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miRNA libraries were constructed from the leaves of the cultivar Xingzi 9104
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generated from 98 pre-miRNAs, were obtained. The remaining 1143 miRNA
doi:10.1111/ppl.12407 candidates included 145 conserved and 998 wheat-specific miRNAs that were

generated from 87 and 1088 pre-miRNAs, respectively. The 173 known and
145 conserved miRNAs were sub-classified into 63 miRNA families. The tar-
get genes of wheat miRNAs were also confirmed using degradome sequencing
technology. Most of the annotated target genes were related to signal trans-
duction or energy metabolism. Additionally, we found that miRNAs and their
target genes form complicated regulation networks. The expression profiles of
miRNAs and their corresponding target genes were further analyzed by quanti-
tative real-time polymerase chain reaction (qQRT-PCR), and the results indicate
that some miRNAs are involved in the compatible wheat-Pst susceptibility
interaction. Importantly, tae-miR1432 was highly expressed when wheat was
challenged with CYR32, and the corresponding target gene, predicted to be
a calcium ion-binding protein, also exhibited upregulated expression but a
divergent expression trend. PC-3P-7484, a specific wheat miRNA, was highly
expressed in the wheat response to Pst infection, while the expression of the
corresponding target gene ubiquillin was dramatically downregulated. These
data provide the foundation for evaluating the important regulatory roles of
miRNAs in wheat-Pst susceptibility interaction.

Introduction degrade target mRNAs in eukaryotic organisms at the
post-transcription level (Bartel 2004). Since the first
discovery of plant miRNAs in Arabidopsis, miRNAs
are reported to be involved in diverse plant processes
including organ development, phase change, signal

MicroRNAs (miRNAs) are endogenous, non-coding
small RNAs (sRNA) with typical length of 21-24
nucleotides (nt), which repress protein translation or

Abbreviations — GO, gene ontology; hpi, hours post-inoculation; KEGG, Kyoto Encyclopedia of Genes and Genomes; miRNA,
microRNA; nt, nucleotides; PTI, pattern-triggered immunity; gRT-PCR, quantitative real-time polymerase chain reaction; sSRNA,
small RNA; XZ, Xingzi9104.
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transduction, biogenesis regulation and stress responses
etc. (Reinhart et al. 2002, Jones-Rhoades et al. 2006).
Arabidopsis miR393, induced by the infection of plant
pathogen Pseudomonas syringae, was the first reported
miRNA involved in pathogen-associated molecular
pattern-triggered immunity (PTI) by repressing auxin
signaling (Navarro etal. 2006). Meanwhile, miR160
and miR167 were found to be induced by P. syringae
infection and contributed to PTI by regulating auxin
response factors (ARF) transcription factors (Fahlgren
et al. 2007). miRNAs were also demonstrated to have
divergent expression profiles when plants were infected
with different viruses (Lang etal. 2011). Gupta et al.
(2012) also found that eight wheat miRNAs showed
diverse transcript profiles when resistant and susceptible
wheat cultivars were challenged with stem rust. Inter-
estingly, when poplar was infected with Botryosphaeria
dothidea, none of its miRNAs were downregulated
(Zhao etal. 2012). In 2013, Campo et al. (2013) iden-
tified a novel miRNA, o0sa-miR7695, which affected
the plant resistance by regulating the innate immunity
related macrophage protein 6 (OsNramp6). In the next
year, Li et al. (2014) identified the miRNAs of resistance
and susceptible cultivars from Magnaporthe oryzae, and
they observed that the over-expression of miR160a and
miR398b could improve the rice resistance with the
inhibition of hypha growth. All these reports indicate
that miRNAs play important roles in the interactions
between plant and pathogens.

During the interactions between plants and pathogens,
resistance and susceptibility have opposite functions.
However, most studies have focused on the plant resis-
tance mechanism, including resistance genes, defense
genes and protein non-coding RNAs. Until 2002, Vogel
etal. (2002) found that when the PMR6 gene was
knocked out, the resistance of Arabidopsis to powdery
mildew was increased. This led to a question of whether
a specific gene was essential for the successful infec-
tion of pathogens (Eckardt 2002, Pavan et al. 2010). The
MLO gene was previously identified as a resistance gene.
However, in subsequent studies, MLO was demonstrated
to be an essential factor for the successful infection of
powdery mildew to barley. MLO improved the plant
susceptibility to powdery mildew through the down-
regulated PEN gene (Hardham et al. 2007). In tobacco,
the over-expression of barley RAC3 and RACB could
improve the susceptibility to powdery mildew (Pathuri
et al. 2009). When the ROP6 gene was knocked out,
the resistance of Arabidopsis to powdery mildew was
improved (Poraty-Gavra etal. 2013). Meanwhile, the
FERONIA receptor-like kinase (FER), which was con-
firmed to regulate the expression of ROP6, was also
demonstrated to promote pathogen infection of plants
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(Kessler etal. 2010). All of these results indicate that
there is a complex interaction among the susceptible
genes, and this complex interaction can regulate the
plant susceptibility. In recent years, miRNAs were also
found that composed a miRNA-regulatory network to
regulate the growth and stress responses (Galimov et al.
2015, Liu et al. 2015, Yao et al. 2015). However, there
is still no report on the exploration of miRNAs and the
corresponding complex regulatory network contributing
to plants susceptibility to pathogens.

Wheat stripe rust, caused by Puccinia striiformis f.
sp. tritici (Pst), is one of the most destructive wheat
diseases worldwide. To control it, a breeding program
with rational utilization of resistance varieties is still the
most efficient way (Chen 2005). Therefore, understand-
ing the mechanism of interactions between wheat and
Pst will greatly facilitate the developing strategies of
improving wheat cultivar resistance. Questions such as
whether miRNAs also function in the compatible inter-
action between plant and virulent pathogen remains to
be answered. In previous studies, several wheat miRNAs
involved in various stress responses, such as heat stress,
powdery mildew infection, drought stress and wheat rust
infection, have been reported (Xin etal. 2010, Kantar
etal. 2011, Gupta etal. 2012). Among these reports,
miRNAs showed considerable specificity. The function
of wheat miRNAs requires further analysis.

Seedlings of wheat cultivar Xingzi9104 (XZ) showed a
typical compatible phenotype when challenged with Pst
race CYR32 (Zhang et al. 2012). In this study, we shed
light on the differentially accumulated miRNAs during
this biological process by high-throughput sequencing.
Corresponding target genes for these miRNAs were fur-
ther detected by degradome sequencing. Identification of
miRNAs and their targets provide a foundation of deter-
mining the miRNA-mediated regulatory networks during
compatible interaction between wheat cultivar XZ and
virulent Pst race CYR32.

Materials and methods
Plant materials and treatments

Wheat cultivar XZ, and Pst pathotype CYR32 were used
in this study. XZ is an elite wheat germplasm possess-
ing susceptibility to CYR32 at seedling stage (Zhang et al.
2012). Seeds were sown in pots and placed in a growth
chamber under the following conditions: 16 +2°C with
supplemental light for 16 hday~" and water as needed.
At the two-leaf stage, the first leaves were inoculated
with fresh urediospores of Pst CYR32 (ST-I) or sterile
water (ST-M) using a paintbrush. After inoculation, the
plants were maintained in dark for 24 h with 100% rel-
ative humidity, and they were subsequently transferred
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to a growth chamber under the same settings as above.
Leaf tissues were sampled at 0, 24, 48 and 120h
post-inoculation (hpi) for RNA extraction.

Construction of RNA libraries
and degradome sequencing

The total RNA for each sample was extracted using
Trizol reagent (Invitrogen, Carlsbad, CA) following the
instructions. Samples were treated with DNAse | to
remove contaminating genomic DNA for 30 min at37°C.
The RNA concentration was determined using a Nano-
Drop 1000 spectrophotometer (Thermo Fisher Scientific,
Waltham, MA).

As wheat and Pst showed an intensive interaction at
the initial infection from 24 to 48 hpi in our previous
histological observation (Wang et al. 2007, Zhang et al.
2012), two miRNA libraries (ST-M and ST-I) were con-
structed using RNAs from 24 hpi, respectively. sSRNAs
(14-28 nt) were isolated from total RNA on a 15% dena-
turing polyacryamide gel electrophoresis (PAGE) gel and
made ready for high-throughput sequencing. Sequenc-
ing was performed using an Illumina Genome Analyzer
following the Illumina protocol. The 24 hpi RNA was
also used for miRNA target identification by degradome
sequencing. The purified cDNA library was used for clus-
ter generation on lllumina’s Cluster Station followed by
sequencing on an lllumina GSlIx following the vendor’s
instructions. For each library, two biological replicates
were included.

Small RNA sequencing data and miRNA abundance
profile analysis

Sequencing data was processed using ACGT101-miR
software (LC Sciences, Houston, TX) for hairpin predic-
tion. Briefly, the raw reads were subjected to the Illumina
pipeline filter (Solexa 0.3), and then the dataset was fur-
ther processed with an in-house program, ACGT101-miR
(LC Sciences, Hangzhou, China) to remove adapter
dimers, junk, low complexity, common RNA families
(rRNA, tRNA, snRNA and snoRNA) and repeats. Sub-
sequently, unique sequences 18-25nt in length were
mapped to wheat species precursors in miRBase 21.0
by BLAST search to identify known miRNAs and novel
3p- and 5p-derived miRNAs. Length variation at the 3’
and 5’ ends and one mismatch inside of the sequence
were allowed in the alignment. The unique sequences
mapping to wheat mature miRNAs in hairpin arms were
identified as known miRNAs. The unique sequences
mapping to the other arm of known wheat species
precursor hairpin opposite to the annotated mature
miRNA-containing arm were considered to be novel
5p- or 3p-derived miRNA candidates. The remaining
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sequences were mapped to other selected species pre-
cursors (Triticum turgidum, Hordeum vulgare, Oryza
sativa, Brachypodium distachyon, Sorghum bicolor, Zea
mays, Aegilops tauschii, Saccharum sp., Saccharum
officinarum, Festuca arundinacea, Elaeis guineensis,
Brassica napus, Brassica rapa, Medicago truncatula,
Glycine max, Populus trichocarpa, Arabidopsis thaliana,
Gossypium raimondii, Solanum tuberosum, Malus
domestica, Arabidopsis lyrata, Prunus persica, Vitis
vinifera, Nicotiana tabacum, Manihot esculenta, Linum
usitatissimum, Cucumis melo, Theobroma cacao, Carica
papaya, Gossypium hirsutum, Solanum lycopersicum,
Ricinus communis, Lotus japonicus, Citrus sinensis,
Cynara cardunculus, Aquilegia caerulea, Rehmannia
glutinosa, Hevea brasiliensis, Panax ginseng, Arachis
hypogaea, Vigna unguiculata, Salvia sclarea, Helianthus
tuberosus, Glycine soja, Digitalis purpurea, Brassica
oleracea, Phaseolus vulgaris, Helianthus annuus,
Citrus trifoliata, Citrus clementina, Bruguiera cylin-
drica, Bruguiera gymnorhiza, Citrus reticulata, Populus
euphratica, Helianthus argophyllus, Helianthus ciliaris,
Helianthus paradoxus, Helianthus petiolaris, Helianthus
exilis, Avicennia marina, Gossypium arboreum, Gossyp-
ium herbaceum, Selaginella moellendorffii, Chlamy-
domonas reinhardtii, Physcomitrella patens, Picea abies,
Pinus taeda, Pinus densata, Cunninghamia lanceolata,
Acacia auriculiformis, Acacia mangium) in miRBase
21.0 by BLAST search, and the mapped pre-miRNAs
were further BLASTed against the wheat genomes to
determine their genomic locations. The unmapped
sequences were BLASTed against the wheat genome
database  (ftp:/ftp.plantgdb.org/download/Genomes/
TaGDB/TAbac175.bz2) and the mRNA database (ftp://
ftp.plantgdb.org/download/Genomes/TaGDB/TAest175.
bz2), and the hairpin RNA structures containing
sequences were predicated from the flank 120-nt
sequences using RNAFoOLD software (http://rna.tbi.univie.
ac.at/cgi-bin/RNAfold.cgi).

High-throughput sequencing abundance profile ana-
lysis was based on the sequence read number of each
library. The first step was to normalize the miRNA
sequence reads in the Pst-inoculated wheat plants and
control plants to tags per million. The calculation of
the P-value to compare miRNA expression between the
different groups (ST-M and ST-I) was based on previ-
ously established methods (Audic and Claverie 1997). All
calculations were performed on the BGI Bio-Cloud Com-
puting platform (http://cloud.genomics.org.cn). miRNA
tags per million of <1 were filtered out of both libraries.

Wheat degradome sequence analysis

Raw sequencing reads were obtained using Illumina’s
PIPELINE V1.5 software following sequencing image
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analysis by Pipeline Firecrest Module and base-calling
by Pipeline Bustard Module. The extracted sequenc-
ing reads were analyzed with the public software
package CLEAVELAND 3.0 and BLASTed with XZ wheat
transcripts generated from the same sample batch.
Annotation of candidate target genes was performed
using the Blast2GO Gene Ontology Functional Anno-
tation Suite (GO) and the Kyoto Encyclopedia of Genes
and Genomes (KEGG). To predict the genes that were
targeted by the most abundant miRNAs, computational
target prediction algorithms (TargetFinder) were also
used to identify miRNA binding sites. The GO terms and
KEGG pathway of the most abundant miRNA targets
were also annotated.

Primer design, cDNA synthesis and qRT-PCR

The procedures for the reverse transcription of miR-
NAs were as previously described (Feng etal. 2012).
First-strand cDNA synthesis of target genes was carried
out according to the manufacturers’ instructions using
the Promega RT-PCR system (Promega, Madison, WI)
with the Oligo (dT);5 primer. The translation elongation
factor 1 alpha-subunit (EF) gene (GenBank accession no.
M90077) was used as a control. Quantitative real-time
polymerase chain reaction (qQRT-PCR) assays were car-
ried out using a CFX96 Real-Time System (Bio-Rad) with
SYBR Green | (Invitrogen) as described before (Feng et al.
2011). Relative transcript levels of miRNAs and corre-
sponding target genes in the Pst-inoculated plants at
each time point were calculated as the fold-change vs
mock-inoculated plants using the comparative 2-4A¢T
method. Experiments were conducted in triplicate using
newly extracted RNA for each replicate. All primers are
listed in Table S5.

Results
Overview of the sRNA sequencing results

Using lllumina high-throughput sequencing, two sRNA
libraries of XZ (ST-I and ST-M) were constructed. The
distinct libraries (ST-I and ST-M) generated 11897 494
and 10848 949 raw reads, respectively (Fig. STA, Sup-
porting information). After removing low-quality and
junk sequences (<15nt), a total of 11702020 and
10647 345 mapped reads were used for further analysis.
Additionally, these mapped reads were compared with
wheat mRNAs using Rfam and Repbase. After discarding
4667796 and 4 334 148 reads, excluding 4 141327 and
3279374 no-hit sequences, the remaining sequences
were analyzed for miRNA prediction (Fig. S1B). Among
these SRNAs, most sSRNAs were 21-ntand 24-ntin length.
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Meanwhile, the nucleotide bias position analysis showed
that the first nucleotide of the miRNA candidates gener-
ally tended to be uracil (U) (Fig. 1).

Identification and bioinformatic analysis
of miRNAs in wheat response to Pst

To explore and identify miRNAs that were specifically
expressed when wheat was challenged with Pst, we
compared the miRNAs in the mock (ST-M) and the test
(ST-I) libraries. A total of 1533 and 1525 miRNAs were
predicted in ST-I and ST-M, respectively (Fig. 2). Most
miRNAs were co-expressed in ST-I and ST-M with only
37 and 29 miRNAs that were specifically expressed in
ST-I and ST-M, respectively. We then mapped unique
sRNAs to known wheat miRNAs (both conserved and
non-conserved) in miRBase database with less than four
mismatches. In total, we have identified 24 conserved
miRNAs from 12 families and 149 non-conserved ones
from 64 families (Table S1).

In addition to detecting known wheat miRNAs, the
high-throughput sequencing data also enabled the dis-
covery of novel miRNAs. We mapped unique sequences
to the miRNAs of selected plants, such as rice, barley
and maize, using miRBase; 145 sRNA could be mapped
to the selected plants. The extended sequences could
potentially form hairpins and could also be mapped to
the Triticum aestivum genome. One hundred-six con-
served miRNAs from 18 miRNA families were identified
in wheat. An additional 39 non-conserved miRNAs from
21 miRNA families were also detected (Table S2).

Other than the data described above, a large number
of sequences remained unmapped to selected miRNAs
in miRBase. Clean reads, excluding reads mapped to
mRNA, Rfam and Repbase, were further mapped to
wheat genome database with no mismatches. We have
annotated a total of 998 novel wheat miRNAs with their
extended sequences for hairpins formation (Table S3).

We also compared relative expression of miRNAs in
Pst-infected wheat to mock-inoculated controls using
the reads’” abundance. Identified wheat miRNAs showed
various expression profiles in our comparison (Fig. 3).

Overview of the degradome sequencing results
and target genes annotation

In higher plants, most miRNAs function by cleav-
ing their corresponding targets, and the cleavage
commonly occurs at the 10" nucleotide of the
complementary region between the miRNA and the
mRNA (Jones-Rhoades et al. 2006). In this study, a
high-throughput degradome sequencing library (DS-I)
was constructed to predict the target genes of miRNA
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Fig. 1. Length distribution and nucleotide bias in each position of miRNAs in wheat.

during compatible interaction between wheat cultivar
Xingzi9104 and Pst race CYR32. All of the miRNA can-
didates were mapped as described before (Addo-Quaye
etal. 2009), 1394 unigenes with 3949 cleavage sites
were predicted as the target genes of 570 miRNAs (Table
S4). From the results of the degradome sequencing, we
found that large numbers of miRNA targets remained
undetected. Among them, the target genes of 16 known
wheat miRNAs were identified, such as tae-miR398,
which plays a role in regulating the expression of
cytosolic Cu/Zn superoxide dismutase. However, the
one-to-one regulation model was not prevalent, many
miRNAs and targets constructed a complex regulation
network (Fig. 4). This finding indicates that the regulatory
mechanisms of miRNAs were very complex.
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To further explore the detailed molecular mechanism
of miRNAs in the compatible interaction between XZ
and Pst, the transcripts, which were predicted as the
targets of miRNAs, were aligned by BLASTX to the NCBI
non-redundant protein database (nr) and the Swiss-Prot
protein database using a cut-off E-value of 107> for the
functional annotation (Fig. S2A). We found that few of
the selections were predicted as known plant genes,
and BLASTX results for Swiss-Prot protein database
and nr database showed mutual hits. Gene functions
of unigenes were classified by Gene ontology (GO)
enrichment analysis. High confidence (similarity >80%)
gene annotations for DS-I library from H. vulgare, B.
distachyon and O. sativa were listed (Fig. S2B, C). These
results indicated that the annotation was reliable. The
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Venn diagrams of detected miRNAs (ST_I vs ST_M)

37 29

Fig. 2. Venn diagrams of detected miRNAs according to sequencing
read number.

Argonaute protein (AGO) annotation indicated that the
target genes were involved in various cellular processes,
such as protein phosphorylation, transcription regu-
lation, oxidation-reduction, ATP-binding, transferase
activity, protein binding, protein kinase activity, DNA
binding and catalytic activity (Fig. 5A). The KEGG path-
way classification indicated that the target genes could
be categorized into six functional groups. The candi-
date targets involved many important physiological and
biochemical metabolisms, and our targets were mainly
focused on carbohydrate metabolism, amino acid
metabolism and energy metabolism (Fig. 5B). It is worth
noting that the targets of miRNAs in wheat belonged to
the mitogen-activated protein kinase (MAPK) signaling
pathway, fatty acid degradation, oxidative phosphory-
lation, cell cycle, ubiquitin-mediated proteolysis and
galactose metabolism (Table 1; Fig. S3). These pathways
are known to be involved in the stress response, and
these annotations provided a valuable resource for inves-
tigating specific processes, especially in plant—pathogen
interactions. Further validation experiments for miRNAs
and predicted corresponding target genes should be
carried out in the future.

Expression profiles of wheat miRNAs
and corresponding target genes during
Pst infection

According to the results of bioinformatic analysis, we
found that several miRNAs showed diverse expression
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Fig. 3. Volcano plot of differentially expressed miRNAs in wheat cultivar
Xingzi 9104 challenged with Pst. For each miRNA, sequence reads were
divided by the total sequence number then multiplied by 1000000
(reads per million).

trends in the wheat response to Pst. To explore the
expression of miRNAs in wheat during Pst infection, 12
miRNAs were selected for qRT-PCR analysis (Fig. 6).
Ata-miR1432-5p, tae-miR1138-p5, ata-miR1432-3p,
PC-3p-7484, tae-miR1847-p3 and ata-miR5084-p5
were upregulated during the Pst infection process, and
ata-miR1432-5p and PC-3p-7484 showed noticeable
induction. Compared with the control, ata-miR1432-5p
showed a stable upregulated trend with 7.28, 15.12
and 7.05-fold upregulation at 24, 48 and 120 hpi,
respectively. The expression of PC-3p-7484 also showed
similar trend, with 33.30, 52.69 and 41.78-fold upreg-
ulation. Meanwhile, tae-miR9670-p5, tae-miR159a-p5,
tae-miR9779,  PC-3p-28137, PC-3p-92379  and
PC-5p-112398 showed a stable expression during
the entire infection progress of Pst.

According to the results of degradome sequencing, we
detected the targets of ata-miR1432-5p and PC-3p-7484.
The targets of ata-miR1432-5p were calcium ion-binding
protein family members, and the target genes of
PC-3p-7484 were ubiquillin, mitochondrial-processing
peptidase, tubby-like F-box protein and a hypothetical
protein.

To confirm whether the targets of ata-miR1432-5p
and PC-3p-7484 were involved in the compat-
ible interaction between XZ and CYR32, the
expression trends of all miRNA targets were
analyzed using gRT-PCR (Fig. 7). The expression of
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Fig. 4. Regulation network constructed with miRNAs and corresponding targets. Several miRNAs and their corresponding targets were selected to
show the complex regulation network. One miRNA regulating several targets and one target being regulated by various miRNAs was the general

phenomenon in this study.

two target genes was not detected, and the other seven
genes showed diverse expression trends. Importantly,
the expression of four target genes of ata-miR1432-5p
was consistent. Although they were all upregulated,
the expression peaks of miRNAs and target genes
were divergent, which indicated that the regulation of
ata-miR1432-5p and calcium ion-binding protein were
true, and they play important roles in the wheat-Pst
susceptibility interaction. As to PC-3p-7484, we found
C81B58D98.1 and F8C1990BA.1 were first upregu-
lated at 24 hpi, and they returned to the control level
at 48 and 120 hpi, whereas OB9EA6007.1 exhibited a
stable downregulation during the entire Pst infection.
Because PC-3p-7484 was highly induced in wheat
challenged with Pst and OB9EA6007.1 was highly
deduced, we hypothesize that OB9EA6007.1 was the
real target gene of PC-3p-7484 in the wheat-Pst sus-
ceptibility interaction, and it also contributed to the

Physiol. Plant. 157, 2016

susceptibility interaction. However, the molecular

mechanism requires further study.

Discussion

miRNAs function in various plant biological progresses
including organ development, phase change and defense
responses (Bartel 2004). By constructing two miRNA
libraries from wheat cultivar Xingzi9104 (ST-M and ST-I),
we managed to reveal miRNAs and their corresponding
target genes during wheat-Pst compatible interactions.
All the mapped reads were analyzed by the length
distribution of sRNAs, and the length distribution of
miRNAs from our database showed consistence with
typical size range for Dicer-derived products (Sunkar and
Zhu 2004). miRNA sequences with a uracil nucleotide
bias in the first position were cloned by loading into
the RNA-induced silencing complex (RISC) with AGO
proteins as described (Mi etal. 2008). We have also
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Table 1. Typical targets of miRNA identified by degradome sequencing.

miRNA names Target annotation Alignment score Category P-value
sbi-miR160a Auxin response factor 8 (Triticum urartu) 2 1 1.95E-03
ata-miR169c-5p CCAAT-binding transcription factor B (Triticum aestivum) 3.5 0 3.10E-03
bdi-miR156a_R-1 Squamosa promoter-binding-like protein 13 (T. urartu) 2 0 4.26E-03
tae-miR9676-5p Acyl-protein thioesterase 2-like (Oryza brachyantha) 2 0 4.26E-03
PC-3p-39861_26 Unnamed protein product (T. aestivum) 3 1 4.79€E-03
tae-miR5175-5p Putative E3 ubiquitin-protein ligase HERC1 (Aegilops tauschii) 0.5 1 4.96E-03
PC-3p-207396_4 Probable protein ABIL1 (Brachypodium distachyon) 4 1 6.20E-03
PC-5p-119764_7 Transcriptional corepressor SEUSS-like (B. distachyon) 2.5 0 7.74E-03
PC-5p-10137_133 Cysteine-rich receptor-like protein kinase 27 (A. tauschii) 2.5 0 7.74€E-03
PC-5p-46690_21 Protein FAR1-RELATED SEQUENCE 4-like isoform X1 (Zea mays) 1.5 0 9.28E-03
hvu-miR6197 Fructose-bisphosphate aldolase (A. tauschii) 2 0 1.27E-02
PC-3p-213573_4 Lipase (T. urartu) 2 0 1.27E-02
ata-miR167f-3p_L-1R+1 Unnamed protein product (T. aestivum) 2 1 1.48E-02
PC-5p-56871_16 Threonine dehydratase biosynthetic, chloroplastic-like (B. distachyon) 4 0 1.62E-02
tae-miR1120b-3p Putative U3 small nucleolar RNA-associated protein 11 (A. tauschii) 1.5 1 1.69E-02
PC-5p-207189_4 Pyruvate kinase, cytosolic isozyme (T. urartu) 3.5 3 2.06E-02

found that the first nucleotide of novel wheat miRNA
candidates tended to be ‘U’ base, which approved the
quality of our sequencing results.

In total, 173 common miRNAs and 1143
wheat-specific miRNAs were identified from our
database, which greatly increased the amount of known
wheat miRNAs. It has been reported that plants express
more species-specific miRNAs than conserved miRNAs
(Li etal. 2012). We also found that the expression
abundance of miRNAs showed a significant difference;
most species-specific mMiRNAs exhibited a much lower
expression level. Highly expressed miRNAs might be
mainly involved in the basic biological pathways,
whereas lower expressed miRNAs are responsible for
regulating specific pathways (Glazov et al. 2008).

Several studies have identified target genes for miRNAs
using degradome sequencing technology (Addo-Quaye
etal. 2009, Li etal. 2010, Yang etal. 2013, Yao etal.
2015); we also detected the target genes for miRNAs by
this technology. In this study, the transcriptome informa-
tion of XZ was used to BLAST the sequence fragment;
thus, the gene mapping and annotation were more
accurate. The discovery of the target genes provided a
valuable resource for investigating the regulatory func-
tion of MiRNAs in the compatible interaction between
XZ and CYR32. GO analysis for biological function indi-
cated that these genes are mainly involved in metabolic
processes and stress responses. In this study, the target
genes of several conserved miRNAs were identified.
For example, the targets of tae-miRNAT60 in XZ were
identified to be auxin response factor 8. In Arabidopsis,
miR160 is involved in auxin signaling via the regulation
of ARF genes (Jones-Rhoades et al. 2006). In rice, Zhou
discovered five ARF encoding genes that are regulated
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by 0sa-miR160 (Zhou etal. 2010). In addition, many
wheat-specific miRNA target genes were also detected,
such as PC-5p-10137_133, the target of which was
predicted to be a cysteine-rich receptor-like protein
kinase 27. However, the target genes of several miRNAs
target genes were not detected in this study, which
could be because of the low expression level and spe-
cific regulation pathway in the compatible interaction
between XZ and CYR32. In previous studies, not all
miRNAs’ target genes were identified using this method
(Addo-Quaye et al. 2009, Li etal. 2010, Zhou etal.
2010). We know that some proteins are non-functional,
even though the corresponding genes are expressed
(Andrews and Hegeman 1976, Lovell 2003). However,
it is unknown whether there were also certain types of
miRNAs that expressed but were non-functional. This
possibility requires further study.

Additionally, we found that miRNAs and target
genes comprise a complex interaction network, not a
one-to-one model. miRNAs may target multiple genes
from the same gene family or genes involved in the same
biochemical pathway. For instance, miRNA398 targets
the whole family of Cu/Zn Superoxide Dismutase (SOD)
genes (Bouche 2010). Interestingly, miRNA398 could
also target gene families that are unrelated to Cu/Zn
metabolism in a solo targeting way (German et al. 2009,
Li etal. 2010). Our initial discoveries of miRNAs and
their corresponding targets during wheat-Pst compatible
interactions will greatly facilitate our knowledge about
the molecular mechanism of wheat susceptibility to Pst.

During the last decade, several wheat miRNAs were
reported to be involved in wheat response to biotic and
abiotic stresses (Xin et al. 2010, Gupta et al. 2012, Akdo-
gan et al. 2015, Eren et al. 2015). In this study, miRNAs
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Fig. 6. Relative transcription levels of miRNAs in wheat response to Pst.
According to the sequencing read number, 12 miRNAs were selected for
transcript accumulation analysis in wheat after challenge with CYR32
(S124, S148 and SI1120). The data were normalized to the expression level
of wheat translation elongation factor 1 alpha-subunit (EF). The relative
expression level of the target genes in the Pst-inoculated plants at each
time point was calculated as the fold-change of the mock-inoculated
plants at that time point using the comparative 2-4A¢T method. The
experiments were repeated in triplicates of independent biological repli-
cates using newly extracted RNA and synthesized cDNA samples.
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Fig. 7. Relative transcription levels of target genes in wheat response
to Pst. Seven identified targets of miRNAs were selected for transcript
accumulation analysis in wheat after challenge with CYR32 (SI24, SI148
and SI1120). The data were normalized to the expression level of wheat
translation elongation factor 1 alpha-subunit (EF). The relative expression
level of the target genes in the Pst-inoculated plants at each time point
was calculated as the fold-change of the mock-inoculated plants at that
time point using the comparative 2~22CT method. The experiments were
repeated in triplicates of independent biological replicates using newly
extracted RNA and synthesized cDNA samples.

were also predicted to be responsive to Pst infection
through bioinformatic analysis. We also used qRT-PCR
to determine the expression level of some miRNAs at
different time points, and we found that they showed
diverse expression trends. Gupta et al. (2012) also found
that the expression of miRNAs showed diverse trends
when wheat was infected by the rust pathogen. It is
interesting to note that the members of the same miRNA
family were differentially regulated in the response
to powdery mildew (Xin etal. 2010). The expression
of detected target genes also showed a diverse trend.
Combining the qRT-PCR results of miRNAs and target
genes, we speculate that calcium ion-binding protein
and ubiquillin can contribute to the compatible interac-
tion positively and negatively, respectively. In another
wheat-Pst interaction, calcium ion-binding protein was
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also demonstrated to be a negative regulator of wheat
resistance (Feng et al. 2011). Biquilins could function as
ubiquitin receptors (Di Fiore et al. 2003), and they would
contact with ubiquitinated proteins either to deliver them
to the proteasome for degradation or to force them enter
other destruction pathways (e.g. autophagy) (Marin
2014). The post-translational modification of proteins
through the ubiquitin-proteasome system serves a crit-
ical regulatory role in most cellular processes. It was
demonstrated that AtUBP12, AtUBP13 and the tobacco
homologue NtUBPI12 are negative regulators of plant
immunity (Ewan etal. 2011). The detailed molecular
mechanism will be explored in further studies.

In conclusion, we discovered a large amount of
miRNAs that are involved in wheat-Pst compatible
interaction by Solexa sequencing technology. We fur-
ther analyzed the expression of some miRNAs, and
the results indicated the significance of miRNAs in the
wheat response to Pst. We also identified the target
genes for the miRNAs, and several genes were related to
stress responses. In addition, we found that the expres-
sion profiles of several miRNAs and the corresponding
targets genes were induced/reduced. Considering their
expression level, we speculate that calcium ion-binding
protein and ubiquillin can positively contribute to the
compatible interaction. The detailed function of miRNAs
in plant susceptibility requires further detailed study.
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