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Abstract
Background: Stripe rust or yellow rust (Yr), caused by Puccinia striiformis f. sp. Tritici (Pst), is one of the
most globally devastating fungal disease that signi�cantly reduces yield and quality in wheat (Triticum
aestivum). Although some Yr genes have been successfully used in wheat breeding and a little number of
them have been cloned, large of the regulating networks and the molecular mechanisms of Pst resistance
remains unknown. In this study, a pair of Yr-gene pyramiding line L58 and its background parent cv.
Chuanyu12 (CY12) were used to study the transcriptome pro�les after inoculated with Pst physiological
race CYR34.  

Results: The results revealed that the different expression genes (DEGs) were signi�cantly enriched in
phenylpropanoid biosynthesis, phenylalanine metabolism, plant-pathogen interaction and MAPK
signaling pathways after Pst-CYR34 inoculation. Compared with CY12, L58 showed greater up-regulated
DEGs in those pathways by Pst infection at 24hpi. However, these DEGs became lower expression in L58
and opposite expression in CY12 at 7dpi. Besides, the activities of enzymes (PAL, POD) and products of
phenylpropanoid pathway (lignin content) were signi�cantly increased in both CY12 and L58, and the
increase was greater and faster in the resistant line L58. Some candidate genes and transcription factors
(TFs) associated with Pst resistance were identi�ed, including LRR receptor-like serine/threonine protein
kinase, disease resistance protein, MYB, NAC and WRKY transcription factors involved in the �ne-tuning
of Pst infection responses.

Conclusions: Our results give insights into the regulating networks of Pst resistance and pave the way for
durable resistant breeding in bread wheat. 

Background
Wheat (Triticum aestivum L.) has been a major staple food crop in the world over the centuries [1, 2].
Plants are constantly exposed to microbes in ecosystem[3]. Stripe or yellow rusts (Yr) of wheat caused by
Puccinia striiformis f. sp. tritici (Pst), is one of the most globally devastating fungal disease in wheat[4, 5],
which can cause massive yield losses in wheat. Those pathogens are capable spreading for a long-
distance through seasonal wind and human-assisted movement among continents[2]. Stripe rust
threatens all winter wheat cultivars and has been considered as the most important fungal disease to
decrease wheat production in China[6, 7]. As the stripe rust pathogens have strong adaptive capacity and
evolve rapidly, the resistance of a newly released variety usually lasts for only several years [8]. Then the
resistance ineffective will render an increase in area of replacement variety resistant to the new virulent
race. The “boom and bust cycle” is more common in varieties released carrying single major genes[9]. For
example, a new Pst race group (V26/CYR34) which was virulent to resistance gene Yr26 has spread in
several major wheat growing regions where Yr26 was widely used in the wheat breeding programs[10-12].
Recently, some study reported that most of current wheat cultivars and breeding lines (76%) are
susceptible to CYR34[13]. Wheat cultivars with Yr26 is still distributing predominantly frequently in China,
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so it’s necessary to breed novel resistant cultivars before CYR34 bringing more lost in wheat
production[5].

There are nine disease resistance mechanisms in plant species, the classic model is mainly pathogen-
associated molecular pattern-triggered immunity (PTI) and effector-triggered immunity (ETI) systems.
The main difference between the two modes is that the latter triggers an allergic necrosis or
hypersensitivity reaction (HR). Plants have a defensive response to pathogen attack mediating by
resistance genes to delay or prevent the growth of potential pathogenic microorganisms[14] through PTI
and ETI systems. The current analysis of plant immunity has evolved towards a comprehensive view of
plant-pathogen interactions[15]. Global gene expression methods can be used to elucidate the molecular
mechanisms of wheat-fungal interactions, particularly the use of next-generation sequencing
technologies to study important non-model hosts-pathogen systems such as wheat rust[16]. A large
number of researches on wheat-rust interactions have been carried out by Affymetrix® GeneChip® Wheat
Genome Array (Affymetrix, Santa Clara, CA, USA)[17, 18] and cDNA-AFLP analysis[19]. However,
compared with other plants using genetic and molecular techniques to study genes associated with
wheat-Pst interactions has been limited[20]. The gene expression pro�le for the response to the stripe rust
races in the both resistant and susceptible wheat is still lacking and large of the regulating networks and
the molecular mechanisms of Pst resistance remains unknown.

Until now, Yr1~Yr80 have been reported and most of them have been used for breeding programs of
stripe rust resistance[21]. However, only a few Yr genes (Yr5, Yr15, Yr18 and Yr65) have maintained �eld
resistance to rust fungi [22, 23]. Therefore, the most effective, low-cost and environmentally safe way to
control stripe rust is rationally distributing Yr genes in different wheat regions or breeding wheat cultivars
with durable and broad-spectrum resistance[24]. Besides, many studies have reported that resistance
gene pyramiding was an effective way for “durable” controlling crop diseases to achieve broad-spectrum
and long-lasting resistance to protect crops from pathogens [25, 26]. In this study, the phenotypic and
transcriptomic responses of wheat cv. Chuanyu12 (CY12) and resistance breeding line L58 (pyramiding
with Yr10, Yr15, Yr30 and Yr65) were investigated under Pst-CYR34 inoculation of the Gansu Academy of
Agricultural Sciences (GAAS). Furthermore, the metabolites accumulation and key enzymes activity were
determined under Pst infection to verify the accuracy of gene expression in Pst responses signal
pathways. To reveals the molecular mechanisms of wheat resistance to Puccinia striiformis f. sp. tritici.

Methods
Plant materials and fungal treatment

The wheat cv. CY12 and pyramiding line L58 were used in this study, which obtained from Chengdu
Biology of Sciences, Chinese Academy of Sciences. CY12 is developed by our research group and highly
susceptible to currently predominant stripe rust. L58 is a pyramiding line (Yr10, Yr15, Yr30 and Yr65) with
CY12 as background which shows high resistance to new Pst-race CYR34 in our previous research[39].
Arti�cial inoculation at Seedling stage was conducted under a controlled greenhouse condition in Gansu
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Academy of Agricultural Sciences (GAAS). Two-week old seedlings were inoculated with Pst-CYR34. The
wheat cv. Mingxian169 was used to monitor inoculation e�ciency. The wheat leaves of CY12 and L58
were collected at 0h (a), 24h (b), and 7 days (c) post-inoculation (each time point with 3 biological
replicates). All leaf samples were frozen in liquid nitrogen and stored in a −80°C refrigerator for
transcriptome sequencing. After the wheat varieties Mingxian169 and CY12 were fully sporulating, then
the samples were used for experiment.

RNA Isolation and cDNA library construction for RNA Sequencing

Total RNA of wheat leaves was extracted using the mirVana miRNA Isolation Kit (Ambion) following the
manufacturer’s protocol. RNA integrity was evaluated using the Agilent 2100 Bioanalyzer (Agilent
Technologies, Santa Clara, CA, USA). The samples with RNA Integrity Number (RIN) ≥7 were subjected to
the subsequent analysis. Total RNA from the wheat leaves was to break into short fragments at a
suitable temperature in the thermomixer. Then puri�ed fragment mRNA was used to synthesize �rst
strand cDNA and second strand cDNA. The libraries were constructed using TruSeq Stranded mRNA
LTSample Prep Kit (Illumina, San Diego, CA, USA) according to the manufacturer’s instructions. Then 18
cDNA libraries were sequenced on the Illumina sequencing platform (HiSeqTM 2500 or Illumina HiSeq X
Ten) and 125bp/150bp paired-end reads were generated.

The transcriptome sequencing and analysis were conducted by OE biotech (Shanghai, China). Raw data
(raw reads) were processed using Trimmomatic[27]. The reads containing ploy-N and the low quality
reads were removed to obtain the clean reads. Then, all clean reads used to subsequent analyses and
mapped to reference genome using hisat2[28].

Differential expression genes (DEGs), Gene Ontology (GO) and KEGG Analysis

FPKM[29] value of each gene was calculated using cu�inks[30], and the read counts of each gene were
obtained by htseq-count[31]. Differentially expressed genes (DEGs) were analysis and identi�ed using the
DEGseq R package. DEGs were selected with a |log2 FC|>1 and Q<0.005 as the thresholds, which tested
whether each gene was affected by genotype and time point. Hierarchical cluster analysis of DEGs was
performed to explore genes expression pattern. And P values were adjusted using the Benjamini-
Hochberg correction for multiple testing[32]. GO enrichment and KEGG[33] pathway enrichment analysis
of DEGs were respectively performed using R based on the hypergeometric distribution during CYR34
infection.

Weighted gene correlation network analysis (WGCNA)

Co-expression networks were constructed using the WGCNA R software package with a soft thresholding
power of 10[34]. 14979 assembled genes were selected with FPKM>5 for the WGCNA unsigned co-
expression network analysis. The total connectivity, intramodular connectivity (function soft
Connectivity), kME (for modular membership, i.e., eigengene-based connectivity), and kME-p-values were
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calculated for all 14979 genes. Hub genes with potentially important functions were identi�ed as those
with high connectivity.

Determination of lignin content and enzyme activities

L58 and CY12 wheat leaves were collected at 0hpi, 24hpi and 7dpi. The lignin content was determined by
the lignin-thioglycolic acid (LTGA) reaction[35]. The determination of PAL activity was performed
according to the Li et al. 2011[36]. And peroxidase (POD) activity was measured by the increase in
absorbance at 470nm[37].

qRT-PCR analysis

Sixteen DEGs were randomly selected for qRT-PCR analysis, and GAPDH was used as the internal
reference gene. The primers were designed based on the sequence of genes using Primer 5.0 and are
listed in Table S1. The RNA extracted from CY12 and L58 wheat seedlings at 0h, 24h and 7days were
used to synthesize �rst-strand cDNA with HiScriptII Q RT SuperMix (Vazyme, R223-1) following the
manufacturer’s instructions. The qRT-PCR was performing with SYBR® Green PCR kit (Qiagen, 204054)
according to the manufacturer’s instructions. The experimental conditions were set as follows: 45 cycles
at 95 °C for 20 s, 55 °C for 20 s, and 72 °C for 20 s. All genes were repeated 3 times in this study. The
mRNA expression level of the genes were calculated with the 2-ΔΔCt method[38]. Each wheat leaf sample
was repeated 3 times. The correlation between RNA-seq and qRT-PCR results was analyzed using these
values R package version 3.1.3 (http://cran.r-project.org/). The normalized values of relative expression
and RPKM values were calculated using log2 (fold change) measurements.

Statistical analysis of data

Data of three biological repeats were analyzed using GraphPad Prism 5, Excel 2013 and SPSS 20.0 and
rendered as means ± SD. One-way ANOVA followed by Tukey’s signi�cant difference test at p<0.05. All
data had 3 biological repeats. Differentially expressed genes were de�ned as genes with FDR<0.001 and
fold change >2-fold. A p-value < 0.05 was considered signi�cant when identifying enriched GO terms, and
a p-value < 0.05 was considered indicative of signi�cantly enriched KEGG pathways.

Results
Phenotype identi�cation of two wheat after Pst infection

Two-week old wheat seedling leaves of Chuanyu12 (CY12) L58 and Mingxian169 were inoculated with
Pst-CYR34, and incubation in dark room for 24h. Different responses to the Pst infection were observed in
CY12 (susceptible) and L58 (resistance) at seedling stage and adult-plant stage (Figure 1). L58 is
offspring of CY12, and in previous study we use molecular assistant selection to detected four Yr genes
(Yr10, Yr15, Yr30 and Yr65) in L58 which located on B chromosome[39].

Wheat mRNA transcriptome and analysis

http://cran.r-project.org/
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To further elucidate the molecular basis for the differential stripe rust response in CY12 and L58,
comparative transcriptome analysis was conducted through RNA sequencing. Both the 24-h and 7-day
Pst treatments were used to investigate early and later response of wheat to Pst-CYR34. Eighteen cDNA
libraries, each for CY12 and L58 inoculated with Pst-CYR34 and non-infected control at two time points,
were characterized by Illumina HiSeq to detect the transcriptome level of gene expression information.
After removing low-quality reads and those containing adapter and ploy-N, about 48.0 million (range
47.02 to 48.62) clean reads were obtained in per library, among which more than 86.55% clean reads per
library could be mapped to the wheat reference genome
(ftp://ftp.ensemblgenomes.Org/pub/plants/release-
37/fasta/triticum_aestivum/dna/Triticum_aestivum.TGACv1.dna.toplevel.fa.gz). The uniquely mapped in
CY12_a (0hpi), CY12_b (24hpi), CY12_c (7dpi), L58_a (0hpi), L58_b (24hpi), and L58_c (7dpi) was
(86.92±0.35)%, (97.64±0.2)%, (86.55±0.45)%, (86.61±0.16)%, (87.93±0.12)% and (86.48±1.19) %,
respectively (Table 1).

DEGs identi�cation

The DEGs were identi�ed by comparing the FPKMs values of each gene between CY12 and L58 (with 0,
24hpi and 7dpi) with the criteria of fold change≥2 and P < 0.05. Then DEGs involved in Pst-CYR34
infection process were screened. There were 4607 differentially expressed genes between CY12 and L58
with non-Pst infection, while the number of DEGs changed to 4834 and 4456 after 24hpi and 7dpi with
CYR34 treatment, respectively (Figure 2A). The DEGs of two wheat lines CY12 and L58 treatments with
Pst-CYR34 were found for 4607 DEGs (2592 up-regulated and 2015 down-regulated) in L58_a vs CY12_a,
4834 DEGs (2721 up-regulated and 2113 down-regulated) in L58_b vs CY12_b and 4456 DEGs (2252 up-
regulated and 2204 down-regulated) in L58_c vs CY12_c (Figure 2B). All up-regulated DEGs and down-
regulated DEGs at 0hpi, 24hpi and 7dpi were shown in Figure 2C, 2D.

Veri�cation of RNA-Seq by qRT-PCR

To evaluate the validity of transcriptome pro�les from the RNA sequencing analysis, 16 Pst-CYR34
induced genes were randomly selected for qRT-PCR expression analysis. The correlation of RNA-Seq
(FPKM) and qRT-PCR are shown in Figure 3 (Supplemental File 1-1). The relative expression levels of the
genes from qRT-PCR were consistent with those from the RNA-Seq data. And there have a signi�cantly
positive correlation between RNA-Seq and qRT-PCR results, the correlation coe�cient was r=0.95 (P <
0.001), which con�rming the reliability of the RNA-Seq data.

GO enrichment and KEGG analysis of DEGs

The DEGs have contributed to the phenotypic differences in Pst-CYR34 infection between CY12 and L58.
To identify the major functional terms under the Pst-CYR34 treatment, GO enrichment analysis was
carried out of DEGs (Figure 4A). GO enrichment results showed that Pst-CYR34 related DEGs were mainly
enriched in metabolic process, cellular process, response to stimulus and biological regulation in the

ftp://ftp.ensemblgenomes.org/pub/plants/release-37/fasta/triticum_aestivum/dna/Triticum_aestivum.TGACv1.dna.toplevel.fa.gz
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biological process; also associated with cell part, organelle part and membrane part in the cellular
component; and catalytic activity, binding and transporter activity in the molecular function category.

DEGs were also enriched in KEGG pathways in this study. For the 24hpi, Pst-CYR34 induced DEGs in
CY12 and L58 were notably enriched in necroptosis (KO 04217), plant-pathogen interaction (KO 04626),
ribosome (KO 03010), MAPK signaling pathway-plant (KO 04016), phenylpropanoid biosynthesis (KO
00940) and phenylalanine metabolism (KO 00360)(Figure 4B). Thirty-eight DEGs were enriched in the
plant-pathogen interaction pathway, among them 31 up-regulate and only 7 DEGs down under the Pst-
CYR34 treatment. MAPK signaling pathway enriched 44 DEGs that 39 were up and 5 down regulation at
24hpi. Those up regulated gene including certain key enzyme genes or TFs, such as WRKY33, ANP1,
SNRK2, PR1 and ERF1 et al. Similarly, 69 DEGs in the phenylpropanoid biosynthesis have 60 DEGs up-
regulated, including PAL, E1.11.1.7, PTAL, COMT, REF1, etc. Phenylalanine metabolism as the upstream
pathway of phenylpropanoid biosynthesis, most DEGs were also up-regulated, including enzyme
encoding genes amiE and MIF, etc (Figure 4C). The up-regulated genes in this pathway also prepares for
substance synthesis in the downstream pathway. For the 7dpi of Pst-CYR34 induced DEGs in CY12 and
L58 were enriched in glutathione metabolism (KO 00480), porphyrin and chlorophyll metabolism (KO
00860), alanine, aspartate and glutamate metabolism (KO 00250), phenylalanine metabolism (KO
00360), sulfur metabolism (KO 00920), carotenoid biosynthesis (KO 00906), phenylpropanoid
biosynthesis (KO 00940), �avonoid biosynthesis (KO 00941), cysteine and methionine metabolism (KO
00270) and plant-pathogen interaction et al. (Figure 4D). Those results indicate that plant-pathogen
interaction, phenylpropanoid biosynthesis and MAPK signaling pathway are important for defense
response or disease resistance in wheat.

Lignin accumulation in wheat to resistant Pst-CYR34

The Pst induced DEGs involved in phenylpropanoid biosynthesis were examined in this study. Figure 5A
(Supplemental File 1-2) shows the heat map of DEGs in phenylpropanoid biosynthesis at 0hpi, 24hpi and
7dpi in CY12 and L58. Most DEGs were up-regulated in L58 compare CY12 after inoculation. However, the
DEGs has oppositely expression pattern at 7dpi. Therefore, the detail of phenylpropanoid biosynthesis
and the Pst-induced expression pattern changes of those DEGs in this pathway during the defense
response of Pst-CYR34 infection (Figure 5B).

In this study, �rstly, phenylpropanoid biosynthesis phenylalanine, and then with different steps of the
pathway catalyzed by four types of enzymes: ammonia lyase (PAL), hydroxycinnamoyl transferase
(HCT), cinnamyl alcohol dehydrogenase (CAD) and E1.11.1.7. Finally, the pathway produces three types
of monolignols polymerize to form lignin, such as guaiacyl (G), syringyl (S), and p-hydroxyphenyl (H)
lignin. The expression levels of DEGs in this pathway were illustrated using a heat map (Figure 5B) and
estimated by log2 (fold change). Although there were some cases of downregulation or non-signi�cant
upregulation for some of the genes at different time points, most of the four types of genes in this
pathway were upregulated in L58 within 24hpi compared with the non-inoculated control. Generally, the
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upregulation of phenylpropanoid biosynthesis genes began at 24hpi or earlier and the peaks of relative
expression of these genes occurred at 24hpi.

Based on the upregulation of genes related to phenylpropanoid biosynthesis pathway, we determined
activities of PAL and POD, and we also determined the changes of lignin content in wheat leaves at 0hpi,
24hpi and 7dpi (Figure 5CDE). The activities of PAL and POD were increased in both CY12 and L58 after
Pst-CYR34 inoculation. However, compare with CY12, both PAL and POD activities were higher in L58
after Pst infection. Compare to control (0hpi), lignin content increased by 56.5% and 60.7% in CY12 at
24hpi and 7dpi, respectively. In L58, the lignin content were increased by 65.6% and 75.6% at 24hpi and
7hpi, respectively. Furthermore, lignin content was higher in the L58 than CY12 after Pst-inoculation,
indicating that Pst-CYR34 inoculation increased lignin biosynthesis to response defenses and enhancing
the resistance of wheat.

Pst-CYR34 induced DEGs in plant-pathogen interaction

KEGG enrichment analysis exhibited the different response of plant-Pst interaction in both CY12 and L58.
At 24hpi, the DEGs enrichment in plant-pathogen interaction pathway were almost up-regulated in L58
compare CY12. And adversely expression trend at 7dpi (Figure 6A). Of those DEGs at 24hpi in CY12 and
L58 were showed in Figure 6B (Supplemental File 1-3). The up-regulated genes eventually involved to
regulate ROS, defense-related gene induction, cell wall reinforment and hypersensitive response (HR)
processes. This result indicate that the key period of plants to responses defense and is 24 hours post
incubation. Otherwise, the plant will lose resistance by the pathogen successfully invading.

Pst-CYR34 induced DEGs involved in MAPK signaling pathway

MAPK signaling pathway was also important for CY12 and L58 to Pst-responsive DEGs. Those DEGs
also up-regulated in L58 at 24hpi. However, at 7dpi the DEGs were mostly up-regulated in CY12 and those
DEGs were already starting down expression in L58 at 7dpi (Figure 7A). These DEGs enrichment in MAPK
signaling pathway exhibited in Figure 7B (Supplemental File 1-4). The Pst-CYR34 stimuli by receptors and
proteins anchored to the cell membrane, which directly activate a MAP kinase kinase kinase (MAPKKK)
and in turn to activate a MAPKK (MAP kinase kinase) by phosphorylation of serine/threonine residues.
Then, protein phosphorylates several MAP kinases, such as MPK3/6, MPK6 and MPK4/6 etc. Finally
activate the transcription factors (PR1, WRKY33 and ERF1 etc.) to induce or repress genes expression
involved in response to Pst-CYR34 infection.

Weighted gene co-expression network analysis of wheat resistance to stripe rust

Co-expression network analysis was performed by weighted gene co-expression network analysis
(WGCNA) which comparing 18 high-throughput RNA-Seq datasets generated from leaf samples under
Pst-CYR34 infection. In this study, a total 14,979 DEGs were identi�ed for 18 samples at 0hpi, 24hpi and
7dpi. WGCNA was constructed on the basis of pairwise correlations between Pst-CYR34 infection
responsive genes using their common expression trends across all sample leaves. Based on the selected
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power values, a weighted co-expression network model was established, and �nally 14979 genes were
divided into 16 modules. The gray cannot be attributed to any module and has no reference signi�cance.
The module eigengenes from the 16 main modules were correlated with distinct samples as sample-
speci�c eigengene expression pro�les in wheat responding to Pst (Figure 8A). Two of the co-expression
modules: greenyellow and darkviolet consisted of genes that were highly expressed in wheat after Pst-
infection(r > 0.6, p < 0.001).

In these two modules, greenyellow comprised the most sample-speci�c expressed genes. These genes
were enriched mainly in fatty acid metabolism, carbon metabolism, �avonoid biosynthesis, sulfur
metabolism, fatty acid elongation metabolism and pentose phosphate pathway (Figure 8B, supplement
�le1-5). The Hub-genes in greenyellow and darkviolet modules were show in Figure 8C, D. The result
suggest that greenyellow and darkviolet modules represent the primary gene expression module that
characterized the speci�c response of CY12 and L58 to Pst-CYR34.

TFs and putative R genes in wheat associate with Pst response

In this study, 132 DEGs were identi�ed as transcription factors (TFs) belonging to different families
(WRKY, ERF, FAR1 and NAC, etc.). Of those TFs, 95 were up-regulated and 37 were down-regulated in
wheat at 24hpi. WRKY was the TF family with the largest number of genes, �owed by NAC family, then
was FAR1 and ERF TF families. Among the WRKY, ERF, FAR1 and NAC families mostly of genes were up-
regulated in L58, while down-regulated in CY12 at 24hpi (Figure 9A, B, C, D, Supplemental File 1-6 ). The
results suggest that these TFs (WRKY, ERF, FAR1 and NAC) are involved in stripe rust resistant of wheat.

Forty-four candidate genes or putative R genes that involve in immune response to Pst-CYR34 were
identi�ed in this study (TableS2). Which mainly include LRR receptor-like serine/threonine protein kinase
(Ser/Thr PK), pathogenesis-related protein, disease resistance protein and certain TFs, such as MYB, NAC
and WRKY, etc. The relative expression levels of these putative R genes were signi�cant different between
L58 and CY12 at both 24hpi and 7dpi. Of those putative R genes, approximately 39% were located on B
chromosomes.

Discussion
Plant pathogen is major factors affecting crop yield and quality in world[15]. Plants have evolved
pathogen-associated molecular pattern-triggered immunity (PTI) and damage associated molecular
patterns that triggered immunity and effector-triggered immunity (ETI), which generate resistance gene
products to speci�cally recognize the effectors releasing from the invader and to confer disease
resistance[40]. These two innate immune strategies trigger downstream responses, including the
accumulation of reactive oxygen species (ROS) and secondary metabolites to activate the defense
systems[41, 42].

Lignin synthesis involved in the stripe rust resistance of wheat
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Phenylpropanoid biosynthesis metabolism is the most important secondary metabolic pathway playing a
fundamental role in plant defense against biotic (invading pathogens) and abiotic stresses[42]. The main
branches of the phenylpropanoid pathway were led to the synthesis of lignin and �avonoid. Although
certain researches provided evidence to suggest that lignin, �avonoid and phenolic compounds play
important roles during the plant defense response to pathogen, rarely studies on the overall analysis of
transcriptome changes of phenylpropanoid biosynthesis genes in wheat. The present results indicated
that total gene expression pro�les of the phenylpropanoid biosynthesis pathway in response to Pst-
CYR34. As a result the study focused on the phenylpropanoid biosynthesis pathway with an emphasis on
the synthesis and deposition of lignin due to most of enrichment DEGs up-regulated in this pathway
(Figure 5A, B). Previous studies have reported that induced ligni�cation is one of several plant defense
responses to wounding and to viral or microbial attack[43-46]. In infected plants, ligni�cation and
deposition of lignin is a part of the plant cell wall reinforcement that are important processes in the
response of plants to restricts pathogen invasion[47-49], and provide a physical barrier to limit pathogen
colonization[50].

Induced ligni�cation around the infection centers is generally accompanied by the increased activity of a
number of enzymes. Genetic evidence for the role of lignin associated defense is rare, however, either
because of the indispensability of lignin for the plant form. In this study, DEGs encoding the enzymes
involved in the lignin pathway showed up-regulated expression, which indicated the putative role of lignin
in the wheat defense response. More evidence was required to elucidate the de�nite role of lignin in the
wheat defense response to Pst. Therefore, the activities of enzymes involved in the phenylpropanoid
metabolism pathway and biosynthesis of lignin were measured in this study (Figure 5C, D). POD is
involved in the polymerization of monolignols into lignin and reinforcement of the cell wall after
pathogen attack and wounding[51]. PAL played an essential role in the phenylpropanoid pathway and
has been reported to be responsive to both biotic and abiotic stress, including pathogen attack, wounding,
cold and UV stress[52]. Consistent with previous reports, PAL and POD activities were increased as
localized lignin deposition[53-55] after Pst-CYR34 inoculation in both susceptible and resistant wheat
seedlings. However, compared with resistant plants, the inoculated susceptible plants showed an
obviously slower increase and lower enzyme activities. This result suggests that lignin may be the active
form of ligni�cation in HR to protect cells against fungal invasion[44]. Together with the gene expression
pro�les, we speculated that the most signi�cant difference between susceptible and resistant plants was
whether or not the plants could activate the pathway in a timely and e�cient manner.

The lignin biosynthetic pathway is initially induced in both resistant and susceptible wheat following rust
inoculation[56]. In this study, lignin content was investigated of both resistant and susceptible wheat
seedlings after Pst-CYR34 inoculation. Inoculation of wheat with Pst-CYR34 increased the total leaves
lignin content, which suggested that ligni�cation may be a mechanism through which wheat to restrict
the pathogen. An increase in the lignin content was determined in the inoculated resistant wheat (L58)
compared with control at both 24h and 7d after Pst infection (Figure 5E). Overall, the resistant wheat line
displayed increased amounts of lignin concentration was speculated to play a vital role in the wheat
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defense response. In accordance with these reports, this result suggested that increased ligni�cation or
lignin biosynthesis is critically important for wheat to defense against pathogen invasion.

MAPK signaling pathway and TFs involved in wheat resistance to Pst-CYR34

The mitogen-activated protein kinase (MAPK) cascade is a central protein kinase signaling transduction
platform, and plays a vital role in connecting receptors/sensors to extracellular and nuclear responses in
eukaryotes[57]. MAPKs are typical serine/threonine protein kinases that are also known as extracellular
signal regulation kinases[58]. A number of studies have shown that MAPK signal cascades are
evolutionary for plant signal transduction which are involved in hormone signaling, plant immunity,
regulating growth factors, or damage-associated molecular patterns, and also respond to biotic and
abiotic stresses by amplifying the transmitting signal[57, 59]. In this study, the DEGs of RNA-seq results
were signi�cantly enrichment in MAPK signal pathway and most of DEGs were up-regulated in this
pathway to response Pst-CYR34 attack at 24h (Figure 7A). Each basic MAPK pathway is minimally
composed of three functionally interlinked protein kinases, which are MAPK, MAPK kinase (MAPKK), and
MAPK kinase kinase (MAPKKK)[60]. They are linked to upstream receptors and downstream functional
targets through a stepwise series of phosphorylation function from MAPKKKs (MEKKs), to MAPKKs
(MEKs) to MAPKs (MPKs) that leads to an appropriate output response having high fidelity[61, 62].

MAPK cascade genes have been shown to play vital roles in regulation of plant defense responses. To
date, several plant MAPK signaling cascades have been detected in many different species. MAPKKKs
are at the beginning of the MAPK cascade and are therefore indispensable. The MAPK cascade was
activated after pathogen infection which could further regulate the induction of WRKY33, this result
demonstrated the downstream regulation of MAPK cascade could be WRKY transcription factors.
Moreover, MAPK (MEKK1-MKK4/5-MPK3/6) cascade signaling networks were induced by FLS2/flg22
perception in plant innate signal transmission immunity to defense pathogens [63, 64]. Firstly, the Pst
infection could be perceived by FLS2/�g22 like receptor, then with the other signaling transduction, the
MAPKKK17 and NDPK1 were induced in different expression pattern between susceptible and resistant
wheat cultivars, furthermore the MPK6, MPK3/6 and MPK4/6 were activated by MAPKKK17, NDPK1 or
ANP1 which could further activate WRKY33, PR1 and ERF1 (Figure 7B). Then those TFs were regulate
gene expression for Pst defense response of wheat.

Putative R genes and TFs involved in wheat response to Pst-CYR34

Regarding plant defense, MAPK signaling has been shown to function downstream of different types of
receptor systems that lead to pathogen associated molecular pattern triggered immunity (PTI) and
effector-triggered immunity (ETI)[14, 65]. PTI can be initiated through the toll-interleukin receptor
nucleotide binding leucine-rich repeat resistance (TIR) eNB-LRR R protein to driven defense gene
expression[66]. ETI can be initiated by the bacterial effector harpin that engages the transcription of the
coiled-coil nucleotide binding leucine rich repeat (CC-NB-LRR) [67]. Certain of genes identi�ed as LRR-
RLKs and TFs were assayed by RNA-Seq during the wheat defense response to Pst-CYR34. Detailed
illustration of the response of these EDGs described the interaction effect of signals that allowed the
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plant to �ne-tune defense responses. Plant RLKs are transmembrane proteins can perceive external
signals and initiate signal cascades[68], which control a wide range of bio-processes, including growth,
disease resistance, and hormone perception etc. Plant innate immunity depended on the timely
perception of the signals, which can be accomplished by pattern recognition receptors (PRRs), including
well characterized LRR-RLKs[69]. The identi�cation of groups of LRR-RLKs in the gene expression pro�les
based on RNA-Seq suggested putative roles for LRR-RLKs in mediating early events in the response of
wheat to stripe rust Pst. Both up-regulated and down-regulated expression patterns implicated the
putative multiple pathways recognized by LRR-RLKs during the wheat immunity.

TFs always play a signi�cant roles by controlling series genes expression to regulate different plant
development or response to biotic and abiotic stresses[70]. The majority of TFs, such as WRKY, FAR1,
NAC and ER were activated based on the RNA-Seq analysis after pathogen inoculation at 24hpi, which
suggested that establishment of the wheat resistance to Pst-CYR34 require the up-regulation of TFs to
modulate the plant immune signaling network.

Conclusions
To better understanding the possibility molecular mechanism of plant-pathogen interaction and to
improve plant disease resistant, molecular biology and bioinformatics technology has recent
development to made it possible[36]. As a �rst step in responding to pathogen (Pst-CYR34) invasion,
wheat plants sense the external signals in a timely fashion, and then signal transduction is conducted by
MAPK signaling pathway and other signaling pathways. After signal perception and transduction,
subsequent transcriptional activation or inhibition of transcription factors eventually leads to the
downstream signal transduction, the plant defense-related genes expression and cell wall reinforcement
in wheat to immunity response[19]. In the resistant wheat line, transcripts of all lignin genes were
accumulated at 24hpi. A similar expression pattern was reported for methyl unit biosynthetic genes in the
same resistant line in a previous study[71]. By combining RNA-seq and biochemical data, it was
speculated that DEGs expression levels, enzyme activities, total lignin contents were increased after
inoculation. Therefore, a critical role for lignin was deduced to contribute to the wheat disease resistance.
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Table
Table 1 Read statistics in 18 RNA sequencing libraries

Sampe Raw reads
(M)

Clean reads
(M)

Q30 (%) GC (%) Total mapped
(%)

Multiple
mapped (%)

Uniquely
mapped (%)

CY12_a 49.2±0.03 47.85±0.11 94.8±0.1 54.4±0.6 97.23±0.16 10.3±0.49 86.92±0.35
CY12_b 49.51±0.49 47.97±0.83 94.7±0.4 53.1±0.1 96.61±0.03 8.97±0.23 97.64±0.2
CY12_c 49.56±0.48 48.4±0.41 94.8±0.2 54.1±0.4 97.02±0.17 10.47±0.54 86.55±0.45
L58_a 49.32±0.13 47.76±0.15 94.5±0.3 55.1±0.4 96.95±0.11 10.34±0.06 86.61±0.16
L58_b 49.6±0.3 48.19±0.32 94.4±0.6 53.8±0.4 96.56±0.18 8.63±0.3 87.93±0.12
L58_c 49.61±0.15 47.83±0.54 93.7±0.4 54.5±0.8 96.89±0.18 10.41±1.0 86.48±1.19

a-0hpi, b-24hpi, c-7dpi.
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Figure 1

Phenotype identi�cation of two wheat lines with Pst-CYR34 inoculation at 20dpi in greenhouse and adult
stage in the �eld, CY12 is highly susceptible to stripe rust, and L58 is highly resistant to stripe rust
pyramiding with Yr10, Yr15, Yr30 and Yr65 on 1B and 3B.
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Figure 2

Venn diagrams of differentially expressed genes (DEGs) in CY12 and L58. Venn diagram showing the
DEGs between Pst-CYR34 treatment at 0hpi (a), 24hpi (b) and 7dpi (c) time points in CY12 and L58 (A),
the number of DEGs up- or down-regulated (B) and the Venn diagrams of up-regulated DEGs (C) and
down-regulated DEGs (D) at 0hpi, 24hpi and 7dpi.
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Figure 3

Correlation between qRT-PCR and RNA_seq for the 16 genes. Each point represents a fold change value of
expression level between the corresponding Pst-treated at 0hpi (a), 24hpi (b) and 7dpi (c).
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Figure 4

Gene ontology (GO) functional classi�cations of differentially expressed genes (DEGs) in CY12 and L58
at 0hpi (a), 24hpi (b) and 7dpi (c) time point (A), KEGG analysis of DEGs between CY12 and L58 at 24hpi
(B). Number of up- and down-regulated DEGs in phenylanine metabolism, phenylpropanoid biosynthesis,
MAPK signaling pathway-plant and plant-pathogen interaction at 24hpi (C), KEGG analysis of DEGs
between CY12 and L58 at 7dpi (D).



Page 24/29

Figure 5

The heat map of expression DEGs enrichment in phenylpropanoid metabolism at 0hpi (a), 24hpi (b) and
7dpi (c) (A) in CY12 and L58 after Pst-CYR34 inoculation, the expression of phenylpropanoid pathway
genes after Pst-CYR34 inoculation (B), expression levels are indicated by the heatmap at 0h, 24h and 7d
post inoculation, estimated using log2(fold change) for each transcript. PAL, phenylalanine ammonia
lyase; HCT, hydroxycinnamoyl transferase; CAD, cinnamyl alcohol dehydrogenase. Enzymes activities of
PAL (C) and POD (D) in both two wheat lines at 0hpi, 24hpi and 7dpi; the lignin content in CY12 and L58
after Pst-CYR34 inoculation (E). Each bar are the means ± SD, One-way ANOVA followed by Tukey’s
signi�cant difference test. *, P < 0.05; **, P < 0.01.
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Figure 6

The heat map of expression DEGs enrichment in plant-pathogen interaction at 0hpi (a), 24hpi (b) and
7dpi (c) (A) in CY12 and L58 after Pst-CYR34 inoculation, enriched DEGs expression in plant-pathogen
interaction responsible for Pst-CYR34 in CY12 and L58 at 24hpi (B). Genes marked with red indicate up-
regulated genes and blue was down-regulated genes in wheat after Pst inoculation at 24hpi.
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Figure 7

The heat map of expression DEGs enrichment in MAPK signaling pathway at 0hpi (a), 24hpi (b) and 7dpi
(c) (A) in CY12 and L58 after Pst-CYR34 inoculation, overview of specially expression DEGs enriched in
MAPK signaling pathway triggered by Pst-CYR34 in CY12 and L58 at 24hpi (B). Mitogen-activated protein
kinases (MAPKs) and calcium-dependent protein kinases (CDPKs) were triggered by Pst-CYR34 invasion
and activated via further phosphorylation cascades target the transcriptional factors (TFs) to regulate
resistant gene expression or synthesis of secondary metabolites.
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Figure 8

Weighted gene co-expression network analysis of DEGs in Pst-infected wheat young leaves (A). The
expressed genes were clustered into 16 modules labeled by different colors (not gray) and the left was
number of genes in each module. The value of the correlation between a speci�c module and sample is
indicated by the scale bar on the right. KEGG analysis of module genes in greenyellow (B).
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Figure 9

The transcript factors (TFs) in CY12 and L58 after Pst-infection. The TFs including WRKY (A), ERF (B),
FAR1 (C) and NAC (D) were triggered by Pst-CYR34 at 24hpi in wheat.
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