for
each in vitro transcription reaction for α, β, and γ (γ-PDS, γ-gene) (phytoene desaturase) and
was gently rubbed on the surface with 25 μL of FES buffer. The mixtures were inoculated on
the surface of the second top leaves of boot stage plants with a gloved finger [26, 27], and the
plants were then incubated at 23±2°C. The virus phenotypes were observed and photographed
13 days after virus inoculation. The flag leaves were further inoculated with Pst pathotype
CYR32, and samples were excised at 0, 24, 48 and 120 hpi for histological observation and
qRT-PCR. The Pst infection phenotypes were recorded and photographed at 15 dpi. The sam-
ples for histological observation were fixed and decolorized as previously described [28]. The
necrotic area in wheat leaves was observed via the auto fluorescence of the attacked mesophyll
cells by Olympus BX-51 microscope (Olympus Corp., Japan) and calculated by the cellSens
Entry software (Olympus Corp., Japan). To stain the infection structures of Pst in wheat leaves,
wheat germ agglutinin (WGA) conjugated to Alexa-488 (Invitrogen, Carlsbad, CA, USA) was
used as previously described [29]. For microscopic observations, stained segments were kept in
50% glycerol, and the hyphal length was examined under blue light excitation (excitation wave-
length 450–480 nm, emission wavelength 515 nm) by Olympus BX-51 microscope (Olympus
Corp., Japan) as previously described [29]. To detect host response, hydrogen peroxide accu-
mulation was detected using 3, 3'-diaminobenzidine (DAB; Amresco, Solon, OH, USA) as pre-
viously described [29]. At least 30–50 infection sites were examined on each of three randomly
selected leaf segments for every treatment. A high performance liquid chromatographic
method was used to determine the endogenous hormones salicylic acid (SA) content in flag
leaves as previously described [30]. The lignin content of the flag leaves was examined accord-
ing to the method of Morrison with some modifications as previously described [31]. The chlo-
roplast content of the flag leaves was determined using the direct sopping extraction method
with mixing solution of alcohol and acetone (1:1 in volume) as previously described [32].

Results

High-throughput RNA sequencing
The transcriptome sequencing of seedling and adult plants samples at 0 hpi resulted in a total
of 66,666,668 and 63,954,974 reads, respectively. The ratio of the Q20 sequencing value was
greater than 91%, which indicated that the sequencing sufficiently captured most of the
expressed genes (Table 1). Transcriptome de novo assembly was conducted with the Short Oli-
gonucleotide Analysis Package (SOAP) program and resulted in 1,157,689 specific unigenes
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(S1 Fig). For the functional annotation and classification of the obtained unigenes, we searched
the annotated sequences for genes that were involved in the cluster of orthologous group
(COG) assignments (S2 Fig). The sequences could be categorized into 35 level-two functional
groups, which comprised three domains: ‘biological process’, ‘cellular component’ and ‘molec-
ular function’ (S3 Fig). A G-test [False Discovery Rate (FDR)< 0.001] of the RPKM-derived
read counts with multiple genetic differences greater than two-fold was performed to detect the
DEGs between the adult plant (Ak-M-0) and seedling (Sk-M-0) stages and to identify the
genes responsible for the development of wheat (S4 Fig). A total of 27,265 DEGs were obtained
from this analysis; of these, 13,977 and 13,288 unigenes were up- and down-regulated at the
adult plant stage respectively, which suggests that these genes may be involved in the growth
and development of the host plant.

DGE library sequencing and annotation
Based on the transcriptome sequence data, six DGE libraries were constructed to identify the
gene expression profiles of the XZ during Pst infection at the adult plant stage. The six DGE
libraries included non-inoculated adult plants at 24 hpi (Ak-M-24), 48 hpi (Ak-M-48) and 120
hpi (Ak-M-120) and inoculated adult plants at 24 hpi (Ak-I-24), 48 hpi (Ak-I-48) and 120 hpi
(Ak-I-120). All of the clean reads were mapped to our transcriptome reference database. Each
library generated raw reads that ranged from 290 to 318 Mb, with reference genome alignments
greater than 84% (S1 Table). Together, each library generated clean reads that ranged from
5.78 to 6.34 million, and the proportion of the total reads exceeded 98%, which indicates that
the transcriptional data were reliable (S5 Fig). Saturation analyses of the six DGE libraries were
performed to determine whether the number of detected genes continued to increase as the
sequence quantity increased (total tag number). The number of detected genes almost ceased
to increase at a sequence quantity of at least 600 million (S6 Fig); the coverage statistics were
high (S7 Fig). All of these findings indicate that the sequencing data was accurate and reliable.
A G-test (FDR<0.001) of the RPKM-derived read counts with multiple genetic differences
greater than four-fold was performed to detect the DEGs within these pairs, i.e., (Ak-I-24 vs.
Ak-M-24), (Ak-I-48 vs. Ak-M-48) and (Ak-I-120 vs. Ak-M-120), and to identify genes that are
responsive to Pst infection at the adult plant stage. Approximately 2,666, 786 and 2,587 DEGs
were obtained at 24, 48 and 120 hpi, respectively. Additionally, 1,198, 155 and 1,645 unigenes
were down-regulated and 1,468, 628 and 942 unigenes were up-regulated at 24, 48 and 120 hpi,
respectively (Fig 1). A total of 427 unigenes were up-regulated between 24 and 48 hpi, whereas
48 unigenes were up-regulated between 48 and 120 hpi. In addition, 64 unigenes were up-regu-
lated between 24 and 120 hpi, and 37 unigenes were up-regulated at all three sampled stages
(Fig 2). The regulated unigenes represented on the array were significantly differentially
expressed at 24, 48 and 120 hpi. We used the gene cluster set to generate a tree that shows the
similarities in the relative gene expressions among the three time points (Fig 3).

Table 1. Output statistics from sequencing.

Samples Total Reads Total Nucleotides Q20 percentage N percentage GC percentage

AK-M-0 66,666,668 6,000,000,120 91.74 0.00 53.96

SK-M-0 63,954,974 5,755,947,660 91.57 0.00 54.32

Total Nucleotides = Total Reads1 × Read1 size + Total Reads2 × Read2 size. The two libraries included non-inoculated adult plants at 0 hours post-

inoculation (hpi) (Ak-M-0) and non-inoculated seedling plants at 0 hpi (Sk-M-0).

doi:10.1371/journal.pone.0150717.t001
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Regulated genes during Pst infection at the adult plant stage
To investigate the plant disease-resistance of XZ during Pst infection, Fisher’s exact test in the
Blast2GO software was used to explore the statistically enriched GO terms of the up-regulated
genes during Pst infection at the adult plant stage compared with the entire transcriptome
background (P<0.05). The results of the up-regulated unigenes identified from the Ak-I-24 vs.

Fig 1. Statistical chart of DEGs during Pst infection at the adult plant stage. Differentially expressed
genes were identified by filtering the two-fold up-regulated and down-regulated genes with FDR�10−4. The
bars represent the number of up-regulated (black) and down-regulated (gray) unigenes. The six DGE
libraries included non-inoculated adult plants at 24 hours post-inoculation (hpi) (Ak-M-24), 48 hpi (Ak-M-48)
and 120 hpi (Ak-M-120), and inoculated adult plants at 24 hpi (Ak-I-24), 48 hpi (Ak-I-48) and 120 hpi (Ak-I-
120).

doi:10.1371/journal.pone.0150717.g001

Fig 2. Statistical chart of DEGs up-regulated during Pst infection at the adult plant stage. Differentially
expressed unigenes were identified by filtering the two-fold up-regulated unigenes with FDR�10−4. The up-
regulated unigenes were obtained from the Ak-I-24 vs. Ak-M-24, Ak-I-48 vs. Ak-M-48 and Ak-I-120 vs. Ak-M-
120 comparisons. The six DGE libraries included non-inoculated adult plants at 24 hours post-inoculation
(hpi) (Ak-M-24), 48 hpi (Ak-M-48) and 120 hpi (Ak-M-120), and inoculated adult plants at 24 hpi (Ak-I-24), 48
hpi (Ak-I-48) and 120 hpi (Ak-I-120).

doi:10.1371/journal.pone.0150717.g002
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Ak-M-24 comparison were as follows. In the ‘cellular component’ category, proteins involved
with cytoplasmic membrane-bounded vesicles, the chloroplastic endopeptidase Clp complex,
the glyoxysome and the cell wall were highly enriched. In the ‘molecular function’ category,
proteins involved in phenylalanine ammonia-lyase activity, heme binding and pyruvate and
phosphate dikinase activity were highly enriched, and 78 compounds were also enriched. In
the ‘biological process’ category, proteins involved in the SA catabolic process, cinnamic acid
biosynthetic process and L-phenylalanine catabolic process were highly enriched, and an addi-
tional 97 compounds were also enriched (S1 File). The results from the up-regulated unigenes
identified from the Ak-I-48 vs. Ak-M-48 comparison and the Ak-I-120 vs. Ak-M-120 compari-
son are as follows (S1 File). Thirty-six categories were enriched in the Ak-I-24 vs. Ak-M-24
and Ak-I-48 vs. Ak-M-48 comparisons (Fig 4). Only one category was enriched in the Ak-I-48
vs. Ak-M-48 and Ak-I-120 vs. Ak-M-120 comparisons, whereas 36 categories were enriched in
the Ak-I-24 vs. Ak-M-24, Ak-I-48 vs. Ak-M-48 and Ak-I-120 vs. Ak-M-120 comparisons
(Fig 4).

KEGG pathways are differentially expressed in response to Pst
To explore the biochemical pathways in which the up-regulated DEGs identified in the Ak-I-
24 vs. Ak-M-24, Ak-I-48 vs. Ak-M-48 and Ak-I-120 vs. Ak-M-120 comparisons are involved
in XZ wheat, a pathway analysis utilizing the KEGG pathway database was conducted with an
E-value cutoff of< 0.05. Interestingly, the KEGG pathway analysis showed that 45, 42 and 34
significantly enriched pathways were identified at the three infection stages, namely 24 hpi, 48
hpi and 120 hpi, respectively (S2 File). These up-regulated DEGs were found to be involved in
many biological processes related to systemic symptom development, including thiamine

Fig 3. Cluster and heat map of DEGs of XZ at the adult plant stage. The heat map shows the gene
expression obtained by the clustering affinity search technique. Each line refers to the data for one gene. The
color bar represents the log2 of fold change values and ranges from green (−8) to red (8). The six DGE
libraries included non-inoculated adult plants at 24 hours post-inoculation (hpi) (Ak-M-24), 48 hpi (Ak-M-48)
and 120 hpi (Ak-M-120), and inoculated adult plants at 24 hpi (Ak-I-24), 48 hpi (Ak-I-48) and 120 hpi (Ak-I-
120). A: The DEGs that demonstrated at least a two-fold difference in each of the three comparisons at the
adult plant stage. B: The up-regulated unigenes that demonstrated at least a four-fold change in each of the
three comparisons at the adult plant stage.

doi:10.1371/journal.pone.0150717.g003
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metabolism, purine metabolism, phenylpropanoid biosynthesis, novobiocin biosynthesis and
photosynthesis. An additional 15 significantly enriched pathways were identified at the three
adult plant stages. Fourteen significantly enriched pathways were only identified from the Ak-
I-24 vs. Ak-M-24 comparison, whereas 5 significantly enriched pathways were only identified
in the Ak-I-48 vs. Ak-M-48 comparison, and 7 significantly enriched pathways were only iden-
tified from the Ak-I-120 vs. Ak-M-120 comparison.

Comparison of digital gene expression values with qRT-PCR analysis
results
To evaluate the reliability of our RNA-Seq and DGE analysis, 30 unigenes, which presented a
wide range of expression levels and patterns under Pst infection, were selected for qRT-PCR
analysis. These unigenes were selected based on their homology to genes that are known to
play a role in pathogenesis/defense, reactive oxygen species (ROS) burst, secondary metabolism
or that encode hypothetical or unknown proteins. The corresponding primers were designed
and are listed in S3 File. As shown in Table 2, the results agreed well with the DGE patterns. In
addition, the unigenes involved in pathogenesis-related proteins (wheat11332_refgene, whea-
t10510_refgene and wheat59172_refgene) were strongly up-regulated as early as 24 hpi and
afterward presented relatively up-regulated expression. The transcripts of wheat31335_refgene
and wheat12328_refgene were increased by 3.53 to 21.09 -fold, respectively. The unigenes of
wheat57563_refgene, wheat12902_refgene, wheat75137_refgene, wheat75952_refgene and
wheat10297_refgene, which are related to ROS burst, presented up-regulated expression at
24, 48 and 120 hpi. However, 6 unigenes with putative functions associated with thiol

Fig 4. Statistical chart of enrichments in ‘biological processes’ during Pst infection at the adult plant
stage. The leaves of adult plants were inoculated with PstCYR32. The panels represent the transcriptional
changes in ‘biological processes’ obtained from the Ak-I-24 vs. Ak-M-24, Ak-I-48 vs. Ak-M-48 and Ak-I-120
vs. Ak-M-120 comparisons. The six DGE libraries included non-inoculated adult plants at 24 hours post-
inoculation (hpi) (Ak-M-24), 48 hpi (Ak-M-48) and 120 hpi (Ak-M-120), and inoculated adult plants at 24 hpi
(Ak-I-24), 48 hpi (Ak-I-48) and 120 hpi (Ak-I-120).

doi:10.1371/journal.pone.0150717.g004
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methyltransferase 2, ATP synthase subunit alpha, chloroplastic, protease Do-like 2, ribonucle-
ase1 and a hypothetical protein were down-regulated as early as 24 and 48 hpi. The remaining
15 unigenes showed significantly higher expression patterns, which suggests that the selected
unigenes may play an active role during the interaction between wheat and Pst.

Functional analysis of six candidate genes in the resistance response to
Pst
Based on the GO and KEGG pathway enrichment results, we speculated that six DEGs may
play a role in the APR of XZ during Pst infection. Wheat37392_refgene and wheat12902_ref-
gene were enriched in the phenylalanine metabolism pathway, whereas wheat75137_refgene
and wheat31306_refgene were enriched in peroxidase activity and nitric-oxide synthase activ-
ity, and wheat36302_refgene and wheat12266_refgene were enriched in the chlorophyll

Table 2. Verification of DGE-Seq results by qRT-PCR.

Gene Name Annotation (BLASTX) Relative gene expression
by qRT-PCR (2− ΔΔCt)

Gene expression
of Illumina

(Log2(T_RPKM/C_RPKM))

24hpi 48hpi 120hpi 24hpi 48hpi 120hpi

wheat8730_refgene beta-fructofuranosidase 2.02±0.31 3.21±0.52 3.09±0.43 1.10 1.50 1.55

wheat84218_refgene thaumatin-like protein 20.99±5.55 6.88±1.01 6.02±0.77 5.59 2.16 1.37

wheat7284_refgene beta-1,3-glucanase 30.22±3.53 7.09±1.11 8.77±1.92 4.32 1.72 1.66

wheat72566_refgene predicted protein 3.83±0.89 2.01±0.54 5.76±0.32 1.12 2.15

wheat33491_refgene predicted protein 33.23±3.09 7.42±2.09 10.09±3.78 5.18 1.62 2.82

wheat31335_refgene Cell wall-associated hydrolase 5.88±1.73 3.53±2.01 3.86±0.22 1.15 1.77

wheat12328_refgene class I chitinase 21.09±3.22 4.54±0.35 9.78±2.98 4.12 1.03 3.12

wheat121909_refgene Glutathione S-transferase 2 9.88±1.78 1.09±0.88 5.54±1.63 2.59 2.09

wheat10297_refgene root peroxidase 3.09±0.77 9.09±3.02 2.00±1.09 1.24 2.40

wheat14242_refgene hypothetical protein -7.33+1.11 -2.99±0.98 4.87±0.86 -2.57 -1.10 1.17

wheat8458_refgene predicted protein 5.32±1.99 7.09±2.01 -1.12±0.79 1.60 1.16 -1.46

wheat13698_refgene unnamed protein product 4.09±6.99 2.44±5.00 2.56±2.01 2.06 1.82 1.47

wheat8254_refgene Ribonuclease 1 -7.09±1.22 -5.66±0.99 -9.08±1.33 -2.34 -1.64 -3.52

wheat7959_refgene 3-beta-hydroxysteroid-dehydrogenase 11.03±2.09 6.08±0.99 15.88±2.75 3.65 2.46 3.49

wheat75952_refgene lipoxygenase 1.1 3.21±0.94 4.00±0.86 -12.09±3.02 1.51 1.41 -3.33

wheat75846_refgene putative thiol methyltransferase 2 -22.09±3.33 -5.86±1.03 5.99±1.21 -4.12 -1.77 1.19

wheat7310_refgene MAP kinase 4.32±0.67 3.98±0.99 -5.00±1.81 1.52 1.36 -1.48

wheat70819_refgene ATP synthase subunit alpha, chloroplastic -2.74±0.97 -3.03±1.02 -4.23±0.56 -1.29 -1.08 -1.72

wheat66652_refgene Protein WIR1A 8.23±1.83 9.09±0.86 7.99±1.24 2.79 2.43 2.24

wheat59172_refgene pathogenesis-related 5 24.35±3.80 8.79±2.43 5.79±0.75 4.73 2.38 1.60

wheat57862_refgene hypothetical protein F775_31113 6.08±1.00 3.08±0.69 7.99±1.80 2.33 1.88 2.36

wheat57563_refgene NAD(P)H-dependent oxidoreductase 1 5.09±0.84 6.32±0.79 5.09±0.69 1.24 1.43 2.03

wheat11332_refgene pathogenesis-related protein 1 13.98±2.11 4.09±0.34 5.89±0.44 3.97 1.90 1.76

wheat10510_refgene pathogenisis-related protein 1.1 7,67±0.68 3.90±0.74 4.10±1.02 2.94 1.49 1.46

wheat37392_refgene Annexin D1 3.09±0.99 1.09±0.88 2.10±0.99 1.57

wheat12902_refgene class III peroxidase 8.09±0.56 1.07±1.10 1.90±0.79 2.93

wheat75137_refgene Peroxidase 12 155.88±9.38 1.03±0.33 0.67±0.44 13.94

wheat31306_refgene predicted protein 3.99±0.52 -0.33±0.22 0.24±0.13 1.89

wheat36302_refgene hypothetical protein F775_32419 -0.77±0.25 -0.18±0.03 4.09±0.51 1.13

wheat12266_refgene Protease Do-like 2 -0.42±0.11 -0.33±0.47 3.08±0.39 1.00

doi:10.1371/journal.pone.0150717.t002
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biosynthetic process and the photosynthesis process. The qRT-PCR analysis showed that the
six candidate genes were only up-regulated at the adult plant stage (Fig 5), and which showed
that the six candidate genes were to be positive regulators of the APR at the adult plant stage.
So, the candidate genes were only silenced in wheat at the adult plant stage using the Barley
stripe mosaic virus (BSMV)-based virus-induced gene silencing (VIGS) system. The corre-
sponding primers were designed and are listed in S2 Table. At the adult plant stage, all of the
BSMV-inoculated plants displayed mild chlorotic mosaic symptoms at 13 dpi, but no obvious
defects in further leaf growth were observed (Fig 6). We tested the silencing of the wheat PDS
gene to confirm whether our VIGS system functioned correctly and obtained typical photo-
bleaching at 15 dpi on the flag leaves of the plants inoculated with BSMV:PDS (Fig 6). To cal-
culate the silencing efficiency of VIGS, qRT-PCR assays were performed to examine the rela-
tive transcript levels of the candidate genes in the flag leaves of plants infected with CYR32.
Compared with the BSMV:γ-infected leaves, the transcript levels of candidate genes in knock-
down plant were reduced from 59% to 71% at 24, 48 and 120 hpi (Fig 7). After inoculation
with CYR32, hypersensitive reaction (HR) was observed in the flag leaves of the control plants
(mock- and BSMV-γ-infected) (Fig 6). Phenotypic changes relative to the control were
observed on the flag leaves of four candidate gene-knockdown plants (wheat37392_refgene,
wheat12902_refgene, wheat75137_refgene and wheat31306_refgene), (Fig 6). On the contrary,

Fig 5. Quantitative real-time polymerase chain reaction analysis of the relative transcript levels of the
six candidate unigenes induced by Pst infection at seedling and adult stages. The relative expression
levels of the unigenes were calculated by the comparative threshold method (2–ΔΔCT) and were relative to
that at the 0 hour time point. The results are presented as the means ± standard errors of three biological
replications. The different letters represent significant differences [P�0.05 according to analysis of variance
(ANOVA)].

doi:10.1371/journal.pone.0150717.g005

Fig 6. Phenotypes of wheat leaves in candidate gene-knockdown plants inoculated with Pst. To
perform a functional analysis of the candidate genes, virally induced gene silencing (VIGS) was applied to
adult plants. (A) No change was found in mock-inoculated wheat leaves pre-inoculated with FES buffer; mild
chlorotic mosaic symptoms were observed on the flag leaves of wheat at 13 days post-inoculation (dpi) with
BSMV:γ; photobleaching was evident on the first top leaves of plants 15 days after infection with BSMV:PDS.
(B) Mock-inoculated wheat flag leaves treated with FES buffer and then challenged with Pst CYR32; the flag
leaves of knockdown plant (BSMV:γ, BSMV:wheat37392_refgene, BSMV:wheat12902_refgene, BSMV:
wheat75137_refgene, BSMV:wheat31306_refgene, BSMV:wheat36302_refgene and BSMV:
wheat12266_refgene) challenged with Pst CYR32. Typical leaves were observed and photographed at 15
dpi.

doi:10.1371/journal.pone.0150717.g006
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no phenotypic changes were observed on the wheat36302_refgene- and wheat12266_refgene-
knockdown plants (Fig 6). Furthermore, to determine wheather candidate genesis involved in
host resistance, we have assayed histological changes in VIGS-silenced plants inoculated with
Pst race CYR32 isolate. At 48 and 120 hpi with Pst race CYR32, we evaluated the necrotic area,
as well as the hyphal length. The histological observations showed that the average of necrotic
area per infection site decreased significantly at 120 hpi in knockdown wheat plants (whea-
t37392_refgene, wheat12902_refgene, wheat75137_refgene and wheat31306_refgene) com-
pared with the control plant (Fig 8A); and the hyphal length increased significantly at 120 hpi

Fig 7. Relative transcript levels of candidate genes in candidate gene-knockdownwheat leaves.RNA
samples were isolated from the flag leaves of wheat infected with BSMV:γ, BSMV:wheat37392_refgene,
BSMV:wheat12902_refgene, BSMV:wheat75137_refgene, BSMV:wheat31306_refgene, BSMV:
wheat36302_refgene and BSMV:wheat12266_refgene at 0, 24, 48 and 120 hours post-inoculation (hpi) with
PstCYR32. The error bars represent the variations among three independent replicates. The different letters
represent significant differences [P�0.05 according to analysis of variance (ANOVA)]. The relative gene
expression levels were quantified using the comparative threshold (2-ΔΔCT) method and compared with that of
BSMV:γ.

doi:10.1371/journal.pone.0150717.g007

Fig 8. Functional analysis of six candidate genes during the interaction between XZ and stripe rust
using the BSMV-mediated virus-induced gene silencing system. The second top leaves were pre-
inoculated with BSMV:γ or recombinant BSMV followed by inoculation with Puccinia striiformis f. sp. tritici
race CYR32. (A) Necrotic area, the average area was calculated by DP-BSW software.
wheat37392_refgene, wheat12902_refgene, wheat75137_refgene or wheat31306_refgene -silenced plants
showed a significant decrease at 120 hours post-inoculation (hpi). (B) Hyphal length, the length of IH was
measured from the substomatal vesicle to the apex of the longest infection hyphae, Wheat-37392_refgene,
wheat12902_refgene, wheat75137_refgene and wheat31306_refgene -silenced plants showed a significant
increase at 120 hpi. (C) Wheat37392_refgene-silenced plants showed a significant decrease in the content of
lignin at 48 and 120 hpi. (D) Wheat- 37392_refgene or 12902_refgene -silenced plants showed a decrease in
the content of SA at 48 and 120 hpi, but no significant decrease between control and silenced plants. (E)
Significant decrease in ROS accumulation in wheat-12902_refgene, wheat-75137_refgene and wheat-
31306_refgene -silenced plants at 120 hpi. (F) No difference in the content of Chloroplast was observed
between control and wheat-36302_refgene and wheat 12266_refgene -silenced plants at 120 hpi. The error
bars represent the variations among three independent replicates. The different letters represent significant
differences [P�0.05 according to analysis of variance (ANOVA)].

doi:10.1371/journal.pone.0150717.g008
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(Fig 8B). In addition, the content of lignification and ROS decreased significantly at 120 hpi in
knockdown plant (wheat12902_refgene, wheat75137_refgene and wheat31306_refgene) (Fig
8C and 8E); Wheat-37392_refgene or 12902_refgene -silenced plants showed a decrease in
content of SA at 24, 48 and 120 hpi (Fig 8D); and the content of chloroplast did not changed
(Fig 8F). The VIGS assays were reproduced similarly in three independent experiments.

Discussion

Transcripts exhibited transient expression patterns at the adult stage of
wheat resistance to Pst
In the present study, we generated a cDNA library through the Illumina sequencing of mRNA
isolated from leaves of adult plants of the wheat cultivar XZ inoculated with Pst CYR32. A pre-
vious study showed that when a sequencing throughput technique generates more than
2,000,000 tags, nearly all of the genes expressed in the sample can be identified in the expres-
sion data [33]. In our study, the number of clean reads from each of the eight treatments ran-
ged from 578 to 639 million; therefore, the sequences should allow us to identify almost every
gene involved in the plant response to Pst infection. For the transcriptome sequencing of seed-
ling and adult plant samples at 0 hours post-mock-infection, 157,689 specific unigenes were
identified. The transcription of genes in other species, such as Arabidopsis, maize, barley and
cucumber, also accounted for a large proportion [34–36], which illustrates the importance of
transcriptional regulation during biological activities. The assigned GO terms were summa-
rized into three main GO categories: molecular function, cellular component and biological
process. Based on the Nr annotation, the Blast2GO program was used to obtain the GO anno-
tations. Under the biological process category, cellular process (32.05%) was the largest group,
followed by metabolic process (32.01%). Under the cellular component category, cell (34.02%)
and cell part (34.02%) were the largest groups, whereas in the molecular function category,
binding (45.07%) was the largest group, followed by catalytic activity (40.84%). These similar
aforementioned results showed that normal biological activity was dependent on the regulation
of biological processes, which has also been shown through the transcriptome sequencing of
microorganisms, plants, animals and humans [37, 38]. The DGE technique, which is based on
the computational analysis of 21-bp tags derived from the 3’ ends of transcripts, has been used
to generate transcriptome profiles for various species [18]. In the present study, the DGE pro-
files of wheat during Pst infection were based on the immediate direct application of the tran-
scriptome data from the Sk-M-0 and Ak-M-0 samples. The sequenced tags of the six DGE
libraries were then matched to 157,689 unigenes from our transcriptome reference database.
Therefore, we used the gene cluster set to generate a tree that showed the similarities in the rel-
ative gene expression among the three time points. We only considered the transcript levels of
unigenes that had increased or decreased by at least two-fold in each of the comparisons. The
results indicated that the change in most of the unigenes was transient and that the unigenes
were only altered at one time point during Pst infection. A few of the identified unigenes were
long-lived, i.e., changes in their expression were sustained for two or three time points (Fig 3).
This result was consistent with the findings of a study on the soybean response to Asian soy-
bean rust controlled by the Rpp2 gene [39] and of a study on the wheat response to Pst [40].
Indeed, it has been proposed that there is a transcriptional peak in the temporal pattern of tran-
script accumulation that occurs around the time of fungal penetration [40]. In the afore-men-
tioned study, this peak occurred at 24 hpi, which is consistent with the timing observed in our
study. The 24-hpi time point reflects the haustorial penetration by Pst at approximately 24 hpi
[12]. After this peak, the differential expression sharply declines from 72 to 96 hpi and then
increases at approximately 72–168 hpi [39]. In our study, we observed a decrease in expression
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at 48 hpi, which is consistent with the results of the previous study [41], and then another
increase at 120 hpi. This result indicates that the regulation response is differentially expressed
(Fig 3). The question of why the majority of the up-regulated unigenes show a one-step-up and
one-step-down pattern then arises. It is possible that the marked reprogramming of the tran-
scriptome is connected to the three phases of Pst growth, which include a penetration phase, a
parasitic phase and a sporulation phase [42, 43]. A GO term enrichment analysis was then
applied to our data in the present study (S1 File), even though this tool has not been perfected
and has limited coverage. Previous studies have suggested that upon pathogen recognition,
plants activate complex signaling pathways that lead to a broad array of responses.

The phenylpropanoid pathway plays an important role during the early
stage of infection
Germlings of Pst penetrate the host cell and form a haustorium at 24 hpi [12]. At 24 hpi, the
over-represented GO categories among the up-regulated unigenes were related to functions
such as the L-phenylalanine biosynthetic process, the cell-wall macromolecule catabolic pro-
cess, the SA catabolic process and the lignin catabolic process. Furthermore, the KEGG path-
way analysis showed that the pathways of phenylpropanoid biosynthesis and phenylalanine
metabolism were highly enriched at 24 hpi (S2 File). Previous studies have identified SA, lig-
nins, flavonoids, phytoalexins and coumarins as secondary metabolic compounds that are pro-
duced by the phenylpropanoid pathway [44, 45]. The activation of this pathway has been
shown to be involved in or related to plant defense [41, 46, 47]. In our data for the ‘biological
process’ category, proteins associated with the L-phenylalanine catabolic process, the L-phenyl-
alanine biosynthetic process and the response to phenylalanine were highly enriched at 24 and
48 hpi (S1 File). The production of these compounds relies on the conversion of phenylalanine
to precursor substances by various enzymes, including phenylalanine ammonia-lyase and
4-coumarate-CoA ligase [48], all of which were observed to be enriched at 24 or 48 hpi (S1
File). Seven refgenes were enriched in the GO term L-phenylalanine biosynthetic process and
were only regulated at 24 hpi according to the RNA-Seq data (S8 Fig). In the present study, to
further characterize the function of phenylalanine metabolism during the wheat-Pst interac-
tion, we used a knockdown approach to determine the role of wheat37392_refgene and whea-
t12902_refgene, which were found to be enriched in the phenylalanine metabolism pathway at
24 hpi in the wheat-Pst interaction at the adult plant stage. The histological observations of
knockdown plants were consistent with the host response experiments, and which were also in
parallel with the original hypothesis. The time point of haustorium formation in the infection
sites of adult plant leaves was at 24 hpi [12]. These histological observations suggested that lig-
nification in plants at the adult plant stage may arrest or retard fungal penetration or hausto-
rium formation. SA is a primary plant defense hormone that is crucial for the activation of
many plant defenses, including the induction of systemic acquired resistance and the HR [49,
50]. In the present study, we also found that low SA level reduced the accumulation of ROS in
the knockdown plants (Fig 8), which was associated with HR. It has been suggested that the
synthesis of SA occurs through two alternative pathways: the shikimate pathway (SP) and the
isochorismate synthase-dependent pathway [51–54]. According to the data obtained for the
‘biological process’ category, proteins involved with SP, systemic acquired resistance and the
SA-mediated signaling pathway were enriched at 24 hpi (S1 File). It was evident that the Pst-
induced accumulation of SA by phenylalanine ammonia-lyase, which is an enzyme required
for the SP-dependent pathway production of SA, was highly enriched at 24 and 48 hpi (S1
File). Additionally, the pathway of isochorismate synthase-dependent was not significantly reg-
ulated. Therefore, lignifications and SA maybe play significant roles in the APR to Pst infection.
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Taken together, these data suggest that during the early stage of the infection, the phenylpropa-
noid pathway plays an important role in resistance to Pst, which hinges on the ability to induce
a broad defense response at the adult plant stage.

The continuous accumulation of reactive oxygen species contributed to
APR to Pst
ROS and nitric oxide (NO) are not only important as signaling mechanisms for defense but
also thought to regulate programmed cell death through the establishment of a HR [55, 56].
During the development of a pathogen on adult plants, HR is not exhibited until 36 hpi in the
inoculated leaves of the adult plants, and the host cells become increasingly necrotic and begin
to lose their original shape at 48 hpi [12]. The analysis of the data revealed that some enrich-
ments related to the ROS or NO production systems, including peroxidase activity and nitric-
oxide synthase activity, which were highly enriched at 24 hpi, were found to be involved in the
defense responses of wheat to Pst infection (S1 File). The ‘response to ozone’ and ‘response to
hydrogen peroxide’ categories were highly enriched at 24and 48 hpi (S1 File). It was hypothe-
sized that the first phase of ROS generation at 24 and 48 hpi coincided with the beginning of
haustorium formation and subsequent HR in infected host cells. Plants attempt to maintain a
dynamic balance between ROS generation and elimination through their own defense mecha-
nisms. The ‘positive regulation of superoxide dismutase activity’ and ‘hydrogen peroxide cata-
bolic process’ categories were highly enriched at 120 hpi (S1 File). A previous study offered
similar evidence that the second burst phase of ROS at 120 hpi coincides with an increasing
number of necrotic host cells and the formation of secondary hyphae surrounding the infected
plant cells [12]. In this study, knockdown of wheat75137_refgene and wheat31306_refgene by
VIGS decreased plant resistance to Pst associated with the low ROS accumulation, where oxi-
dative stress is generated to create toxicity and kill pathogens at the infection unit. So, hyphal
length increased and the necrotic area decreased in the knockdown plants (Fig 8). Therefore,
we speculated that these two candidate genes most contribute to APR by modulating the ROS
accumulation. Based on previous data and our study, it could be hypothesized that the burst of
ROS at different phases coincides with the profiles of Pst development in infected plants.

Photosynthesis was up-regulated during the later stage of infection
When responding to Pst infection, the wheat plant activated thousands of genes in the early
stage at 24 hpi, which may induce the expression of key defense-related genes at 48 and 120 hpi
through a synergistic effect. This proposed hypothesis suggests that priming or core control
genes must trigger other downstream or defense-related genes through a network of pathways.
By 120 hpi, there is an increasing number of necrotic host cells surrounding the attacked cells;
in addition, the encased haustorial body collapses and becomes necrotic, or the haustorial body
cannot expand and thus becomes necrotic [12]. The categories obtained from the GO enrich-
ment analysis of the up-regulated unigenes at 120 hpi were related to the chlorophyll biosyn-
thetic process, the photosystem II assembly process and photosynthetic electron transport in
photosystem I, photosynthesis, light harvesting and the chloroplast relocation process (S9 Fig).
In our study, we found that the unigenes involved in the glyoxylate cycle process were clearly
induced at 24 hpi. In terms of primary metabolism, the metabolism of certain amino acids was
also clearly altered. Several earlier studies have shown that plants appear to switch off photo-
synthesis locally during the early stages of the defense reaction [57]. The data obtained in this
study detected no enrichments of photosynthesis at 24 and 48 hpi, which is consistent with the
results of the aforementioned previous studies. This decrease was due not only to the elimina-
tion of the green (photosynthetic) leaf area as a consequence of the HR but also to an alteration
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in the host metabolism [58]. Photosynthesis has been reported to modulate plant defense
responses induced by pathogen infection [59]. Interestingly, the photosystem II assembly pro-
cess, the photosynthetic electron transport in the photosystem I process, photosynthesis, the
light harvesting process and the chlorophyll biosynthetic process were enriched at 120 hpi. Sur-
prisingly, knockdown of candidate genes (wheat36302_refgene, wheat12266_refgene) via
VIGS system showed no differences compared with the control plant. There may be two main
reasons why experiments failed. First, the candidate genes were only knockdown, not knock-
out, the silencing efficiency of the candidate genes were 61% - 76% at each time point. And sec-
ond, sequence alignment with the T. aestivum cv. Chinese Spring genome sequence showed
that there were three and four copies in the wheat genome, respectively. The starch and sucrose
metabolism pathway, which is related to the carbohydrate metabolism process, was identified
at 120 hpi. This proposed hypothesis is consistent with previous results: a plant’s susceptibility
to certain diseases relatively depends on the sugar levels in the leaf tissues [60, 61]. Therefore,
we speculate that the photosynthesis in the adult XZ plant is associated with the enhanced
resistance of wheat to Pst.

Thiamine metabolism was potentially linked to adult plant resistance to
Pst
The thiamine metabolism pathway was the most enriched KEGG pathway during successive
symptom phases (S2 File). Plants contain a wide range of vitamins that are essential not only
for human metabolism but also for plants because of their redox chemistry and role as enzy-
matic cofactors in plant major metabolic pathways, including the oxidative pentose phosphate
pathway, acetyl-CoA synthesis, the tricarboxylic acid cycle, the Calvin cycle, plant pigment bio-
synthesis, anaerobic ethanolic fermentation and the branched-chain amino acid pathway [62,
63]. In a recent study, thiamine was shown to alleviate the effects of several environmental
stresses on Zea mays seedlings and Arabidopsis thaliana, presumably by protecting the plant
from oxidative damage. Hence, it has been suggested that thiamine plays an indirect role as an
antioxidant in plants by providing NADH and NADPH to combat oxidative stress [64, 65].
Other reported phenomena suggest that thiamine compounds may play an important role in
the induction of systemic acquired resistance by activating pathogenesis-related genes in plant
species against some fungal and bacterial infections [66, 67]. Thiamine is one of the products
of the purine biosynthetic pathway [68], which was also found to be enriched through the
KEGG pathway analysis during the infection stage (S2 File). We also speculate that the thia-
mine metabolism and purine biosynthesis pathways are involved in the APR to Pst.

Conclusions
APR is agriculturally valuable because of its non-race specificity and durability; thus, under-
standing its resistance mechanism is important. In the present study, our work was carefully
designed to capture the transcript response that occurs in XZ through the selection of sampling
time points based on a quantitative estimation of Pst development. Therefore, the data
obtained in this study were generated by transcriptome sequencing and digital expression pro-
filing. It has been suggested that the change in most unigenesis is transient and that unigenes
are only altered at one time point during Pst infection. In addition, we revealed that the devel-
opment of Pst was markedly inhibited in adult plants at different infection stages by many
biological processes, such as phenylpropanoid biosynthesis, reactive oxygen species, photosyn-
thesis, and the thiamine metabolism pathway. Therefore, this study provides a tool for elucidat-
ing the mechanisms of APR that can be used in broader APR research.
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Supporting Information
S1 Fig. Statistics of the assembly quality of the transcriptome sequencing samples. Tran-
scriptome de novo assembly was performed with the short-reads assembling program Trinity,
which resulted in 159,931 unigenes of Ak-M-0 and 109,606 unigenes of Sk-M-0. The two
libraries included non-inoculated adult plants at 0 hours post-inoculation (hpi) (Ak-M-0) and
non-inoculated seedling plants at 0 hpi (Sk-M-0). (A) The size distribution of the unigenes of
Ak-M-0. (B) The size distribution of the gaps of Ak-M-0. (C) The size distribution of the uni-
genes of Sk-M-0. (D) The size distribution of the gaps of Sk-M-0. (E) The size distribution of
all of the unigenes. (F) The size distribution of the gaps of all of the unigenes. (G) The size dis-
tribution of the ESTs obtained from the EST scan results. (H) The size distribution of the pro-
teins predicted from the CDS sequences.
(TIF)

S2 Fig. COG functional classification of all of the unigenes. A total of 157,689 unigenes
showed significant homologies to genes in the COG Nr database (E-value<10−5) and were dis-
tributed into 25 COG categories.
(TIF)

S3 Fig. GO classification of all of the unigenes. A total of 69,100 unigenes were assigned to
GO term annotations using BLAST2GO and then summarized into three main GO categories
and 42 sub-categories (functional groups) using WEGO.
(TIF)

S4 Fig. Distribution of DEGs between the seeding and adult plant stages. All of the DEGs
were obtained from this analysis: unigenes (red portion) that were up-regulated, unigenes
(green portion) that were down-regulated, and unigenes (blue portion) that were not regulated
at the adult plant stage. The two libraries included non-inoculated adult plants at 0 hours post-
inoculation (hpi) (Ak-M-0) and non-inoculated seedling plants at 0 hpi (Sk-M-0).
(TIF)

S5 Fig. Evaluation of the sequencing quality of the DGE samples. Classification of raw reads
of six DGE libraries, Ak-M-24, Ak-M-48, Ak-M-120, Ak-I-24, Ak-I-48 and Ak-I-120. The six
DGE libraries included non-inoculated adult plants at 24 hours post-inoculation (hpi) (Ak-M-
24), 48 hpi (Ak-M-48) and 120 hpi (Ak-M-120), and inoculated adult plants at 24 hpi (Ak-I-
24), 48 hpi (Ak-I-48) and 120 hpi (Ak-I-120).
(TIF)

S6 Fig. Analysis of the sequencing saturation of the DGE samples. The saturation analyses
of the six DGE libraries, Ak-M-24, Ak-M-48, Ak-M-120, Ak-I-24, Ak-I-48 and Ak-I-120. The
six DGE libraries included non-inoculated adult plants at 24 hours post-inoculation (hpi) (Ak-
M-24), 48 hpi (Ak-M-48) and 120 hpi (Ak-M-120), and inoculated adult plants at 24 hpi (Ak-
I-24), 48 hpi (Ak-I-48) and 120 hpi (Ak-I-120).
(TIF)

S7 Fig. Gene coverage statistics for the DGE samples. The gene coverage statistics of the
DGE samples in Ak-M-24, Ak-M-48, Ak-M-120, Ak-I-24, Ak-I-48 and Ak-I-120. The six DGE
libraries included non-inoculated adult plants at 24 hours post-inoculation (hpi) (Ak-M-24),
48 hpi (Ak-M-48) and 120 hpi (Ak-M-120), and inoculated adult plants at 24 hpi (Ak-I-24), 48
hpi (Ak-I-48) and 120 hpi (Ak-I-120).
(TIF)
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S8 Fig. The expression patterns of wheat refgenes for ‘phenylpropanoid’ were determined
by RNA-Seq. The relative expression levels of eight candidate unigenes associated with the
phenylpropanoid biological process at the infection stage were determined by RNA-Seq. The
candidate unigenes were only expressed at 24 hours post-inoculation (hpi).
(TIF)

S9 Fig. The expression patterns of wheat refgenes associated with the ‘chlorophyll biosyn-
thetic process’ were determined by RNA-Seq. Thirty-five candidate unigenes were activated
during the chlorophyll biosynthetic process. The relative expression level at the infection stage
was determined by RNA-Seq. The unigenes were only expressed at 120 hours post-inoculation
(hpi).
(TIF)

S1 File. Enrichment of the genes up-regulated during Puccinia striiformis f. sp. Tritici infec-
tion. Fisher’s exact test with the Blast2GO software was used to explore the significantly
enriched GO terms of the genes up-regulated during Puccinia striiformis f. sp. Tritici infection.
The data included the ‘Biological process’, ‘Molecular function’ and ‘Cellular component’ cate-
gories.
(XLSX)

S2 File. The up-regulated DEGs in the Ak-I-24 vs. Ak-M-24, Ak-I-48 vs. Ak-M-48 and Ak-
I-120 vs. Ak-M-120. Comparisons were categorized according to Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway analyses.
(XLSX)

S3 File. qRT-PCR primer sequences for 30 DEGs.
(DOCX)

S1 Table. Statistics of the DGE profiling sample map to the reference genome. This table
includes the number of six samples of reads that were of Total Reads, Total Base Pairs, Total
Mapped Reads (sum of the highly repetitive and high quality reads), Perfect match (mapped to
over 100 locations),< = 2-bp mismatch, Unique match (mapped to 1 location) and Multi-posi-
tion match, respectively. The 6 DGE libraries included non-inoculated adult plants at 24 hours
post-inoculation (hpi) (Ak-M-24), 48 hpi (Ak-M-48) and 120 hpi (Ak-M-120), and inoculated
adult plants at 24 hpi (Ak-I-24), 48 hpi (Ak-I-48) and 120 hpi (Ak-I-120).
(DOCX)

S2 Table. Virus-induced gene silencing (VIGS) system primer sequences for six candidate
genes. This table includes twelve pairs of primer sequences for six genes, six pairs for BSMV-
mediated gene silencing (S), and six pairs for qRT-PCR (Q).
(DOCX)

Acknowledgments
We thank Kuan Wu and Huaiyong Luo for helpful technical support, and Zhiyuan Yi for dis-
cussing the article.

Author Contributions
Conceived and designed the experiments: YH XW YF LH ZK. Performed the experiments: YH.
Analyzed the data: YH. Contributed reagents/materials/analysis tools: YF TW KW.Wrote the
paper: YH XW ZK. Technical support: KW LH. Discussed the article: ZK.

Transcriptome Analysis of Wheat Cultivar Xingzi 9104 to Stripe Rust

PLOS ONE | DOI:10.1371/journal.pone.0150717 March 18, 2016 18 / 21

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0150717.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0150717.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0150717.s010
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0150717.s011
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0150717.s012
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0150717.s013
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0150717.s014


References
1. Chen X. Epidemiology and control of stripe rust [Puccinia striiformis f. sp. tritici] on wheat. Can J Plant

Pathol. 2005; 27(3):314–337.

2. Chen X. Challenges and solutions for stripe rust control in the United States. Crop and Pasture Sci.
2007; 58(6):648–655.

3. Wellings CR. Global status of stripe rust: a review of historical and current threats. Euphytica. 2011;
179(1):129–141.

4. Feng H, Wang X, Zhang Q, Fu Y, Feng C, Wang B, et al. Monodehydroascorbate reductase gene, regu-
lated by the wheat PN-2013 miRNA, contributes to adult wheat plant resistance to stripe rust through
ROSmetabolism. BBA-Gene Regul Mech. 2014; 1839(1):1–12.

5. Dangl JL, Jones JD. Plant pathogens and integrated defence responses to infection. nature. 2001; 411
(6839):826–833. PMID: 11459065

6. Dodds PN, Rathjen JP. Plant immunity: towards an integrated view of plant–pathogen interactions. Nat
Rev Genet. 2010; 11(8):539–548. doi: 10.1038/nrg2812 PMID: 20585331

7. Line RF, Chen X. Successes in breeding for and managing durable resistance to wheat rusts. Plant
Dis. 1995; 79(12):1254–1255.

8. Thrall PH, Burdon JJ. Evolution of virulence in a plant host-pathogen metapopulation. Science. 2003;
299(5613):1735–1737. PMID: 12637745

9. Singh RP, Huerta-Espino J, William HM. Genetics and breeding for durable resistance to leaf and stripe
rusts in wheat. Turk J Agric For. 2005; 29:121–127.

10. Chen X. Review article: high-temperature adult-plant resistance, key for sustainable control of stripe
rust. AJPS. 2013; 4:608.

11. Hongmei L, Taiguo L, Shichang X. Inheritance of yellow rust resistance in an elite wheat germplasm
Xingzi 9104. Acta Agronomica Sinica. 2006; 32(11):1742–1745.

12. Zhang H, Wang C, Cheng Y, Chen X, Han Q, Huang L, et al. Histological and cytological characteriza-
tion of adult plant resistance to wheat stripe rust. Plant Cell Rep. 2012; 31(12):2121–2137. doi: 10.
1007/s00299-012-1322-0 PMID: 22833277

13. Huang X-L, Ma J-B, Chen X, Wang X-J, Ding K, Han D-J, et al. Genes involved in adult plant resistance
to stripe rust in wheat cultivar Xingzi 9104. Physiol Mol Plant P. 2013; 81:26–32.

14. Pont C, Murat F, Confolent C, Balzergue S, Salse J. RNA-seq in grain unveils fate of neo-and paleopo-
lyploidization events in bread wheat (Triticum aestivum L.). Genome Biol. 2011; 12(12):R119. doi: 10.
1186/gb-2011-12-12-r119 PMID: 22136458

15. Mutz K-O, Heilkenbrinker A, Lönne M, Walter J-G, Stahl F. Transcriptome analysis using next-genera-
tion sequencing. Curr Opin in Biotech. 2013; 24(1):22–30.

16. Liu G, Li W, Zheng P, Xu T, Chen L, Liu D, et al. Transcriptomic analysis of 'Suli' pear (Pyrus pyrifolia
white pear group) buds during the dormancy by RNA-Seq. BMCGenomics. 2012; 13:700. doi: 10.
1186/1471-2164-13-700 PMID: 23234335

17. Eveland AL, Satoh-Nagasawa N, Goldshmidt A, Meyer S, Beatty M, Sakai H, et al. Digital gene expres-
sion signatures for maize development. Plant Physiol. 2010; 154(3):1024–1039. doi: 10.1104/pp.110.
159673 PMID: 20833728

18. Wu J, Zhang Y, Zhang H, Huang H, Folta KM, Lu J. Whole genome wide expression profiles of Vitis
amurensis grape responding to downy mildew by using Solexa sequencing technology. BMC Plant
Biol. 2010; 10:234. doi: 10.1186/1471-2229-10-234 PMID: 21029438

19. Cox MP, Peterson DA, Biggs PJ. SolexaQA: At-a-glance quality assessment of Illumina second-gener-
ation sequencing data. BMC Bioinformatics. 2010; 11(1):485.

20. Zhang SJ, Song GQ, Gao J, Li YL, Guo D, Fan QQ, et al. Transcriptome characterization and differen-
tial expression analysis of cold-responsive genes in young spikes of common wheat. J Biotechnol.
2014; 189:48–57. doi: 10.1016/j.jbiotec.2014.08.032 PMID: 25240441

21. Mortazavi A, Williams BA, McCue K, Schaeffer L, Wold B. Mapping and quantifying mammalian tran-
scriptomes by RNA-Seq. Nat Methods. 2008; 5(7):621–628. doi: 10.1038/nmeth.1226 PMID:
18516045

22. Christianson JA, Llewellyn DJ, Dennis ES, Wilson IW. Global gene expression responses to waterlog-
ging in roots and leaves of cotton (Gossypium hirsutum L.). Plant Cell Physiol. 2010; 51(1):21–37. doi:
10.1093/pcp/pcp163 PMID: 19923201

23. Audic S, Claverie J-M. The significance of digital gene expression profiles. Genome Res. 1997; 7
(10):986–995. PMID: 9331369

Transcriptome Analysis of Wheat Cultivar Xingzi 9104 to Stripe Rust

PLOS ONE | DOI:10.1371/journal.pone.0150717 March 18, 2016 19 / 21

http://www.ncbi.nlm.nih.gov/pubmed/11459065
http://dx.doi.org/10.1038/nrg2812
http://www.ncbi.nlm.nih.gov/pubmed/20585331
http://www.ncbi.nlm.nih.gov/pubmed/12637745
http://dx.doi.org/10.1007/s00299-012-1322-0
http://dx.doi.org/10.1007/s00299-012-1322-0
http://www.ncbi.nlm.nih.gov/pubmed/22833277
http://dx.doi.org/10.1186/gb-2011-12-12-r119
http://dx.doi.org/10.1186/gb-2011-12-12-r119
http://www.ncbi.nlm.nih.gov/pubmed/22136458
http://dx.doi.org/10.1186/1471-2164-13-700
http://dx.doi.org/10.1186/1471-2164-13-700
http://www.ncbi.nlm.nih.gov/pubmed/23234335
http://dx.doi.org/10.1104/pp.110.159673
http://dx.doi.org/10.1104/pp.110.159673
http://www.ncbi.nlm.nih.gov/pubmed/20833728
http://dx.doi.org/10.1186/1471-2229-10-234
http://www.ncbi.nlm.nih.gov/pubmed/21029438
http://dx.doi.org/10.1016/j.jbiotec.2014.08.032
http://www.ncbi.nlm.nih.gov/pubmed/25240441
http://dx.doi.org/10.1038/nmeth.1226
http://www.ncbi.nlm.nih.gov/pubmed/18516045
http://dx.doi.org/10.1093/pcp/pcp163
http://www.ncbi.nlm.nih.gov/pubmed/19923201
http://www.ncbi.nlm.nih.gov/pubmed/9331369


24. Pfaffl MW. A newmathematical model for relative quantification in real-time RT–PCR. Nucleic Acids
Res. 2001; 29(9):e45–e45. PMID: 11328886

25. Petty IT, French R, Jones RW, Jackson AO. Identification of barley stripe mosaic virus genes involved
in viral RNA replication and systemic movement. EMBO J. 1990; 9(11):3453–3457. PMID: 2209552

26. Holzberg S, Brosio P, Gross C, Pogue GP. Barley stripe mosaic virus-induced gene silencing in a
monocot plant. Plant J. 2002; 30(3):315–327. PMID: 12000679

27. Scofield SR, Huang L, Brandt AS, Gill BS. Development of a virus-induced gene-silencing system for
hexaploid wheat and its use in functional analysis of the Lr21-mediated leaf rust resistance pathway.
Plant Physiol. 2005; 138(4):2165–2173. PMID: 16024691

28. Wang CF, Huang LL, Buchenauer H, Han QM, Zhang HC, Kang ZS. Histochemical studies on the accu-
mulation of reactive oxygen species (O2- and H2O2) in the incompatible and compatible interaction of
wheat—Pucciniastriiformis f. sp tritici. Physiol Mol Plant P. 2007; 71(4–6):230–239.

29. Cheng Y, Wang X, Yao J, Voegele RT, Zhang Y, WangW, et al. Characterization of protein kinase
PsSRPKL, a novel pathogenicity factor in the wheat stripe rust fungus. Environ Microbiol. 2015;
17:2601–2617. doi: 10.1111/1462-2920.12719 PMID: 25407954

30. Zhang YQ, Zhong YL, Gao CY, Dong ZR, Chen N, Wang MF. Determination of five endogenous hor-
mones in wheat by high performance liquid chromatography. Chinese Journal of Chromatography.
2013; 31(8):800–803. PMID: 24369617

31. Fukuda H, Komamine A. Lignin synthesis and its related enzymes as markers of tracheary-element dif-
ferentiation in single cells isolated from the mesophyll of Zinnia elegans. Planta. 1982; 155(5):423–430.
doi: 10.1007/BF00394471 PMID: 24271974

32. hang XZ, Plant chlorophyll content determination- acetone ethanol mixture method. Liaoning Agricul-
tural Sciences. 1986; 3:26–28.

33. Morozova O, Marra MA. Applications of next-generation sequencing technologies in functional geno-
mics. Genomics. 2008; 92(5):255–264. doi: 10.1016/j.ygeno.2008.07.001 PMID: 18703132

34. Emrich SJ, BarbazukWB, Li L, Schnable PS. Gene discovery and annotation using LCM-454 transcrip-
tome sequencing. Genome Res. 2007; 17(1):69–73. PMID: 17095711

35. Vogel JP, Garvin DF, Mockler TC, Schmutz J, Rokhsar D, Bevan MW, et al. Genome sequencing and
analysis of the model grass Brachypodium distachyon. Nature. 2010; 463(7282):763–768. doi: 10.
1038/nature08747 PMID: 20148030

36. Guo S, Zheng Y, Joung J-G, Liu S, Zhang Z, Crasta OR, et al. Transcriptome sequencing and compara-
tive analysis of cucumber flowers with different sex types. BMCGenomics. 2010; 11(1):384.

37. Okazaki Y, Furuno M, Kasukawa T, Adachi J, Bono H, Kondo S, et al. Analysis of the mouse transcrip-
tome based on functional annotation of 60,770 full-length cDNAs. Nature. 2002; 420(6915):563–573.
PMID: 12466851

38. Wang Y, ZhangW-Z, Song L-F, Zou J-J, Su Z, WuW-H. Transcriptome analyses show changes in
gene expression to accompany pollen germination and tube growth in Arabidopsis. Plant Physiol.
2008; 148(3):1201–1211. doi: 10.1104/pp.108.126375 PMID: 18775970

39. van de Mortel M, Recknor JC, GrahamMA, Nettleton D, Dittman JD, Nelson RT, et al. Distinct biphasic
mRNA changes in response to Asian soybean rust infection. Mol Plant Microbe Interact. 2007; 20
(8):887–899. PMID: 17722693

40. Coram TE, Wang M, Chen X. Transcriptome analysis of the wheat-Puccinia striiformis f. sp. tritici inter-
action. Mol Plant Pathol. 2008; 9(2):157–169. doi: 10.1111/j.1364-3703.2007.00453.x PMID:
18705849

41. Coram TE, Settles ML, Chen X. Transcriptome analysis of high-temperature adult-plant resistance con-
ditioned by Yr39 during the wheat-Puccinia striiformis f. sp. tritici interaction. Mol Plant Pathol. 2008; 9
(4):479–493. doi: 10.1111/j.1364-3703.2008.00476.x PMID: 18705862

42. Mares D, Cousen S. The interaction of yellow rust (Puccinia striiformis) with winter wheat cultivars
showing adult plant resistance: macroscopic and microscopic events associated with the resistant
reaction. Physiological Plant Pathology. 1977; 10(3):257–274.

43. Voegele RT. Uromyces fabae: development, metabolism, and interactions with its host Vicia faba.
FEMSMicrobiol Lett. 2006; 259(2):165–173. PMID: 16734775

44. Coura JR, Willcox HP, Arboleda Naranjo M, Fernandes O, Paiva DD. Chagas' disease in the Brazilian
Amazon. III. A cross-sectional study (1). Rev Inst Med Trop Sao Paulo. 1995; 37(5):415–420. PMID:
8729751

45. Weisshaar B, Jenkins GI. Phenylpropanoid biosynthesis and its regulation. Curr Opin Plant Biol. 1998;
1(3):251–257. PMID: 10066590

Transcriptome Analysis of Wheat Cultivar Xingzi 9104 to Stripe Rust

PLOS ONE | DOI:10.1371/journal.pone.0150717 March 18, 2016 20 / 21

http://www.ncbi.nlm.nih.gov/pubmed/11328886
http://www.ncbi.nlm.nih.gov/pubmed/2209552
http://www.ncbi.nlm.nih.gov/pubmed/12000679
http://www.ncbi.nlm.nih.gov/pubmed/16024691
http://dx.doi.org/10.1111/1462-2920.12719
http://www.ncbi.nlm.nih.gov/pubmed/25407954
http://www.ncbi.nlm.nih.gov/pubmed/24369617
http://dx.doi.org/10.1007/BF00394471
http://www.ncbi.nlm.nih.gov/pubmed/24271974
http://dx.doi.org/10.1016/j.ygeno.2008.07.001
http://www.ncbi.nlm.nih.gov/pubmed/18703132
http://www.ncbi.nlm.nih.gov/pubmed/17095711
http://dx.doi.org/10.1038/nature08747
http://dx.doi.org/10.1038/nature08747
http://www.ncbi.nlm.nih.gov/pubmed/20148030
http://www.ncbi.nlm.nih.gov/pubmed/12466851
http://dx.doi.org/10.1104/pp.108.126375
http://www.ncbi.nlm.nih.gov/pubmed/18775970
http://www.ncbi.nlm.nih.gov/pubmed/17722693
http://dx.doi.org/10.1111/j.1364-3703.2007.00453.x
http://www.ncbi.nlm.nih.gov/pubmed/18705849
http://dx.doi.org/10.1111/j.1364-3703.2008.00476.x
http://www.ncbi.nlm.nih.gov/pubmed/18705862
http://www.ncbi.nlm.nih.gov/pubmed/16734775
http://www.ncbi.nlm.nih.gov/pubmed/8729751
http://www.ncbi.nlm.nih.gov/pubmed/10066590


46. Dixon RA, Achnine L, Kota P, Liu CJ, Reddy MS, Wang L. The phenylpropanoid pathway and plant
defence-a genomics perspective. Mol Plant Pathol. 2002; 3(5):371–390. doi: 10.1046/j.1364-3703.
2002.00131.x PMID: 20569344

47. Hulbert SH, Bai J, Fellers JP, Pacheco MG, Bowden RL. Gene expression patterns in near isogenic
lines for wheat rust resistance gene lr34/yr18. Phytopathology. 2007; 97(9):1083–1093. doi: 10.1094/
PHYTO-97-9-1083 PMID: 18944173

48. Pandelova I, Betts MF, Manning VA, Wilhelm LJ, Mockler TC, Ciuffetti LM. Analysis of Transcriptome
Changes Induced by Ptr ToxA in Wheat Provides Insights into the Mechanisms of Plant Susceptibility.
Mol Plant. 2009; 2(5):1067–1083. doi: 10.1093/mp/ssp045 PMID: 19825681

49. Tsuda K, Sato M, Glazebrook J, Cohen JD, Katagiri F. Interplay between MAMP-triggered and SA-
mediated defense responses. Plant J. 2008; 53(5):763–775. PMID: 18005228

50. Duan X, Wang X, Fu Y, Tang C, Li X, Cheng Y, et al. TaEIL1, a wheat homologue of AtEIN3, acts as a
negative regulator in the wheat-stripe rust fungus interaction. Mol Plant Pathol. 2013; 14(7):728–739.
doi: 10.1111/mpp.12044 PMID: 23730729

51. Sticher L, Mauch-Mani B, Metraux JP. Systemic acquired resistance. Annu Rev Phytopathol. 1997;
35:235–270. PMID: 15012523

52. Wildermuth MC, Dewdney J, Wu G, Ausubel FM. Isochorismate synthase is required to synthesize sali-
cylic acid for plant defence. Nature. 2001; 414(6863):562–565. PMID: 11734859

53. Metraux JP. Recent breakthroughs in the study of salicylic acid biosynthesis. Trends Plant Sci. 2002; 7
(8):332–334. PMID: 12167322

54. Loake G, Grant M. Salicylic acid in plant defence—the players and protagonists. Curr Opin Plant Biol.
2007; 10(5):466–472. PMID: 17904410

55. Zaninotto F, La Camera S, Polverari A, Delledonne M. Cross talk between reactive nitrogen and oxygen
species during the hypersensitive disease resistance response. Plant Physiology. 2006; 141(2):379–
383. PMID: 16760491

56. Tamas L, Mistrik I, Huttova J, Haluskova L, Valentovicova K, Zelinova V. Role of reactive oxygen spe-
cies-generating enzymes and hydrogen peroxide during cadmium, mercury and osmotic stresses in
barley root tip. Planta. 2010; 231(2):221–231. doi: 10.1007/s00425-009-1042-z PMID: 19898864

57. Bolton MD. Primary metabolism and plant defense—fuel for the fire. Mol Plant Microbe Interact. 2009;
22(5):487–497. doi: 10.1094/MPMI-22-5-0487 PMID: 19348567

58. Swarbrick PJ, Schulze-Lefert P, Scholes JD. Metabolic consequences of susceptibility and resistance
(race-specific and broad-spectrum) in barley leaves challenged with powdery mildew. Plant Cell Envi-
ron. 2006; 29(6):1061–1076. PMID: 17080933

59. Hua J. Modulation of plant immunity by light, circadian rhythm, and temperature. Curr Opin Plant Biol.
2013; 16(4):406–413. doi: 10.1016/j.pbi.2013.06.017 PMID: 23856082

60. Shalitin D, Wolf S. Cucumber mosaic virus infection affects sugar transport in melon plants. Plant Phys-
iology. 2000; 123(2):597–604. PMID: 10859189

61. Gomez-Ariza J, Campo S, Rufat M, Estopa M, Messeguer J, San Segundo B, et al. Sucrose-mediated
priming of plant defense responses and broad-spectrum disease resistance by overexpression of the
maize pathogenesis-related PRms protein in rice plants. Mol Plant Microbe Interact. 2007; 20(7):832–
842. PMID: 17601170

62. Croft MT, Warren MJ, Smith AG. Algae need their vitamins. Eukaryot Cell. 2006; 5(8):1175–1183.
PMID: 16896203

63. Asensi-Fabado MA, Munne-Bosch S. Vitamins in plants: occurrence, biosynthesis and antioxidant
function. Trends Plant Sci. 2010; 15(10):582–592. doi: 10.1016/j.tplants.2010.07.003 PMID: 20729129

64. Rapala-Kozik M, Kowalska E, Ostrowska K. Modulation of thiamine metabolism in Zea mays seedlings
under conditions of abiotic stress. J Exp Bot. 2008; 59(15):4133–4143. doi: 10.1093/jxb/ern253 PMID:
18940932

65. Tunc-Ozdemir M, Miller G, Song LH, Kim J, Sodek A, Koussevitzky S, et al. Thiamin Confers Enhanced
Tolerance to Oxidative Stress in Arabidopsis. Plant Physiol. 2009; 151(1):421–432. doi: 10.1104/pp.
109.140046 PMID: 19641031

66. Ahn IP, Kim S, Lee YH. Vitamin B-1 functions as an activator of plant disease resistance. Plant Physiol.
2005; 138(3):1505–1515. PMID: 15980201

67. Wang GN, Ding XH, Yuan M, Qiu DY, Li XH, Xu CG, et al. Dual function of rice OsDR8 gene in disease
resistance and thiamine accumulation. Plant Mol Biol. 2006; 60(3):437–449. PMID: 16514565

68. Roje S. Vitamin B biosynthesis in plants. Phytochemistry. 2007; 68(14):1904–1921. PMID: 17512961

Transcriptome Analysis of Wheat Cultivar Xingzi 9104 to Stripe Rust

PLOS ONE | DOI:10.1371/journal.pone.0150717 March 18, 2016 21 / 21

http://dx.doi.org/10.1046/j.1364-3703.2002.00131.x
http://dx.doi.org/10.1046/j.1364-3703.2002.00131.x
http://www.ncbi.nlm.nih.gov/pubmed/20569344
http://dx.doi.org/10.1094/PHYTO-97-9-1083
http://dx.doi.org/10.1094/PHYTO-97-9-1083
http://www.ncbi.nlm.nih.gov/pubmed/18944173
http://dx.doi.org/10.1093/mp/ssp045
http://www.ncbi.nlm.nih.gov/pubmed/19825681
http://www.ncbi.nlm.nih.gov/pubmed/18005228
http://dx.doi.org/10.1111/mpp.12044
http://www.ncbi.nlm.nih.gov/pubmed/23730729
http://www.ncbi.nlm.nih.gov/pubmed/15012523
http://www.ncbi.nlm.nih.gov/pubmed/11734859
http://www.ncbi.nlm.nih.gov/pubmed/12167322
http://www.ncbi.nlm.nih.gov/pubmed/17904410
http://www.ncbi.nlm.nih.gov/pubmed/16760491
http://dx.doi.org/10.1007/s00425-009-1042-z
http://www.ncbi.nlm.nih.gov/pubmed/19898864
http://dx.doi.org/10.1094/MPMI-22-5-0487
http://www.ncbi.nlm.nih.gov/pubmed/19348567
http://www.ncbi.nlm.nih.gov/pubmed/17080933
http://dx.doi.org/10.1016/j.pbi.2013.06.017
http://www.ncbi.nlm.nih.gov/pubmed/23856082
http://www.ncbi.nlm.nih.gov/pubmed/10859189
http://www.ncbi.nlm.nih.gov/pubmed/17601170
http://www.ncbi.nlm.nih.gov/pubmed/16896203
http://dx.doi.org/10.1016/j.tplants.2010.07.003
http://www.ncbi.nlm.nih.gov/pubmed/20729129
http://dx.doi.org/10.1093/jxb/ern253
http://www.ncbi.nlm.nih.gov/pubmed/18940932
http://dx.doi.org/10.1104/pp.109.140046
http://dx.doi.org/10.1104/pp.109.140046
http://www.ncbi.nlm.nih.gov/pubmed/19641031
http://www.ncbi.nlm.nih.gov/pubmed/15980201
http://www.ncbi.nlm.nih.gov/pubmed/16514565
http://www.ncbi.nlm.nih.gov/pubmed/17512961

