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Abstract Many of biochemical or physiological processes can

be regulated by non-coding RNAs as well as coding RNAs in

plants, animals and microbes. Recently, many small RNAs

including microRNAs (miRNAs) and endogenous small

interference RNAs (siRNAs) and long non-coding RNAs have

been discovered from ubiquitous organisms including plants.

Biotic and abiotic stresses are main causal agents of crop losses all

over the world. Much efforts have been performed for

understanding the complex mechanism of stress responses. Up to

date, many of these researches have been related with the

identification and investigation of stress-related proteins, showing

limitation to resolve the complex mechanism. Recently, non-

coding RNAs as well as coding genes have been gradually

interested because of its potential roles in plant stress responses as

well as other biophysical aspects. In this review, various potential

roles of non-coding RNAs, especially miRNAs and siRNAs, are

reviewed in relation with plant biotic and abiotic stresses.
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Introduction

The biochemical and physiological complexity of eukaryotes can

not be explained merely by the number of protein-coding genes

(Ponting et al., 2009). Most of the genome in organisms are

transcribed, but only a small portion of total transcripts, especially

in eukaryotes, encode for proteins, thus producing many of non

coding RNAs. Non-coding RNAs include microRNAs (miRNAs),

small interfering RNAs (siRNAs), small nuclear RNAs (snRNAs),

piwi interacting RNAs (piRNAs), small nucleolar RNAs (snoRNAs),

signal recognition particle (SRP) RNAs, some transcripts such as

natural antisense 4 transcripts (NAT), and those derived from

transposon or retrotransposon-rich regions (Kawaji and Hayashizaki,

2008). Of the non coding RNAs, major classes of small RNAs are

miRNAs and siRNAs, which differ each other in their biogenesis.

After the first description of miRNAs in Caenorhabditis

elegans (Lee et al., 1993), miRNAs have been mainly discovered

from Arabidopsis, Oryza sativa, Zea mays, Populus trichocarpa,

Saccharum officinarum, Sorghum bicolor, Medicago truncatula,

and Glycine max etc. Important roles of small RNAs in plants

were first suggested in relation with growth and development

(Mallory and Vaucheret, 2006). Many of miRNAs exhibit tissue-

or developmental stage-specific patterns of expression. miRNAs

control the expression of target genes under the basic mechanism

of binding to reverse complementary sequences, resulting in an

appropriate regulation of target RNAs. siRNAs show a similar

structure, function, and biogenesis as miRNAs but are biosynthesized

from long double-stranded RNAs, often resulting in DNA

methylation at target sequences. Small RNAs in eukaryotes have

been known to be involved in development, apoptosis, stem cell

self-renewal, differentiation and maintenance of cell integrity,

removal of intronic sequences during splicing, site specific RNA

modification, and telomere synthesis etc. In addition to these

biological functions, some small RNAs also play roles in various

stress responses in plant as well as in animal. These responses

include oxidative, nutrient deficiency, dehydration, drought, soil

salinity, extreme temperature, or mechanical stress (Gao et al.,

2011; Li et al., 2011; Khraiwesh et al., 2012). Plants appear to

respond to environmental stresses through regulation of their

genes including small non-coding RNAs as well as coding RNAs.

Thus, investigating how small RNAs regulate gene expression

would be helpful to understand the role of small RNAs in biotic

and abiotic stress responses. It has been speculated that many of

small RNAs including miRNAs have been conserved or evolved

in response to various biotic and abiotic stresses in plants.

Tolerance of abiotic and biotic stress in plants is a complex

procedure and belongs to one of the extensively studied field up
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to now. In an attempt to ameliorate tolerance of plant stress, more

thorough understanding of the transcriptional, post-transcriptional

and post-translational changes during stress might be necessary.

Furthermore, each of these regulations plays individually and/or

together with various combinations.

Non-coding small RNA mediated post-transcriptional gene

regulation is particularly of interest, because they show the ability

to regulate protein coding genes which are related with gene

families or genes involved in the same pathway. Up to date,

several small RNAs have been investigated for the roles in plants.

Development of miRNA chips and next gene sequencing

technology also gives unprecedented chances to find these small

RNAs. In this paper, some non-coding RNAs are reviewed for the

better understanding of plant stress and their regulatory

mechanisms. In addition, we also highlight specific examples of

small RNAs, which might play important roles in plant biotic and

abiotic stress responses.

Biogenesis of Non Coding RNAs

On the analogy that although many eukaryotic genomes transcribe

up to 90–95% of the genomic DNA, only low proportion of total

transcripts encodes proteins, it can be speculated that non-coding

RNAs might have other important roles than previously assessed

(Costa, 2010). Many small RNAs are derived from long non-

coding RNAs (Rother and Meister, 2011). miRNAs are about 20–

22 nucleotides (nts) non-coding RNAs that specifically base pair

to their target mRNAs and induce, in general, the cleavage of

target mRNAs or repress their translation at the post-transcriptional

level in plants and animals.

The biogenetic mechanisms of miRNAs show some differences

between plants and animals. In plants, primary miRNA transcripts

(pri-miRNA) are produced by the aid of polymerase II. A

ribonuclease III-like nuclease (Dicer-like 1, DCL1) processes the

pri-miRNA with the assistance of other enzymes, in the nucleus,

yielding a precursor miRNA (pre-miRNA) and subsequently

mature miRNA:miRNA duplex (Jones-Rhoades et al., 2006;

Mallory and Vaucheret, 2006). The duplex is then transported to

the cytoplasm, unwound and then incorporated into the RNA-

induced silencing complex (RISC) (Bartel, 2004). The miRNA

sequence assists the RISC complexes for the specific binding to

the target sequence (Llave et al., 2002). In animals, processing of

the pri-miRNA occurs by the RNAse III Drosha in the nucleus

and produces an intermediate precursor miRNA (pre-miRNA).

Then this is further processed by Dicer activity in the cytoplasm.

The mature miRNA is also incorporated into the RISC complex

(Kim, 2005). Many similarities have been also observed between

plant and animal miRNA systems, with some exceptions. In

animals, Drosha is involved in the first step of miRNA

biosynthesis, but DCL1 is involved in plants in this biogenesis.

Majority of plant miRNAs are originated from single primary

transcript loci in the intergenic regions. But many of animal

miRNAs are produced from polycistronic transcripts from

intergenic loci of chromosome and produced from introns. 

Up to date, several characteristics of miRNAs have also been

known to be different between plant and animal origins. In general,

sequences of plant miRNAs show less conservation than animal

miRNAs. In both plants and animals, miRNAs are derived from

long single strand RNAs which fold and show imperfect hairpin

double strand RNAs. Whereas siRNAs are biosynthesized from

perfectly paired double-stranded RNA precursors, which are

derived either from antisense transcription or by the mechanism of

cellular RNA-dependent RNA polymerase. Long double-stranded

RNAs (dsRNA) are cleaved to 21 to 24 nts by dsRNA-specific

RNAse III-type Dicer enzymes (Sunkar and Zhu, 2007), resulting

in siRNAs. siRNAs are incorporated into RISC-containing argonaute

proteins, thus RISC complex can cleave the complementary target

transcripts (Jones-Rhoades et al., 2006). Up to date, four different

types of siRNAs have been known in plants as follows: natural

transcripts-derived siRNAs (nat-siRNAs), trans-acting siRNAs

(ta-siRNAs), repeat-associated siRNAs (ra-siRNAs), and long

siRNAs (lsiRNAs). Nat-siRNAs are derived, in general, from the

transcription of convergent overlapping genes and are primarily

processed by DCL2. RNA polymerase IV is, in general, required

for the production of nat-siRNAs followed by cleavage of

transcripts of gene. Although RNA polymerase IV is required for

the biogenesis of these siRNAs after infection of bacteria, it does

not appear to be directly involved in transcription of the convergent

gene, suggesting that function of RNA polymerase IV in these

events is independent of DNA templates (Katiya-Agawal et al.,

2007). Proteins involved in the siRNA biogenesis and histone

modification have been known and many of these proteins are

conserved in eukaryotes. Among them, argonaute is a key protein

which plays in the siRNA-mediated chromatin modification. This

protein binds to siRNAs and perform other RNA processing and

histone modification (Morris, 2005). In general, plants have been

known to contain only several hundred miRNAs, whereas huge

numbers of endogenous siRNAs are found. However, biological

role of siRNAs as well as miRNAs have been, mostly, remains

unknown.

Biochemical Mechanism of Non Coding RNAs

Many miRNAs show, especially in animals, imperfect sequence

complementarity with their target genes. Therefore, miRNAs are

formerly thought that these are not related with mRNA cleavage,

but with the regulation or translation by a RISC-dependent

mechanism. However, it has been shown that miRNAs can induce

degradation of mRNA in both plants and animals, thus regulating

gene expression (Chendrimada et al., 2007; Meister, 2007; Eulalio

et al., 2008). In general, post-transcriptional modification plays an

important role in regulating gene expression. The stability of

mRNAs can be regulated by variety of signals through binding on

specific sequences of target RNAs. Among various signals,

specific RNA-binding proteins (RBPs) are involved in non-coding

RNA associated regulation. In this case, RBPs bind to untranslated
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regions (UTRs) of mRNAs, thus regulate the stability, translation,

or localization of the mRNA (Heredia and Jansen, 2004).

Regulation of specific miRNAs can be different between

diverse plant species. For example, expression of miR159 in

Arabidopsis was affected by gibberellins, showing an altered gene

regulation (Achard et al., 2004; Wang et al., 2004). However,

regulation of this gene in rice seedling remained unaltered in

response to the same application of gibberellins (Tsuji et al.,

2006). Sequence conservation of miRNAs may not directly

related with conserved functions as shown by the observation that

ptr-miR473a, ptr-miR478a, and ptr-miR482 show different roles

between Populus and rice (Lu et al., 2005). Regulatory differences

in plants and animals are also found. In many plants, miRNAs

regulate their gene expression by degradation of the target genes,

but miRNAs in animals mainly perform the regulation by

translational repression using targets at the 3'-UTR. However,

there would be some exceptions that act contrary to this observation.

One of the most evident differences between plant and animal

miRNAs seem to be the location of miRNA binding sites in their

target genes. Binding sites of plant miRNAs are, almost, located

within the open-reading frames of the target genes, often at the

intron/exon splice junctions and show one site per target mRNA.

In this case the binding occurs after the excison of the intron (Xie

et al., 2003). However, the binding sites of animal miRNA target

genes are usually within the 3'-UTR of the mRNAs. In some

plants, miRNA binding sites can be also in the 3'-UTRs (Sunkar

and Zhu, 2004).

In plants and animals, their specificity of miRNAs shows, in

general, some differences. In plants, miRNAs may contain one

single mRNA complementary sequence for the open reading

frame of target gene and most corresponding miRNAs generally

show a perfect complementarity to these sites and cleave the target

mRNAs (Bartel, 2004). However, animal miRNAs often bind to

their target mRNAs by imperfect complementarity at multiple

sites of the 3'-UTR.

Role of Non-coding RNAs in Abiotic Stress of Plant

Small RNAs in plants were reported not only to regulate complex

developmental or physiological mechanisms, but also stress

responses against environmental conditions. Post-transcriptional

gene regulation might be occurring under biotic or abiotic stresses

conditions and these small RNAs appear to be involved in the

adaptive regulation in plants. The roles of miRNAs for adaptive

response against various stresses were, first, suggested from the

analysis of target genes in stressed Arabidopsis, since novel

miRNAs were found in stressed plants, which were not found in

normal plant (Jones-Rhoades and Bartel, 2004). It seems that

these small RNAs might be involved in the stress-regulated gene

expression through post-transcriptional gene silencing (Jones-

Rhodes and Bartel, 2004; Sunkar and Zhu, 2004). Various

environmental stresses, in plants, cause overexpress or underexpress

miRNAs, thus resulting in novel miRNAs which might be

involved in the adaptive response against various stresses

(Navarro et al., 2006; Sunkar and Zhu, 2007). It has been reported

that stress responsive miRNAs were ubiquitously found in plants

including Arabidopsis, Polulus, soybean, or other plants (Gao et

al., 2011; Li et al., 2011; Khraiwesh et al., 2012). The stresses

include nutrient deficiency (Fuji et al, 2005), cold (Zhou et al.,

2008), salinity (Liu et al., 2008), drought (Zhou et al., 2010),

mechanical shock (Lu et al., 2005), and bacterial infection

(Navaro et al., 2006). Many stress-related miRNAs have been

identified in plants, which were subjected to biotic or abiotic

stresses. Plant miRNAs, in general, execute their biological

functions through negative regulation of specific targets.

Twenty five non-coding RNAs were shown to be over or under

expressed under heat shock or starvation conditions in C. elegans

(He et al., 2006). Similarly, 130 miRNAs were expressed against

various abiotic stresses including drought, salinity and alkalinity

in G. max (Li et al., 2011). Several novel miRNAs were identified

from the Arabidopsis at the stage of seedling which were induced

under abiotic stresses including cold, dehydration, high salt and

abscisic acid and constructed as a library of small RNAs (Sunkar

and Zhu, 2004). Liu et al. (2008) analyzed 117 miRNAs in

Arabidopsis, which were induced in response to salinity, drought,

and low temperature. In Arabidopsis, there are about 2,000

antisense gene pairs, and many of these genes have been reported

to be involved in the responsive adaptation against environmental

stimuli (Borsani et al., 2005). Profiling and analysis of miRNAs

were also performed from rice, which was cultured under drought

stress (Zhou et al., 2010). From Populus genome, 48 miRNAs

were identified, which were suggested that most of these miRNAs

have relation with development, stress, and biotic defense (Lu et

al., 2005). The authors observed that plant miRNAs could be also

induced by mechanical stress and may be involved in defense

system for structural and mechanical adaptation.

Up to date, some miRNAs have been investigated with more

detailed functions in relation with their roles against abiotic

stresses (Table 1). For example, some miRNAs in Arabidopsis

were identified, which appear to regulate several genes such as

superoxide dismutase, laccases, and ATP sulfurylases (Jones-

Rhoades and Bartel, 2004). miR395, one of miRNAs, has not

been found in plants which were grown under standard conditions,

but the expression of miR395 was known to be increased by

sulphate starvation. This miRNA regulates the genes that encode

ATP sulfurylases APS1, APS3 and APS4, thus resulting in the

catalysis of the first step of inorganic sulfate assimilation (Sunkar

and Zhu, 2004). miR393 was found to be up-regulated by

dehydration, cold, salinity, and abscisic acid treatment. Expression

of osamiR393 in rice also increased against abiotic stresses

including salinity and alkaline stresses, however, over-expression

of this miRNA was estimated to be harmful for the host rice (Gao

et al., 2011). miR397b and miR402 were only slightly up-

regulated by these treatment (Khraiwesh et al., 2012). Expression

of miR408 can be induced by tension stress and compression

stress in xylem tissues in populus trees, indicating that miR408

shows a major role in the structural and mechanical fitness of
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woody plants (Lu et al., 2005). It has been shown that sulfate

starvation resulted in the up-regulation of miR395, miR398 and

miR408 in Medicago, which were also over-expressed in response

to drought stress (Trindade et al., 2010).

For the same effector, expression of miRNAs could be different

depending on stress condition. For instance miR160 and miR417

were down-regulated in response to abscisic acid in Arabidopsis,

whereas miR169 and miR393 were up-regulated (Jia et al., 2009).

There is a good example which shows multiple target of one

miRNA. miR398 have two target SODs (CSD1 and CSD2) and

miR395 targets both sulfate transporter and 3 ATP sulfurylases

(Sunkar and Zhu, 2007). All of these genes are implicated in

sulfate assimilation. Similar to miR395, miR399 was not detectable

in plants grown under normal condition, but the miRNA was

inducible during low-phosphate condition. miR399 regulates an

ubiquitin-conjugating enzyme (UBC), and UBC encoding mRNA

accumulation is decreased under low-phosphate condition, which

might induce the phosphate transporter gene AtPT1 and delay

primary root elongation (Fuji et al., 2005). A specific miRNA is,

often, expressed in response to various stresses as described above

but, contrary to these observations, there is an example of miRNA

which shows narrow specificity of miRNA against various stress

conditions in the sense of expression. For instance, miR319c was

induced by cold but not by other treatments of stress. Many

miRNAs seem to be up-regulated under various stress conditions,

however some miRNAs have been reported to be down-regulated

against these stresses. miR389a was down-regulated by many of

abiotic stresses (Khraiwesh et al., 2012).

In addition to miRNAs, endogenous siRNAs have often been

found in stressed plants, suggesting that these siRNAs seem to

play important roles in stress response (Sunkar and Zhu, 2004).

The first nat-siRNAs involved in abiotic stress were discovered in

Arabidopsis, which induced the small RNAs in response to high

salt stress (Borsani et al., 2005). nat-siRNAs have been steadily

discovered from the antisense pairs of genes and can be inducible

under stress conditions, suggesting that these nat-siRNAs as well

as miRNAs might play roles in response to various stress in plants

(Kanno and Habu, 2011). On the other hand, it was observed that

GC content of stress-regulated miRNA sequences significantly

increases (Mishra et al., 2009). Thus GC content could be one of

parameters for predicting stress-regulated miRNAs in plants. In

addition to these miRNAs, long non-coding RNAs have been also

observed to be related with the gene regulation in response to

various stress conditions in plants and animals (Prasanth and

Spector, 2007; Sunkar and Zhu, 2007). A long non coding RNA,

COOLAIR (cold induced long antisense intergenic RNA) is a

FLC (Flowering Locus C) antisense transcript, which is induced

in response to cold in Arabidopsis and shows a role in the

epigenetic silencing of FLC (Swiezewski et al., 2009). In

Arabidopsis, 22 putative long non-coding RNAs are regulated in

response to phosphate starvation, salt, or drought stress (Ben et al.,

2009).

Collectively, the miRNAs as well as other non-coding RNAs

play not only as negative regulators of genes but also positive

regulators of genes against various stresses in plants.

Biotic Stress in Plant

In addition to the role of miRNAs in the response of abiotic stress,

a number of miRNAs and siRNAs in plants have been also

reported to be related with various biotic stresses including

pathogenic bacteria, viruses, fungi infections, and nematodes

(Ruiz-Ferrer and Voinner, 2009; Katiyar-Agawall and Jin, 2010).

Changes in the level of these small RNAs might play important

roles in gene expression and in adjusting the responses of plant

against wide range of pathogens. A defense of plant against viral

invasion is an important example of an interaction between plant

and pathogen, which is mediated by small RNAs. In this case,

however, these small RNAs are induced not from plant but from

virus, thus regarding as exogenous small RNAs in the sense of its

origin. Unlike viral invasion, endogenous small RNAs are also

induced in host plants against bacterial, fungal or other microbial

attack and then plays its important roles. It has been gradually

shown that gene silencing is widely evolved in plant immunity.

Studies on the interaction between plant and microbe have been,

often, focussed on transposon or siRNA-mediated RNA silencing.

The first miRNA involved in plant defense was miR393 which

was discovered in Arabidopsis (Navarro et al., 2006), and then

some micro RNAs have been found in relation with plant defense

(Table 2). miR393 is considered as a conservative miRNA family

which is found in a variety of plants. miR393 regulates auxin

signaling by binding to auxin receptors transport inhibitor

response 1 (TIR1), auxin signaling F-box protein 2 (AFB2) and

AFB3. Expression of miR393 in Arabidopsis increased against

artificial treatment of microbes such as bacterial flagellin 22

(Navaro et al., 2006) or Pseudomonas (Fahlgren et al., 2007).

Therefore, miR393 can be expressed not only in response to biotic

stresses but also to abiotic stresses, as described above. miR1-39

Table 1 Examples of microRNAs related with abiotic stress in plants

miRNAs target proteins references

 miR159 MYB transcription factor Zhou et al., 2007

miR168 AGO1 (argonaute protein) Liu et al., 2008

miR169 NFY transcription factor Zhao et al., 2009

miR171 SCL protein Zhou et al., 2007

miR319 T complex protein Zhou et al., 2007

miR393 F-box AFB Navaro et al., 2006

miR395 APS (adaptor protein) Sunkar and Zhu, 2004

miR396 GRF transcription factor Liu et al., 2008

miR397 Laccases, beta-6-tubulin Liu et al., 2008

miR398 Superoxide dismutase 1,2 Jia et al., 2009

miR399 UBC24 protein Bari et al., 2006

miR408 Plastocyanin Liu et al., 2008

miR162 DCL1 (Dicer-like protein) Xie et al., 2003

miR403 Ago2 (argonaute protein) Allen et al., 2005

miR168 AGO1 (argonaute protein) Vaucheret et al., 2004
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regulates a gene coding for a mucin-like protein which produces

dense sugar coating which serves as a protection against pathogen

invasion. miR408 is related with a defense by interaction with the

genes coding for a copper ion binding protein, and also with

electron transporter or phytocyanin homolog (Isam et al., 2007).

It has gradually shown that many host siRNAs can be induced

or suppressed by various pathogen attack. Many of eukaryotes,

which have diverse mechanisms for viral infections, use siRNA-

mediated RNA silencing in order to protect against invasive

viruses. The antiviral immunity results from the production of

virus-derived siRNAs (viRNAs) (Ding and Vionnet, 2007). When

viruses attack plants, dsRNAs are produced by aid of viral- or

cellular-encoded RNA-dependent RNA polymerases and then

processed to siRNAs by cellular Dicer-like enzymes (Akbergenov

et al., 2006). siRNAs which were derived from the negative strand

of viral RNAs can lead cleavage of complementary positive-

strand viral RNAs, thus this mechanism can decrease in viral

accumulation (Baulcombe, 2004). Whereas, many viruses encode

proteins which can suppress the siRNA pathway, thus allowing

invasive viruses infect host plants (Dunoyer and Vionnet, 2005).

Co-infection of two viruses, one of which can suppress the siRNA

antiviral response and the other can not impede the antiviral

reaction, often results in a successful infection for both viruses.

This phenomenon is referred as viral synergism, where the latter

virus benefits from the siRNA-suppressing activity of the former

virus (Untiveros et al., 2007).

The first nat-siRNAs involved in defense response were found

from Arabidopsis which was infected with Pseudomonas syringe

(Katiyar-Agawal et al., 2007). Longer siRNAs (30–40 nts) were

also found, which were induced by bacterial infection (Katiyar-

Agawal et al., 2007). nat-siRNAATGB2, an endogeneous siRNA,

has been proven to contribute to the resistance of RPS2-mediated

disease, which repressed PPRL, a putative negative regulator of

the RPS2 resistance pathway (Katiyar-Agawal and Jin, 2010).

Resistance of Arabidopsis against fungal invasion was known

to be induced by post-transcriptional gene silencing when RNA

silencing mutants sgs2, sgs3, ago7, dcl4, nrpd1a and rdr2 were

examined, which exhibited enhanced susceptibility to Verticillium

strains (Ellendorff et al., 2009). Tobacco mosaic virus (TMV)

containing a partial stretch of phytoene desaturase (PDS) was

known to silence the transcription of PDS mRNA in host plant,

tobacco (Carr et al., 1992), illustrating a gene silencing by a virus

for the first time.

Introduction of miRNA or siRNA complementary sites within

plant viral genomes was reported to result in the selection of

mutant viruses (Simon-Mateo and Garcia, 2006). These results

imply that virus can not only encode RNA silencing suppressors,

but also can escape targeting by accumulation of mutants within

small RNA target sequences. Some viral suppressors interfere

with not only the siRNA-mediated immune response, but also

with the miRNA pathway. This observation seems to be related

with common pathway, which is shared, each other, between

miRNA and siRNA pathways (Dunoyer et al., 2004). Inhibition of

the miRNA or endogenous siRNA pathway could be beneficial to

some virus, however the mechanism could be detrimental to host

plant (Takeda et al., 2005). On the other hand transgenes can also

activate the plant siRNA-mediated immune response by

producing RNAs which mimic viral RNA structure or titer,

resulting in the production of dsRNA and subsequently siRNAs

that induce transgenes to degrade mRNAs (Shami et al., 2007).

Mutation in AGO4 was shown to increase the susceptibility of

Arabidopsis to P. syringae infection (Agorio and Vera, 2007).

Ago4 is one of components in the RNA-directed DNA

methylation pathway (RdDM) and it is believed to play a role in

recruitment of cytosine methylation machineries to genomic

regions which is homologous to the 24 nts heterochromatic

siRNAs (Agorio and Vera, 2007). It was known that deficiencies

in the RdDM pathway do not affect the resistance of plant against

P. syringe (Agorio and Vera, 2007). Thus it is suggested that the

function of AGO4 in the bacterial stress is distinct from the

function of AGO4 in the RdDM pathway. This protein may be

similar to that of other AGO proteins in miRNA and trans-acting

siRNA (ta-siRNA) pathways (Mallory and Vaucheret, 2010). In

contrast to bacteria, the roles of AGO4 in defense against viral

infection might be related with the roles in the RdDM pathway,

since mutants in other genes which are necessary for RdDM such

as nrepd2, dcl3, drm1 and drm2, were reported to be more

hypersensitive to geminivirus infection (Raja et al., 2008).

Collectively, pathogen-responsive small RNAs can cause post-

transcriptional gene silencing by inducing mRNA cleavage or

translational repression, thus resulting in transcriptional gene

silencing. Even though the expressions of miRNAs or siRNAs

Table 2 Examples of microRNAs related with plant defense system

miRNAs target proteins host plants references

miR1-39 a mucin-like protein Physcomitrella Isam et al., 2007

miR160-3 phatogenesis-related protein Physcomitrella Isam et al., 2007

miR408 plastocysnin Physcomitrella Isam et al., 2007

miRNAs defense response Populus Lu et al., 2005

miR393 F-box protein, AFB1 Arabidopsis Navarro et al., 2006

miR393 auxin receptor, TIR 1 Arabidopsis Fahlgren et al., 2007

miR156 SBP-transcription factor Arabidopsis Bazzini et al., 2007

miR160 ARF10 (auxin response factor) Arabidopsis Navaro et al., 2008

miR167 ARF8 (auxin response factor) Arabidopsis Liu et al., 2008
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have been often observed, function or physiological mechanism

does not apppear to be fully elucidated in relation with biotic

stress.

Conclusion and Perspective

Gradual advances in transcriptomics show that non-coding RNAs

are now recognized as an important functional expression of the

genome. Considering the complex mechanism induced by small

RNAs, it is evident that identification and characterization of

many small RNAs are of interest in the light of many regulatory

processes. It is important to mention that only small number of

small RNAs have, up to date, been shown to be of biological

significance, i.e, showing distinct target mRNAs.

It appears that expression levels of miRNAs or siRNAs in

plants vary against environmental stresses. Inducible miRNAs

seem to show, often, broad specificity for their target genes under

biotic or abiotic stresses, with some exceptions. The evolution of

miRNAs seems to be accompanied with the alteration of its

function which are presumably resulted from the process of

genome-wide duplication, tandem duplication and segmental

duplication and sequential dispersal and diversification. Thus

miRNAs can be exploited just like master regulators because a

specific miRNA in response to stress can regulate more than one

gene simultaneously. Besides miRNA in plant, miRNAs in animal

have been reported to be involved in various stresses.

In general, the research of miRNAs is in its infancy and many

of questions still remain to be answered. The functions of many

miRNAs and siRNAs are currently unknown, with only some

exceptions, necessitating further researches such as RNA-protein

interaction using yeast three hybrid technique. Good understanding

of small RNA-mediated gene regulation might lead to satisfactory

strategies for improving plant traits which show various stress

tolerances. Despite of gradual increase in the knowledge on the

roles of small RNAs in plants, more detailed researches would be

consistently necessary for the understanding on the roles in plants.
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