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Susceptible and resistant wheat cultivars show different miRNAs
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Abstract

Septoria tritici blotch (STB) is caused by Zymoseptoria tritici and is one of the most important wheat diseases worldwide.
Molecular mechanisms underlying the resistance or susceptibility of wheat to Z. tritici are not fully known. MicroRNAs
(miRNAs) are endogenous, small, non-coding RNAs known to play roles during biotic and abiotic stresses in most eukary-
otes. To understand their biological function during STB infection, we selected a group of candidate miRNAs, and using
RT-gPCR, assessed their expression in two resistant (Arina) and susceptible (Taichung 29) wheat cultivars at 0, 1, 3, 7, and
10 days post-inoculation. Results showed that tae-miR408 and tae-miR444 were downregulated in susceptible plants, while
they were upregulated in resistant cultivars. In contrast, tae-miR171 was upregulated in both susceptible and resistant culti-
vars at the late stages of infection, indicating that this miRNA may not be involved in the resistant host. On the other hand,
tae-miR 156, tae-miR 159, tae-miR167, tac-miR166b, tae-miR169, and tae-miR393 were differentially expressed in resist-
ant and susceptible cultivars at different time points. Differential expression of these miRNAs in susceptible and resistant
cultivars suggests their potential role in response to pathogen attacks, however, their exact functions and their gene targets
remain unknown. Conclusively, our results provided more insights regarding the role of miRNAs (particularly tae-miR408
and tae-miR444) in STB pathosystem.
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Introduction

Wheat (Triticum aestivum L.) is one of the most important
crops in the world and provides about 55% of human carbohy-
drates (Gill et al. 2004). Wheat plants are constantly exposed
to various abiotic and biotic stresses, which cause consider-
able crop loss and economic damage all over the world (Bray
2000; Ponomarenko et al. 2011; Danon and Eyal 1990). Wheat
Septoria tritici blotch (STB) caused by Zymoseptoria tritici is
one of these serious diseases and estimated to end with 60%
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crop loss in favorable conditions (Somasco et al. 1996). In
recent years, non-coding RNAs (ncRNAs) have received sig-
nificant attention since functional RNAs affect many cellular
processes (Bentwich 2005; Birney et al. 2007; Washietl et al.
2007). Among these small ncRNAs, regulatory RNAs, owing
to their role in regulating the expression of protein-encoding
genes, have been increasingly studied (Khraiwesh et al. 2012.
In plants, based on the biogenesis and function, small regula-
tory RNAs can be divided into two main groups: I) micro-
RNAs (miRNAs) and IT) Small interfering RNAs (siRNAs).
Both types of RNA molecule function as negative regulators
of gene expression (Voinnet 2009). It is well documented that
miRNAs play a crucial role in regulating the expression of
protein-encoding genes via transcriptional target gene silenc-
ing (TGS) such as miRNA-directed DNA methylation and/or
posttranscriptional gene silencing (PTGS) (Khraiwesh et al.
2012) and exert their effect through mRNA translation disrup-
tion or mRNA degradation (Baulcombe 2004; Hannon 2002;
Jones-Rhoades et al. 2006; Axtell and Bowman 2008; Axtell
et al. 2011; Bartel 2004; Brodersen et al. 2008; Khraiwesh
et al. 2010; Xiaoyun and Guiliang 2011). Studies proved the
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functions of miRNAs in response to biotic and abiotic stresses,
modifying and moderating the gene expression and their func-
tions in the plant’s defense system (Khraiwesh et al. 2012;
Zhao et al. 2012; Gupta et al. 2012). The miR393 is the first
reported miRNA that plays a significant role in regulating
Arabidopsis genes in response to pathogens (Navarro et al.
2006). Later, more studies showed the role of miRNAs in var-
ious diseases and pathosystems, including powdery mildew
infection (Xin et al. 2010) and sheath blight disease in rice
(Talesh Sasani et al. 2020).

The discovery and functional characterization of the two
main classes of regulatory RNA molecules including miRNAs
and siRNAs in plants have changed our understanding of the
mechanisms of gene regulation. In plants, miRNAs and siR-
NAs consist of 21 to 24 nucleotides, and both types function
as negative regulators of gene expression (Voinnet 2009). The
major difference between these two classes related to their
genomic origin and biogenesis. The siRNAs are derived from
long double-stranded RNA molecules while miRNAs are single-
stranded RNAs and come from endogenous non-coding RNA
that is mostly found within the introns of larger RNA molecules.
Increasing research has demonstrated that miRNAs play criti-
cal roles in developmental and physiological processes as well
as biotic and abiotic stress responses (Allen and Weiss 2010;
Budak et al. 2015; Lu et al. 2008).

To our knowledge, some research has been performed
regarding the interaction of wheat and Zymoseptoria tritici
(Ma et al. 2020). However, comparative study in suscepti-
ble and resistant cultivars and their predicted target genes
remind to be determined. In this paper, we selected nine
plant conserved miRNAs (miR156, miR159, miR167,
miR171, miR393, miR166b, miR169, miR408, miR444)
that were previously unmasked to play an essential role in
response to biotic and abiotic stresses (Zhao et al. 2012;
Gupta et al. 2012; Navarro et al. 2006; Xin et al. 2010)
and characterized the expression variations of the selected
miRNAs and their possible target genes in resistant (Ari-
ana cv.) and susceptible (Taichung 29) wheat cultivars. We
hypothesized that the expression of selected miRNAs and
consequently the expression of their target genes may dif-
fer in resistant and susceptible cultivars during the Z. tritici
pathogenesis. We inoculated these cultivars with Z. tritici
and monitored the expression of miRNAs and their target
genes at various time points. Data confirmed a considerable
fluctuation in expression of miRNAs.

Materials and Methods
Strains, fungal culture, and inoculation preparation

Seeds of wheat cultivars, Arina (STB resistant cv.) and
Taichung 29 (STB sensitive cv), were kindly provided
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from Wageningen University. The Z. tritici isolate RM155
(IPO2166) was prepared as described previously (Mehrabi
et al. 2015). The yeast-like spores were transferred from -80
°C freezer and were subsequently transferred onto Potato
Dextrose Agar (PDA,potato 200 g/L, dextrose 20 g/L, agar
15 g/L) plates using a sterile fine needle. The plates were
kept at 18 °C for a few days (Somasco et al. 1996; Bentwich
2005; Birney et al. 2007) to allow fungal growth. The Z.
tritici isolate then was propagated in YGM (yeast extract
10 g/L, glucose 20 g/L) using a rotary shaker (150 rpm at 18
°C for 120 h). The obtained yeast-like spores supplemented
with 0.15% Tween 20 were collected, washed with sterile
water, and the concentration was adjusted to 107 spores/mL.
Spraying was done until the whole leaf was wet. Finally, the
prepared inoculum was kept at -80 °C for long-term storage
or inoculation assays.

Inoculation and sample preparation

The wheat seeds were sown into 15 cm diameter pots (Axtell
et al. 2011) containing sterile soil and incubated in a green-
house (16 h light /8 h dark cycle, 20 + 2 °C). Ten-day-old
wheat seedlings (Arina and Taichung 29) were inoculated
(using the device, spores were sprayed on the leaves) with
Z. tritici spores and were kept at 100% relative humidity for
48 h in black plastic bags. Subsequently, the seedlings were
transferred to a greenhouse (85 > % relative humidity, 16 h
light/8 h dark regime, 20 + 2 °C). The negative controls
were inoculated by sterile distilled water without spore. The
sampling was done on day O (before infection), day 1, day
3, day 7, and day 10 after inoculation for treated and control
plants. The prepared specimens were stored at -80 for RNA
extraction.

Total RNA extraction and cDNA synthesis

According to the manufacturer’s protocol, total RNA was
extracted from 0.1 g of the ground samples using Trizol rea-
gent (Ambion, USA). The extracted RNAs were treated by
DNase I (Fermentas, USA) to eliminate any remining DNA.
Then, concentration and the quality of RNA were evaluated
by UV-visible spectroscopy (CECIL-CE2301, England) and
on 1% agarose gel, respectively. Synthesis of the mRNAs
was done by addition of 1 pl of the simple oligo-dT (Table 1)
and 0.5 pl of the random hexamer primers to the 1000 ng
of the extracted RNAs in 0.5 ml microtubes. Mixture was
incubated at 65 °C for 5 min and immediately transferred
into an ice-cold solution. Subsequently, the cDNA syn-
thesis mixture including 1 pul dNTP (40 mM), 4 ul RT
buffer (5X) (Fermentas), 0.1 pl RNase inhibitor (Fer-
mentas), 0.5 pl reverse transcriptase (RT) (Fermentas)
and DEPC- treated water was added up to 20 pl. Mix-
tures were incubated in a thermocycler for 60 min
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Table 1 Some validated target genes of the interested wheat-miRNAs
in Septoria pathosystem

Tae-miRNAs Target gene
Tae-miR156 SBP domain containing protein
Tae-miR159 MYB family transcription factors
Tae-miR-167 Auxin response factor
Tae-miR166 START domin containing protein
Tae-miR-393 Transport inhibitor responsel protein
Tae-miR171 SCARECROW gene regulation
Tae-miR444 MADS-box transcription factor
Tae-miR408 Plastocyanin-like protein, the
chemocyanin-like protein
Tae-miR169 CCAAT-box transcription factor

at 42 °C and then for 10 min at 70 °C. Following the manu-
facture’s protocol, to provide cDNA from miRNAs, RNA
samples were polyadenylated using a poly-A polymerase.
Next, the first-strand cDNA was synthesized using Prime-
ScriptTM 1st strand cDNA synthesis kit (Takara, Japan) and
the addition of anchored Oligo-dT, in a total reaction volume
of 25 pl. All of the synthesized cDNAs were monitored by
2% agarose gel.

In silico miRNA target gene prediction and primer
designing

Sequences of selected miRNAs were extracted from the
miRBase (www.mirbase.org) database, and their target
genes were estimated by employing TarBase (http://diana.
cslab.ece.entua.gr/tarbase), (http://plantgrn.noble.org/
psRNATarget), (http://www.leonxie.com/targetAlign.php),
(http://bioinformatics.psb.ugent.be/webtools/tapir/) online
servers (Table 1) (The alignments were shown in supple-
mentary information 2). The miRNAs sequences were cho-
sen as forward primers (with slight modifications at 3' and
5' ends) together with a universal reverse primer (Table 2).
To design primer pairs for target genes, Oligo7 and Primer3
web (http://primer3.ut.ee, version 4.1.10) tools were used
and further analyzed by IDT-Oligo-analyzer online soft-
ware (http://euidtdna.com/calc/analyser). The specificity of
designed primers was evaluated by NCBI Primer-BLAST
tool (http://www.ncbi.nlm.nih.gov/tools/primer-blast/).
Confirmed sequences were ordered to synthesize at IDT
Co, Belgium.

Quantification of miRNAs expression by Real-time
PCR

In order to study the expression of selected miRNAs in
response to wheat STB diseases, RT-qPCR was performed
by using snRNA-U6 as a house-keeping reference gene. In

Table 2 The sequences of the designed primers in this study

Primer Sequence

miR156-F 5'TGACAGAAGAGAGTGAGCAC-3'
miR159-F 5S'TTTGGATTGAAGGGAGCTC-3'
miR-167 -F 5'"TGAAGCTGCCAGCATGATCT-3'
miR171-F 5'TGATTGAGCCGCGCCAATA-3'
miR-393 -F 5'TCCAAAGGGATCGCATTGATC-3'
miR166b-F 5'"TCGGACCAGGCTTCATTCC-3'
miR169-F 5'-CAGCCAAGGATGACTTGCCG-3'
miR408-F 5'-CTGCACTGCCTCTTCCCTG-3'
miR444-F 5" TTGCTGCCTCAAGCTTGCT-3'
U6-F 5-GGGACATCCGATAAAATT-3'

5-AACTCAAGGTTCTTCCAGTCACG-3'
STTTTTTTTTTTTTTTTTT(v)-3'

5"GCGTCGACTAGTACAACTCAAGGT
TCTTCCAGTCACGACGTTTTTTTTT
TTTTTTTTT(v)-3'

Universal-R

Simple oligo-dT
Anchored-Oligo-dT

SPL-Ta.3711 F: 5'-ACCCAGGAGGCTTCAAAGTT-3'
R: 5'-CAGAGTGCATCTGGGGACTT-3'
Tal38051(GAMYB)  F: 5-GCACCGTGTTTCTGAGAG-3'
R: 5'-CCATTCGAGCCCACTTATTC-3'
B-actin F: 5" TGTTCCAGCCATCTCATGTTGG-3'

R: 5"TCATGCGATCAGCAATTCCAGG-3'

this regard, ABI Real-Time system (Applied Biosystems Ste-
pOne) was set up as follows: 95 °C for 5 min (DNA denatur-
ation, and SYBR Green binding), 45 cycles of 95 °C for 15 s,
53 °C for 20 s, 72 °C for 30 s and a final extension at 72 °C
for 8 min. The experiment was done at two replicates, and
the Non-template (NTC) and the Non-reverse transcriptase
(NRC) samples were used as negative controls to check
master mix and cDNAs, respectively. Polyacrylamide gel
electrophoresis (PAGE) was carried out to verify qRT-PCR
amplification products followed by cloning of the products
in TA-pTG19 cloning vector, transferring into competent
Escherichia coli (DH5a) cells, screening, and plasmid isola-
tion using the plasmid extraction kit (GeneAll, Korea). The
isolated plasmids were subsequently sequenced to confirm
cloning accuracy.

Real-time PCR validation of target genes expression

To evaluate the target genes’ expression pattern, Real-time
PCR was performed using an ABI (Applied Biosystems Ste-
pOne) system with SYBR Green master mix (BioFact, South
Korea) and employing B-Actin as housekeeping gene. The
following thermal cycles were exerted: 94 °C for 15 min, 40
cycles of 94 °C for 30 s, 60 °C for 30 s, 72 °C for 20 s, and a
final extension at 72 C for 8 min. Every sample was repeated
in duplicate, and results were monitored by 2% agarose gel.
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Statistical analysis of real-time PCR data

Data obtained from the treated plants were compared to con-
trol cultivars at the same time points by employing Graphpad
Prism-5 software using the 272ACT method and the expres-
sion fold changes. Correlation between miRNAs and target
genes was analyzed based on Pearson's product-moment
method by Microsoft Excel-2007 software.

Results

Pathogencity assay indicated difference in disease
severity between cultivars

For biological assay, seeds of resistant cultivars (Arina)
and susceptible cultivar (Taichung 29) to STB was sown in
three biological replicates. Seedling were grown in healthy
condition for ten days. Ten days seedlings were inoculated
and treated at favorable condition for disease incidence up
to 20 days after inoculation. Based on assay, Arina did not
show any disease symptom, while Taichung 29 was severely
diseased with chlorosis and complete necrosis at 15 dpi.
Thus, it was no longer possible to extract RNA at 15 dpi

(Fig. ).

PCR analysis confirmed the quality of extracted RNA
and synthesized cDNA

All extracted RNAs and synthesized cDNAs were evaluated
qualitatively by using an agarose gel. Results indicated a
proper RNA extraction with clear ribosomal bands. Addi-
tionally, PCR amplification of the prepared cDNAs using U6
and P-Actin forward primers along with a universal reverse

Fig. 1 Disease development in
susceptible and resistant culti-

A) Sensitive Var. (Taichung 29) B)

primer confirmed the quality of cDNA synthesis as well as
poly-A sequence related to cDNA samples(Fig. 2).

Real time analysis indicated tae-miRNA expression
variations during plant-pathogen interactions

Expression data obtained from RT-qPCR analysis indicated
that candidate miRNAs have different expression pattern at
various time points of pathogenesis process (Figs. 3, 4 and 5).
Based on expression pattern in both susceptible and resistant
cultivars, RT-qPCR analysis proposes three main subgroups
of miRNAs the early-responsive group of miRNAs, includ-
ing tae-miR444 and tae-miR408, which their expression were
suppressed in susceptible cultivar, but provoked in resistant
one immediately after Z. tritici infection (Fig. 3A, B). The
expression pattern in the second group includes tae-miR 156,
tae-miR 159, tae-miR166b, tac-miR167, taec-miR169, and
tae-miR393 was somewhat similar to the pattern of the first
group of (early-responsive) miRNAs. However, they showed
a delayed response compared to the first group (Fig. 4A-F).
Tae-miR171, as the only member of the third group, showed
equally high expression level at the late stage of infection in
both susceptible and resistant cultivars, (Fig. 5).

MiRNAs affect the expression of their target genes
during pathogenesis

To study the effect of miRNAs molecules on their proposed tar-
gets, we selected the SPL-Ta.3711 gene due to its described role
in wheat powdery mildew pathosystem as a transcription factor
and also Ta.138051 (GAMYBI1) gene due to its effective func-
tion in other diseases (Gupta et al. 2012; Xin et al. 2010). These
two genes are targets for miR156 and miR159, respectively
(Supplementary information 2). Co-expression study of the
miR 156 and SPL gene in resistant cultivar indicated a negative
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Fig.2 Extracted RNA and syn-
thesized cDNA from miRNAs
and their target genes. A Quali-
ties evaluation of the whole
extracted RNAs. B Quality of
synthesized cDNAs is tested for
B-Actin housekeeping gene. C
Quality of synthesized cDNAs
is tested for U6 housekeeping
gene. NRC and NTC stand for
no RNA control and no templet
control, respectively
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correlation between their gene expression. Indeed, a significant
negative correlation coefficient of -0.38 (p-value <0.05) was
calculated in which the gene expression level of SPL-Ta.3711
was decreased upon the increase of tae-miR 156 expression and
conversely, is decreased by increasing the expression of SPL-
Ta.3711 gene (Fig. 6A, B). Thanks to the constant expression
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Fig.3 Expression patterns for the first group of miRNAs during
pathogenesis. A tae-miR408. B tae-miR444. If a p-value is less than
0.05, it is showed with one star (*). If a p-value is less than 0.01, it is

of tae-miR 159 in resistant cultivar, we evaluated its expression
correlation with its target gene in susceptible cultivar during
pathogenesis. This assessment illustrated a negative correlation
between miRNA 159 expression and its target GAMYB3 gene,
with a correlation coefficient of -0.18. The results are shown
in Fig. 6C, D.
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Fig.4 Patterns of expression for the second group of miRNAs during the pathogenesis. A tae-miR156. B tae-miR159. C tae-miR167. D tae-

miR166b. E tae-miR169. F tae-miR393
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Fig.4 (continued)

Discussion

Expression of plant genes may differ when plant is growing
in a normal condition from when it is treated with biotic or
abiotic stresses. The difference in gene expression enable
plant to adapt to the imposed stress conditions. Several reg-
ulatory processes are involved in global gene expression.
MicroRNAs are a group of small non-coding RNAs and are
known as regulatory elements of expression for genes that
play important roles in response to stress (Sunkar et al. 2007;
Phillips et al. 2007). Study on several miRNAs showed vari-
ation of expression profiles among plant species and even
among tissues of a same species (Tang et al. 2012). Based
on this evidence, it is valuable to know the role and relation
of miRNAs molecules in disease development.

In this study, the expression patterns of the nine miR-
NAs including tae-miR156, tae-miR159, tae-miR167,
tae-miR171, tae-miR393, tac-miR166b, tac-miR 169, tae-
miR408, taec-miR444 were assessed in two wheat cultivars
Ariana (resistant) and Taichung29 (susceptible) inoculated
with Z. tritici. Data revealed that the expression miRNAs
were changed when plants were inoculated with fungus.
The role of these miRNAs have been previously reported
in response to wheat stem rust (Gupta et al. 2012), wheat
powdery mildew (Xin et al. 2010), and other fungal and
bacterial pathogenes (Zhao et al. 2012; Navarro et al. 2006).

—r—TT T
01 2 3 4 & €6 7 8 9 101
Days after infection

However, this study is regarding the expression pattern of
miRNAs in the wheat STB pathosystem.

Due to their expression profile, these miRNAs were
classified into three main groups. The first group include
tae-miR444 and tae-miR408 that their expression increased
in resistant cultivars in response to Z. tritici (Fig. 4).
Researches have shown that tae-miR408 can regulate the
transcript level of gene active in response to biotic and abi-
otic stresses such as Plantacyanin-like protein, the chemo-
cyanin-like protein (TaCLP1), and the transcripts of several
laccase genes involved in cell-to-cell signaling and lignin
formation (Gupta et al. 2014; Feng et al. 2013). Notably,
such expression changes for genes related to lignin synthe-
sis have also been reported during the interaction of sensi-
tive and resistant cultivars in wheat stem rust pathosystem
(Puccinia graminis f. sp. tritici) (Gupta et al. 2012). Studies
have also indicated that miR444 does affect the plant growth,
stress response, and flowering time of the plant, as well as
the hormonal pathways of gibberellic acid and abscisic acid,
by regulating gene transcripts such as MADS-box transcrip-
tion factors and C3HC4 zinc-binding domain protein fam-
ily (Gupta et al. 2012; Sun 2012; Khong et al. 2015). The
decreased expression of MADS-box 26 caused increased
resistance of rice to two important fungal (Magnaporthe
oryzae) and bacterial (Xanthomonas oryzae) pathogens,
as well as increasing of rice tolerance to water deficiency.
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Fig.5 Patterns of expression for the tae-miR171, as the only mem-
ber of the third group during pathogenesis. If a p-value is less than
0.05, it is showed with one star (¥). If a p-value is less than 0.01, it is
showed with 2 stars (**). If a p-value is less than 0.001, it is showed
with four stars (*¥*%)

However, it did not show any detectable effect on growth
indexes (Khong et al. 2015). Such cases are in agreement
with our findings regarding the increasing expression of tae-
miR444 in the resistant cultivar, which probably reduced
MADS-box expression and thus caused plant resistance. In
wheat stem rust pathosystem, hormonal imbalances also lead
to the response and accumulation of miR444 at the begin-
ning of infection for two days post-infection (dpi), and reten-
tion to its normal level on day ten post-infection (Gupta et al.
2012). Increase of tae-miR444 expression in the wheat Pow-
dery mildew pathosystem (Erysiphe graminis f. sp. tritici)
has been observed after 12 h post-infection (hpi) in suscep-
tible cultivar (Xin et al. 2010), which is consistent with the
early hours of infection in the present study.

Expression of the second group of miRNA genes follow a
similar patterns to the first group, however with some delay.
Their regulation in resistant plant infected with pathogen
indicates their possible roles in response to the pathogen. In
this group, tae-miR 156 is the most important member. In the
present study, the inverse correlation between tae-miR156
expression and transcription factor suggest it as one of the
targets of Tae-miR156 and agrees with the study indicat-
ing its possible role to stress resistance (Fig. SA) (Wang
and Wang 2015). For tae-miR159, although significant
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increase in expression level was observed in beginning of
fungal infection on susceptible cultivar, its expression was
suppressed after three dpi (Fig. 5B) (Somasco et al. 1996).
In contrast to susceptible ones, the expression level of tae-
tae-miR 159 in resistant cultivars was induced from seven
dpi onwards (Fig. 5B). The expression of miR159 at late
time points may decrease expression level of its target genes
required for full development and sporlation of fungus. Pre-
vious studies have introduced the MYB transcription factor
family genes as the tae-miR159 target genes (Wang et al.
2012). This family of transcription factors plays a vital role
in the growth and hormonal signaling pathways, secondary
metabolites, disease resistance, cell shape, and plant devel-
opment (Du et al. 2009; Eulgem 2005). Investigation of the
barley-Blumeria graminis f. sp. hordei interaction showed
that the expression level of tae-miR 159 in susceptible culti-
var is increased at 12 hpi; however, the expression level of
MYB is decreased. (Dagdag 2009). Nevertheless, the precise
role of MYB transcription factor in resistance to fungal dis-
eases needs to be studied.

The other four members of group 2 are tae-miR 166b, tae-
miR167, tae-miR169 and tae-tae-miR393. The expression
of tae-miR 167, taec-miR 169 and tae-miR393 in resistant cul-
tivar follow similar patterns to tae-miR156 and tae-miR159
inducing about 7dpi, however the expression of tae-miR169
was decreased after 7 dpi at the necrotrophic stages of the
pathogenesis (Fig. 5C-F). Expression of tae-miR166b fol-
lowed similar pattern to tae-miR169, but at very low level.
The expression pattern of tae-tac-miR167 in the biotrophic
stage and its increase in the fungal necrotrophic stage agrees
with the research of Yang et al. (Yang et al. 2006). Auxin
Response Factor (ARFs) transcription factors have been iden-
tified as tae-miR167 target genes (Yang et al. 2006; Rhoades
et al. 2002; Ljung et al. 2002). This function is through the
cooperation of tae-miR167 with tae-miR393 and miR160
via precise adjustment of auxin assessment and its signaling
(Soltani et al. 2006; Sunkar et al. 2012). It is illustrated that
tae-miR393 affects the auxin signaling pathway by regulation
of auxin receptors Transport Inhibitor Response 1 (TIR1)
and AFB family members (Auxin signaling F-Box proteins)
(AFB1, AFB2, AFB3) (Navarro et al. 2006; Xin et al. 2010).
These results are consistent with previous studies regarding
the role of auxin hormone involvement in plant susceptibil-
ity to disease (Navarro et al. 2006). Accumulation of auxin
hormone in susceptible cultivar of barley and its absence
in resistant cultivar (Dagdas 2009) during interaction with
Blumeria graminis f. sp. hordei indicates the role of TIR1
and ARFs as target genes of miRNAs, specially tae-miR393
in regulation of plant immunity (Navarro et al. 2006). Expres-
sion level of tae-miR169 in resistant cultivar to barley pow-
dery mildew is higher than susceptible cultivar, and it shows
the negative expression correlation with its target gene in the
resistant cultivar (Dagdas 2009). It has been reported that
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Fig.6 Correlation analysis of the expression for miRNAs and their
targets. A Reverse correlation between the expression of tae-miR156
and SPL-Ta.3711. B Negative correlation coefficient of miR156
and SPL-Ta.3711 transcripts in resistant cv. C Converse correlation

in rice and Arabidopsis, the expression of the CCAAT-box
transcription factor is controlled by miR169 (Combier et al.
2006; Abdel-Ghany and Pilon 2008). Low expression level
of tae-miR 169 in the susceptible cultivar and expression in
biotrophy stage of fungal on resistant cultivar suggest its role
in the biotrophic stage of pathogenicity.

The remaining molecule is tae-miR171, the only member
of the third group, which showed a similar growing expres-
sion pattern in both susceptible and resistant cultivars at the
late stages of infection (Fig. 6). It seems that tae-miR171
may not play a pivotal role in resistance or susceptibility
in the studied pathosystem. Studies on wheat stem rust dis-
ease have shown that the expression level of tae-miR171
is reduced in both resistant and susceptible strains (Gupta
et al. 2012). This difference may originates from the type of
pathosystem, level of stress, experiment conditions and type
of studied plant tissue (Wang et al. 2011).

between the expression of tae-miR159 and GAMYB3. D Negative
correlation coefficient of miR159 and GAMYB3 transcripts in the
susceptible cultivar

Conclusion

Collectively, based on the expression patterns of the stud-
ied miRNAs, it seems that tae-miR156, tae-tae-miR159,
tae-miR167, tae-miR393, tac-miR166b, tac-miR169, tae-
miR408, and tae-miR444 are possibly involved in the wheat
septoria pathosystem. In adddition, based on their induction
time and their expression pattern, they are classified into
three main groups comprising the early-responsive group,
the delayed responsive group, and the non-responsive group.
Fungus Z. tritici is a hemibiotrophic fungus and has a bio-
trophic stage (up to the 7dpi) in which no disease symptom
is visible and a necrotrophic stage in which leaf chlorosis and
necrosis occurs on susceptible cultivar (Ponomarenko et al.
2011). The expression pattern of plant miRNAs at the switch-
ing stage of biotrophy to necrotrophy has changed. This
suggest that for each type of life stage a different group of
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transcription factors and their downstream genes are respon-
sive to infection. Finding molecular markers in asymptomatic
situations of wheat STB disease is of great importance, which
could pave the way for the early detection of the disease.
Although the studied miRNAs predominantly showed spe-
cific and disease-related responses in both susceptible and
resistant cultivars. Rapid response and high expression levels
of tae-miR408 and tae-miR444 in both cultivars introduces
them as good biomarkers for early detection of disease. How-
ever, their expression patterns in different wheat cultivars
with various degrees of resistance to Z. tritici needs to be
assessed carefully.
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