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Abstract  
The plant-pathogen interaction is a multifactor process that may lead to resistance or susceptible 
responses of plant to pathogens. During the arms race between plant and pathogens, various biochemical, 
molecular and physiological events are triggered in plant cells such as ROS signaling, hormone activation 
and gene expression reprogramming. In plants, microRNAs (miRNAs) are key post-transcriptional 
regulators of gene expression and are involved in several cellular processes including response to 
environmental stress. In recent years, plant pathologists have presented a logical approach of plant 
immune system as zigzag based model that includes two phases of immunity, PTI and ETI in which 
miRNA molecules are determinant regulators. Here, we present an overview of miRNA biology, a brief 
explanation of plant immune systems in zigzag model, the role of phytohormones and miRNAs in plant 
immunity with a main focus on Arabidopsis-Pseudomonas interactions and finally we discuss our results 
on miRNA expression in lemon-Xanthomonas interactions. 
Keywords: Effector-Triggered immunity, miRNAs, PAMP-Triggered immunity, Plant immune systems. 
 
Introduction  
Crop plants  are often exposed to 
various environmental stress  factors 
which severely affect crop production 
(Board and Kahlon, 2011). Plant 
responses to different stresses are highly 
complex and involve changes at the 
transcriptome, cellular, and physiolog-
ical levels. Through an evolutionary 
process, plants have evolved specific 
mechanisms that allow them to detect 
precise environmental changes and 
respond to the stress condition, 
minimizing damage while conserving 
valuable resources for growth and 

reproduction. (Atkinson and Urwin, 
2012).  
Under conditions generated by pathogen 
attack, host plants must be able to 
orchestrate adaptive responses according 
to these circumstances in order to 
survive (Dodds and Rathjen, 2010). 
Plant immunity is controlled by a 
complex signaling network depending 
on cell-autonomous events. Indeed, 
plants rely on the innate immunity of 
each cell and on systemic signals 
emanating from infection sites (Ausubel, 
2005; Dangl and Jones, 2001). Some 
parts of plant immunity systems may be 
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established on natural or modified 
mineral (Hassabi et al., 2014a), organic 
(Hassabi et al., 2014b) and biochemical 
(Hassabi et al., 2014c) compositions of 
plant tissues. The sensing of biotic stress 
conditions induces signaling cascades 
that activate ion channels, kinase 
cascades, production of reactive oxygen 
species (ROS) and accumulation of 
hormones such as salicylic acid (SA), 
ethylene (ET), jasmonic acid (JA) and 
abscisic acid ABA (Bari and Jones, 
2009; Jones and Dangl, 2006). These 
signals ultimately induce expression of 
specific subsets of defense genes that 
lead to the assembly of the overall 
defense reaction (Jones and Dangl, 
2006). In an attempt to reduce the 
damage of stress and adapt to their 
environment, plants have evolved 
multiple gene regulatory mechanisms 
involving transcriptional, post-transcrip-
tional and post-translational regulation 
(Hirayama and Shinozaki, 2010).  
Small non-coding RNAs (ncRNAs), 
which consist of 20–24 nucleotides (nt), 
have been increasingly investigated as 
important regulators of protein-coding 
gene expression; these small RNAs 
function by causing either transcriptional 
(TGS) or post-transcriptional gene 
silencing (PTGS) (Baulcombe, 2004). 
Our understanding of the complexity of 
plant’s responses to stress has been 
enhanced by the discovery of ncRNA 
species which play crucial regulatory 
roles (Ruiz-Ferrer and Voinnet, 2009). 
MicroRNAs (miRNAs) are a class of 
ncRNAs that exist in most eukaryotic 
genomes. Over the past decade, miRNA 
molecules have emerged as critical post-
transcriptional regulators of animal and 

plant genomes (Bartel, 2004; Carrington 
and Ambros, 2003). miRNAs are 
involved in development, signal trans-
duction, protein degradation, response to 
environmental stress and pathogen 
invasion, and regulate their own 
biogenesis (Unver et al., 2010; Dugas 
and Bartel, 2004). Plants miRNAs were 
initially described in Arabidopsis 
thaliana (Ehrenreich and Purugganan, 
2008) and since then, an increasing 
number of miRNAs has been identified 
in plants (Jones-Rhoades and Bartel, 
2004). The levels of conserved and 
species-specific miRNAs change in 
response to different pathogens in plants, 
providing new avenues for the 
investigation of plant signalling in biotic 
stresses (Ruiz-Ferrer and Voinnet, 
2009). Recently, authors successfully 
detected and analyzed three conserved 
miRNAs (mir159, mir167 and mir398) 
in Citrus×Limon (lemon) infected by 
Xanthomonas using stem-loop qRT-PCR 
(Alizade et al., 2014).  
This review explains in detail the 
miRNA biogenesis and function in 
plants. Subsequently, plant immune 
system and the role of phytohormones 
and plant miRNAs in this system will be 
discussed with a focus on bacteria-
responsive miRNAs.  
 
Plant immune systems 
Over the last 25 years, researches have 
led to an increasingly clear conceptual 
understanding of the molecular 
components of the plant immune system 
(Dangl et al., 2013). Currently, the 
evolutionary development of the plant 
immune system is represented as a 
zigzag model (Figure 1) (Jones and 
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Dangl, 2006). In accordance with this 
model, plant pathologists discriminate 
two phases of plant immunity: PTI 

(PAMP-Triggered Immunity) and ETI 
(Effector-Triggered Immunity). 
 

 

 
Figure 1. The recommended zigzag model in plant immunity (Jones and Dangl, 2006). In phase 1, plants 
detect PAMPs (red diamonds) via PRRs to trigger PTI. In phase 2, successful pathogens deliver effectors 
that interfere with PTI, or otherwise enable pathogen nutrition and dispersal, resulting in effector-
triggered susceptibility (ETS). In phase 3, one effector (indicated in red) is recognized by an NB-LRR 
protein, activating ETI, an amplified version of PTI that often passes a threshold for induction of HR. In 
phase 4, pathogen isolates are selected that have lost the red effector, and perhaps gained new effectors 
through horizontal gene flow (in blue)—these can help pathogens to suppress ETI. 

 
PTI is induced where the first level of 
microbe recognition is performed by 
membrane proteins termed pattern 
recognition receptors (PRRs), which 
perceive molecular signatures charac-
teristic of a whole class of microbes, 
termed pathogen-associated (or microbe-
associated) molecular patterns (MAM-
Ps/PAMPs) (Medzhitov and Janeway., 
1997). ETI as a second phase of plant 
immunity is mediated by intracellular 
nucleotide-binding leucine-rich repeat 
receptors (NLR) that recognize the 
presence or the activity of specific 
microbial effectors (García and Hirt, 
2014). Although PTI and ETI employ 
distinct immune receptors, they seem to 
use a similar signaling network (Tsuda et 
al., 2009) and activate a largely 

overlapping set of genes (Zipfel et al., 
2006; Navarro et al., 2004), with the 
paradigm that activated immune 
responses in ETI occur quicker and are 
more prolonged and more robust than 
those in PTI (Jones and Dangl, 2006; 
Tao et al., 2003). ETI amplifies PTI 
responses and is normally associated 
with the appearance of localized cell 
death lesions known as hypersensitive 
response (HR) (Figure 1) (Heidrich et 
al., 2012). In plants, HR is defined as a 
rapid cell death that causes necrosis to 
restrict the growth of a pathogen (Morel 
and Dangl, 1997). Following PAMPs 
perception, a series of downstream 
defense responses are triggered inclu-
ding ion fluxes, MAPK (mitogen-
activated protein kinase) cascade 
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activation, ROS (ROS) production, 
defense gene expression, callose (β-1->3 
glucose polymer) deposition, stomatal 
closure, hormone activation and gene 
silencing (Nicaise et al., 2009).  
Recent progresses have been made in 
understanding the complex hormone 
network that governs plant immunity. 
Downstream of PTI or ETI activation, 
diverse plant hormones act as central 
players in triggering of the plant immune 
signaling network (Pieterse et al., 2009; 
Bari and Jones, 2009).  
 
The role of phytohormones in plant 
immunity 
The plant hormones ethylene, jasmonic 
acid and salicylic acid play a central role 
in the regulation of plant immune 
responses (Robert-Seilaniantz et al., 
2011; Vlot et al., 2009). In addition, 
other plant hormones, such as auxins, 
ABA, cytokinins, gibberellins and 
brassinosteroids that have been 
thoroughly described to regulate plant 
development and growth, have recently 
emerged as key regulators of plant 
immunity (Kazan and Manners, 2009; 
Ton et al., 2009). 
SA plays a crucial role in plant defense 
and is generally involved in the 
activation of defense responses against 
biotrophic and hemi-biotrophic patho-
gens as well as the establishment of 
systemic acquired resistance (SAR) 
(Grant and Lamb, 2006). HR develop-
pment is usually accompanied by an 
increase in SA and an accumulation of 
defense related proteins such as the 
pathogenesis related (PR) proteins (Vlot 
et al., 2008). By contrast with SA, JA 
and ET are involved in resistance to 

necrotrophic pathogens and herbivorous 
insects (Beckers and Spoel, 2006). 
Although SA and JA/ET defense 
pathways are mutually antagonistic, 
evidences of synergistic interactions 
have also been reported (Mur et al., 
2006; Kunkel and Brooks, 2002).  
The phytohormone ABA plays regula-
tory functions in many aspects of plant 
growth and development including seed 
germination, embryo maturation, leaf 
senescence, stomatal aperture and 
adaptation to environmental stresses 
(Wasilewska et al., 2008). In general, 
ABA is shown to be involved in the 
negative regulation of plant defense 
against various biotrophic and necro-
trophic pathogens (Thaler and Bostock, 
2004; Audenaert et al., 2002). ABA was 
shown to attenuate SA-mediated resis-
tance at later infection stages and can 
also suppress callose deposition in 
response to PAMPs (De Torres-Zabala et 
al., 2007).  
Many biotrophic pathogens could 
synthesize auxin or auxin-like molecules 
to promote disease symptoms in many 
plants (Navarro et al., 2006). Treatments 
with the auxin analogs 2,4-
dichlorophenoxyacetic acid (2,4-D) or 1-
naphthalacetic acid (NAA) enhance 
disease symptoms in Arabidopsis 
infected by Pseudomonas syringae pv. 
tomato (Pst) DC3000 (Chen et al., 
2007). Gene expression analysis of 
sweet orange leaves treated with auxin 
analogs suggested that auxin affects GA 
synthesis in citrus as it occurs in 
numerous plant species (Cernadas and 
Benedetti, 2009). Auxin transport 
inhibitor, naphthylphthalamic acid can 
attenuate canker development of sweet 
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orange infected by Xanthomonas citri 
pv. citri, but NAA can provoke more 
serious disease symptoms (Cernadas and 
Benedetti, 2009). As auxin and 
gibberellin hormones are core signals in 
cell division and growth, they are 
suggested to play key roles in 
contributing to citrus canker symptoms 
(Cernadas and Benedetti, 2009).  
 
A comprehensive overview of miRNA 
History of discovery 
miRNAs were first found and 
characterized in a worm, Caenorhabditis 
elegans; Lin-4, a mutant worm which 
lost many adult structures and 
developmental plasticity (Lee and 
Ambors, 2001; Lau et al., 2001). It was 
observed that no protein sequences were 
encoded by this gene but were 
transcribed into RNA in wild-type 
worms (Lee et al., 1993). Another worm 
mutant, let-7, followed a similar pattern 
in gene expression (Moss, 2000). In both 
cases, the primary transcripts were sliced 
into smaller RNA fragments and finally 
into a sRNA with about 21nt in length, 
which is now known to be a miRNA. 
Lin-4 or let-7 miRNAs act as negative 
regulators of gene expression by 
annealing with their target mRNAs 
(Moss, 2000), resulting in time-
dependent regulation of developmental 
phase change.  
The importance of miRNA in plants was 
first demonstrated by Palatnik et al 
(2003). They showed that the gene locus 
responsible for the mutation in 
Arabidopsis mutants (JAW mutants), did 
not encode any protein. The transcript 
generated from this locus, had the 
potential to produce a miRNA. They 

showed that the miRNA was produced in 
the wild-type plants but not in jaw 
mutants (Palatnik et al., 2003). The 
miRNA partially complemented to 
mRNA sequence encoding the so-called 
TCP proteins, which are a class of 
transcription factors (TCP) (Palatnik et 
al., 2003).  

Genomic location of miRNA-encoding 
genes (MIR genes)  
In the recent years, the vast majority of 
conserved and novel microRNAs have 
been discovered by small RNA deep 
sequencing. These technologies are 
making it quickly possible to identify 
novel microRNAs as well as they are 
published and submitted to a database. 
Among the databases exist for miRNA 
information, miRBase (www .mirbase 
.com) is the most valid source for the 
biological studies. miRBase is the source 
for miRNA information includes 
databases of sequences and predicted 
targets, as well as an official name 
registry for new miRNA genes. In the 
Arabidopsis plant whose genome has 
been fully sequenced, over 100 miRNA 
encoding loci have been identified 
(Ehrenreich and Purugganan, 2008; 
Bonnet et al., 2004). miRNA-encoding 
(MIR) genes are frequently expressed 
individually, but many exist in clusters 
of 2–7 genes with small intervening 
sequences. Experimental results suggest 
that they are expressed co-
transcriptionally, which indicates that 
they are under the control of common 
regulatory sequences (Lee et al., 2002; 
Lau et al., 2001). Other miRNA genes 
are usually located in intergenic regions, 
some in the introns of known genes, and 
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even within the expressed sequence tags 
(ESTs) (Lim et al., 2003). In addition, 
MIR genes are excised from the introns 
and exons of non-coding genes 
(Rodriguez et al., 2004), or even from 
the 3-UTR of protein-coding genes (Cai 
et al., 2004). In mammalian genomes, it 
is also possible to find miRNAs in 
repetitive regions, and some studies 
suggest that transposable elements may 
be involved in the creation of new 
miRNAs (Smalheiser and Torvik, 2005). 
 
miRNAs Biogenesis 
Most characterized eukaryotic MIR 
genes are RNA polymerase II (Pol II) 
transcription units that generate a 
primary miRNA transcript called a pri-
miRNA, therefore pri-miRNAs can be 
subjected to elaborate transcriptional 
control (Lee et al., 2004). miRNA 
biogenesis in animals is a two-step 
process (Figure 2) (Lee et al., 2002). In 
the first step, pri-miRNAs, which are 
several hundred nucleotides long, are 
processed by a nuclear multiprotein 
complex (Microprocessor) containing an 
enzyme called Drosha (nuclear RNase 
III type) into a 70~90nt hairpin long 
precursor miRNA (pre-miRNA) which is 
then exported to the cytoplasm (Lee et 
al., 2003). This cleavage event is 
important because it predetermines 
mature miRNA sequence and generates 
optimal substrate for the subsequent 
events (Lund et al., 2004; Lee et al., 
2003). The nuclear export is elicited by a 
complex of Exportin 5 (Exp5) and Ran-
GTP which selectively bind pre-
miRNAs and protect them from 

exonucleolytic digestion (Lund et al., 
2004). In the cytoplasm, the second step 
takes place where the pre-miRNA is 
cleaved by cytoplasmic RNase III Dicer 
into 22nt miRNA duplex (miRNA: 
miRNA duplex), with each strand 
originating from opposite arms of the 
stem–loop (Hutvágner and Zamore, 
2002). The duplex strand with the 
weakest 5 end base pairing is then 
selected as the mature miRNA and the 
remaining strand, called miRNA*, is 
degraded (Tomari et al., 2004). In 
general, the miRNA strand is then 
integrated in a ribonucleoprotein 
complex known as the (mi)RNA-
induced silencing complex (miRISC or 
RISC) or miRNA-containing ribonu-
cleoprotein particles (miRNPs) (Lau et 
al., 2001). 
miRNA biogenesis in plants differs from 
animal biogenesis mainly in the steps of 
nuclear processing and export (Figure 2) 
(Millar and Waterhouse, 2005). All 
maturation steps of plant miRNAs are 
processed by Dicer-like proteins (Jones-
Rhoades et al., 2006). In plants, 
miRNAs seem to be fully matured into a 
single stranded miRNA before being 
exported to the cytoplasm by a 
homologue of Exp5 termed HASTY 
(HST) and integrated into the silencing 
complex (Park et al., 2005; Bartel, 
2004). The enzymes for miRNA bio-
genesis are under feedback regulation by 
miRNAs (Jones-Rhoades et al., 2006) 
and this feedback regulatory mechanism 
is deeply conserved among diverse plant 
species (Xie et al., 2010). 
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Figure 2. A comparative view of miRNA biogenesis and action in plant and animal. The Drosha gene 
that is responsible for processing of pri-miRNA to pre-miRNA in animals is absent from plant genomes; 
this function is performed by the plant Dicer-like 1 (DCL1). In animals, miRNA/miRNA duplex is 
formed in the cytoplasm by Dicer endonucleolytic activity. In contrast, all maturation steps of plant 
miRNAs occur in the nucleus. Depending on the level of miRNA-mRNA complementarity, miRNA in 
animals acts as translational repressor whereas plant miRNA is considered for its mRNA decay activity. 
 
miRNAs Function  
In an Overall view, miRNAs regulate 
gene expression by inhibiting mRNA 
translation and/or facilitating mRNA 
degradation (Voinnet, 2009). Post-trans-
criptional control of gene silencing by 
miRNAs is a ribonucleoprotein-driven 
process, which involves specific RNA 
binding proteins, miRNAs and their 
mRNA targets (Cava et al., 2014). To 
this end, mature miRNA assembles into 
RISC, activating the complex to target 
mRNA specified by the miRNA (Pratt 
and MacRae, 2009). Members of the 
Argonaute (AGO) protein family are 
central to RISC function (Pratt and 

MacRae, 2009). A key component in the 
miRNA pathway is AGO1, which 
predominately binds mature miRNAs to 
cleave the target mRNA or represses 
translation depending on the level of 
miRNA-mRNA complementarity (Oka-
mura et al., 2004). AGOs contain four 
characteristic domains: the N-terminal 
domain; the PAZ domain, which binds 
the 2nt overhang of the 3 end of the 
mature miRNA; the MID domain, which 
provides a binding pocket for the 5 
phosphate of mature miRNAs; the PIWI 
domain, which adopts an RNase H fold 
and has endonucleolytic activity in 
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some, but not all, AGOs (Ma et al., 
2005; Parker et al., 2005). 
miRNAs and their targets seem to 
constitute remarkably complex regu-
latory networks since a single miRNA 
can bind to and regulate many different 
mRNA targets and, conversely, several 
different miRNAs can bind to and 
cooperatively control a single mRNA 
target (Lewis et al., 2003). In animals, 
miRNAs are considered to act mainly as 
translational repressors by their partially 
complementary binding to specific 3-
UTR regulatory elements on target 
mRNAs (Lai, 2002), although target 
sites in the coding region and 5-UTR 
can also be functional (Lytle et al., 2007; 
Kloosterman et al., 2004). On the other 
hand, plant miRNAs frequently cleave 
and thus induce immediate degradation 
of the target mRNAs and are often 
almost perfectly complementary to sites 
in the coding region (Ehrenreich and 
Purugganan, 2008), as well as in the 3-
UTR (Sunkar and Zhu, 2004), and even 
in the 5-UTR (Millar and Waterhouse, 
2005). The functions of plant miRNAs 
are highly diverse and have essential 
roles in regulating plant growth, 
organogenesis, pattern formation, organ 
polarity, and hormone homeostasis 
(Voinnet, 2009).  
 
miRNAs involvement in plant immunity  
In dealing with pathogens, host plants 
can establish defense responses against 
pathogens which involve rapid changes 
in gene expression, hormone and 
metabolite levels (Sunkar et al., 2012). 
Plant small RNAs have been demon-
strated as critical regulators in gene 
expression reprogramming during both 

PTI and ETI establishment (Padma-
nabhan et al., 2009; Voinnet, 2008). In 
Arabidopsis, the first reported miRNA 
contributing to antibacterial resistance 
was miR393 which plays a role in PTI 
response by regulating the auxin signa-
ling pathway (Navarro et al., 2006). It 
has been shown that bacterial PAMP 
flg22 rapidly induces the miR393 
expression which targets receptors of 
auxin (AFBs receptors) (Figure 3) 
(Navarro et al., 2006; Jones-Rhoades 
and Bartel, 2004). Perception of auxin 
by AFBs leads the degradation of the 
AUX/IAA protein, and subsequently 
activates auxin response genes by 
derepressing the auxin-response factor 
(ARF) transcription factors (Figure 3) 
(Chapman and Estelle, 2009). Fahlgren 
et al., (2007) reported that miR393 can 
be significantly induced at 3h post-
inoculation (hpi) by nonpathogenic Pst 
DC3000 hrcC, a strain responsible for 
the induction of initiate immunity. In 
addition, miR160 and miR167 up-
regulated by Pst DC3000 hrcC at 3-hpi 
rather than mir393 (Rhoades et al. 
2002). mir160 and mir167 target the 
members of Auxin-responsive factor 
(ARF) family that are involved in auxin 
signaling pathway (Figure 3) (Li Y et al., 
2010). Thus, three bacteria-responsive 
miRNAs (mir160, mir167 and mir393) 
suppress the auxin signaling and 
contribute to the PTI in plants. Auxin is 
a plant hormone which has growth-
promoting role and is antagonistic to 
SA-mediated resistance (Wang et al., 
2007). Upon perceiving the pathogen 
PAMPs, these miRNAs are induced to 
rapidly repress the auxin signaling and 
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shift the energy from plant growth to 
defense responses. 
In Arabidopsis-pseudomonas interaction 
model, some miRNAs are induced which 
target negative defense response 
regulators and a group of miRNAs 
targeting positive regulators (e.g. 
resistance genes) are repressed upon 
bacterial infection (Ruiz-Ferrer and 
Voinnet, 2009). miR398 is down-
regulated in response to avirulent strains 
of Pst DC3000 (avrRpm1) or Pst 
DC3000 (avrRpt2) at 12-hpi and 

continued until 24-hpi (Jagadeeswaran et 
al., 2009). The targets of miR398 are 
Cu/Zn superoxide dismutases 1 and 2 
(CSD1 and CSD2) (Figure 3) (Bonnet et 
al., 2004). These enzymes decrease 
superoxide (as a form of ROS) levels by 
converting it to H2O2 and O2 (Figure 3) 
(Draper, 1997). It has been found that 
miR398 negatively regulated PAMP 
induced callose deposition (Li et al., 
2010). 
 

 

 
Figure 3. The regulatory role of responsive miRNAs in Arabidopsis-pseudomonas interaction. Arrows 
indicate positive regulations and diamond arrows indicate inhibitions. It has been shown that microRNAs 
inhibit protein production of their target genes and consequently lead plant biosystem toward regulation 
of hormone signaling and HR. 
 
The repertoire of known bacterial-
responsive miRNAs has increased and 
includes several families, such as 
miR159 involved in ABA signaling and 
miR319 (Zhang et al., 2011; Fahlgren et 
al., 2007). miR159 is down-regulated by 
Pst DC3000 (EV) and Pst DC3000 
(avrRpt2) at 6-hpi, but up-regulated by 
Pst DC3000 (avrRpt2) at 14-hpi (Zhang 
et al., 2011). miR159 targets 

transcription factors MYB33, MYB65 
and MYB101, the homologous genes of 
the barley GAMYB that activates 
Gibberellin (GA)-signaling pathways 
(Figure 3) (Reyes and Chua, 2007; 
Millar and Gubler, 2005). MYB33 and 
MYB101 act as positive regulators of 
ABA signaling pathways in Arabidopsis 
(Figure 3) (Reyes and Chua, 2007).  
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Northern blot analysis showed that 
mir319 is induced by Pst DC3000 hrcC 
and Pst DC3000 (avrRpt2) at 14-hpi 
(Zhang et al., 2011). miR319 targets 
TCP (TEOSINTE BRANCHED/ 
CYCLOIDEA/PCF) transcription factor 
family genes which directly regulate 
LIPOXYGENASE2 (LOX2) (Figure 3) 
(Schommer et al., 2008). LOX2 encodes 
a chloroplast-localized enzyme that is 
responsible for the first step in the JA 
biosynthesis pathway.  JA signaling is 
usually antagonistic to SA signaling 
(Overmyer et al., 2003), while SA 
signaling is important for plant defense 
against biotrophic pathogens, including 
Pst.  
 
A case study on miRNA time-
dependent expression in lemon-
Xanthomonas interaction 
Xanthomonas citri subsp. citri strain A 
(Xc) with a broad host range is causal 
agent of citrus canker disease and is 
considered as one of the most 
devastating biotic stresses affecting the 
citrus industry (Brunings and Gabriel, 
2003). Citrus canker is characterized by 
pustule-like lesions that raise on both 
surfaces of the leaf and which later 
become corky and surrounded by a 
watersoaked margin with a yellow halo 
(Schubert et al., 2001). Canker lesions 
can also develop on stems and fruits 
(Schubert et al., 2001) and are thought to 
be the result of intense cell division 
(hyperplasia) and expansion (hyper-
trophy) that occurs in the host tissues 
after pathogen infection (Brunings and 
Gabriel, 2003). Xanthomonas fuscans 
subsp. aurantifolii strain C (XaC) has a 
narrower range of citrus hosts which are 

restricted to some citrus-producing areas 
in South America (Schubert et al., 2001). 
In addition, XaC induces HR in various 
citrus species including Citrus × Limon 
(lemon) (Brunings and Gabriel, 2003).  
Expression analysis of conserved 
miRNAs including mir159 involved in 
gibberellin and ABA signaling, mir167 
involved in auxin signaling and mir398 
involved in detoxification of ROS 
demonstrates a time-dependent 
expression regulation during seven hours 
(0.5, 3, 6, 12, 24, 48 and 72) after lemon 
leaves infection by Xc and XaC 
(Alizadeh et al., 2014). It seems that the 
expression patterns of the miRNAs 
follow a rather zigzag model in lemon-
Xhanthomonas interaction. According to 
the results, all three miRNAs are 
significantly induced at 6-hpi (Table 1). 
mir159 and mir167 gene expression 
follow a similar pattern upon both strains 
infection. After induction at 6-hpi, the 
high levels of mir159 and mir167 
expression are reduced upon Xc 
infection whereas abundance of 
transcripts maintained at high levels in 
response to XaC.  
The expression patterns in response to 
Xc suggest that mir159 and mir167 may 
contribute to inhibition of disease 
development through their down-
regulatory roles in gibberellin and auxin 
signaling, respectively. Upon XaC 
infection, the expression patterns of 
mir159 and mir167 suggest probable 
roles in HR induction for both miRNAs. 
On the other hand, a stable level is 
observed after 6-hpi induction for 
mir398 gene expression in response to 
both strains. Opposite regulation patterns 
of mir398 gene expression in this study 
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compared to previous studies mention 
different strategy in mir398 regulation in 
various plant-pathogen interaction 
systems. The study eventually concludes 
that mir159 and mir167 can be 
investigated in future as major nods in 
lemon gene regulation network in order 

to develop the resistance to citrus canker 
and also proposes 6-hpi as a critical time 
for future studies to develop a model of 
gene expression regulatory network in 
lemon-Xanthomonas interaction.  
 

 
Table 1. The fold change (FC) values of selected miRNAs after three post inoculation times in 
lemon-Xanthomonas strains interaction. The FC value was reported as Log 2 (Ratio). The Ratio 
was calculated using efficiency-based mathematical model (Pfaffl, 2001).  

Strain Xc XaC 
Time (h) 6 12 48 6 12 48 

 
mir159 

 

 
6.985327 
 

 
-3.44701 
 

 
-0.27441 
 

 
1.819573 
 

 
2.463257 
 

 
3.065113 
 

 
mir167 

 

 
5.628179 
 

 
-0.18154 
 

 
-0.26342 
 

 
1.460915 
 

 
1.94406 
 

 
1.965262 
 

 
mir398 

 

 
3.183962 
 

 
-1.71882 
 

 
1.546557 
 

 
2.724107 
 

 
2.803568 
 

 
0.266999 
 

 
Future perspectives  
In recent years, Identification and 
characterization of plant miRNAs and 
their targets in biotic stresses have 
demonstrated the importance of small 
RNAs machinery in plant immunity. 
miRNAs have central roles in gene 
expression reprogramming and 
balancing the host immune responses 
and fitness costs during host-microbial 
interaction. Despite the many 
experimental methods and computational 
approaches developed in order to solve 
the mystery of miRNAs involved 
networks, there is a need for a global and 
comprehensive understanding of the 
functions of miRNAs to provide 
adequate insights for conferring plant 
resistance to pathogens.  
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  چکیده

ممکن است منجر به ایجاد پاسخ حساسیت یا مقاومت گیاه  کنش گیاه و پاتوژن یک فرآیند چند عاملی است که برهم

گر،  هاي اکسیژن واکنش رسانی گونه در طی این مبارزه، تغییرات مختلفی همچون پیام. میزبان به پاتوژن مهاجم شود

کلیدي کنندگان  در گیاهان ریز آر ان آها تنظیم. شود ریزي مجدد بیان ژن در گیاه آغاز می فعالیت هورمونی و برنامه

هاي محیطی  شوند و در فرآیندهاي متعدد سلولی همچون پاسخ به تنش بیان ژن در سطح پس از رونویسی محسوب می

هاي گیاهی یک الگوي منطقی را براي سیستم ایمنی گیاه با عنوان  هاي اخیر متخصصان بیماري در سال. درگیر هستند

و ایمنی حاصل از  PAMPایمنی به نام ایمنی حاصل از شناسایی اند که شامل دو فاز  مدل زیگزاگ ارائه کرده

در این . کننده در تنظیم این دو فاز هستند هاي ریز آر ان آ داراي نقشی تعیین است و مولکول  effectorشناسایی

نقش  هاي ایمنی گیاه بر اساس مدل زیگزاگ، شناسی ریز آر ان آها، توضیح مختصري از سیستم مطالعه، کلی از زیست

و در  Arabidopsis-Pseudomonasکنش  هاي گیاهی و ریز آر ان آها در ایمنی گیاه با تاکید بر مدل برهم هورمون

هاي  کنش لیمو و استرین ي انجام شده را بر روي بیان ریز آر ان آهاي کاندیدا در برهم نهایت نتایج کلی مطالعه

Xanthomonas  شدارائه.  

ریز هاي ایمنی گیاه،  ، سیستمeffector ، ایمنی حاصل از شناساییPAMPز شناسایی ایمنی حاصل ا: کلمات کلیدي

 .آر ان آ

 


