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Abstract

RNAi mediated gene silencing demonstrated to serve as a defence mechanism against abiotic
stress. Some endogenous small RNAs (microRNA and siRNA) have emerged as important players in
plant abiotic stress response. Drought and salinity are the major environmental stresses that limit
the agricultural food production. miRNA involved in drought and salinity stress response, includ-
ing ABA response, auxin signalling, osmoprotection and antioxidant defence by downregulating
the response target gene. It is observed that some of the microRNAs are upregulated or downregu-
lated in response to drought and salt stress. We reviewed that miR167, miR393, mir474, miR169g
are upregulated whereas miR168, miR396, miR397 are downregulated in rice plant during drought
stress. Moreover, our detail categorical analysis on the basis of mechanism of action found that
miRNA involved in drought stress was 28% in ABA signalling and response, 14.2% in auxin signal-
ling, 9.52% in miRNA processing, 14.2% in cell growth, 9.52% in antioxidant defence, 4.76% in
CO; fixation and 9.52% in osmotic adjustment. Similarly, miRNA involved in salinity stress was 5.8%
in auxin signalling, 23.5% in vegetative phase change and root, shoot, leaf and vascular develop-
ment, 11.76% in gynoecium and stamens development, 8.82% in metabolic adaptation, 2.74% in
early embryogenesis and 41.17% not known. Importantly, some common miRNAs such as miR159,
miR167, miR169, miR393 and miR397 play an important role in both drought and salinity stress
conditions. Here, in this review, we mainly focused on the current status of miRNAs, mechanism of
action and their regulatory network during drought and salinity stress in plants.
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1. Introduction

Agriculture productivity is negatively affected due to various abiotic factors. It is well understood that crops tol-
erating environmental stresses will be in high demand, as the world is getting hotter and drier day by day [1].
The uneven rainfall and decrease of ground water level often create drought stress conditions in the environment,
which in term affect the total grain yield of plants. The reasons for reduction of sustainable production include
global climate change, less availability of arable land and water and increasing rate of world population [2]. Un-
favourable environmental factors lead to tremendous loss in productivity globally. Among the various environ-
mental abiotic factors, drought and salinity stresses cause huge loss than any other abiotic stress. Drought and sa-
linity stress tolerance and adaptation in rice plants have been improved by engineering various transcription factors,
genes related to signalling pathway, compatible solutes and accumulation of antioxidants. The importance of many
genes related to several pathways has been clearly elucidated in a review of stress tolerance mechanisms and use
of transgenic technology in agriculture for developing abiotic stress tolerant crop plants [3]. Besides this, re-
cently a review reported on structure, function and networks of the transcription factors involved in abiotic stress
responses [4]. So, it is very essential to evaluate the exact role of specific transcription factor(s) or gene(s) and
then genetic manipulation for the crop improvement. Now, many researchers are trying to improve the rice
plants by using transcriptomics, proteomics and metabolomics approaches to identify and characterize various
genes involved in drought and salinity stress responses. Therefore, it is important and essential to evaluate the
exact role of specific small RNA followed by genetic manipulation for the crop improvement.

The small non-coding endogenous RNAs (18 - 24 nucleotides) which regulate gene expression at posttrans-
criptional level by sequence specific mRNA degradation in plants are known as microRNAs (miRNAs). RNA
interference (RNAI) indicates that it suppresses the gene expression by degrading the specific messenger RNAs
(mRNA) [5]. The RNA process is triggered by the introduction of double stranded RNA (dsRNA) via transgene
which is further cleaved by the enzyme dicer to form duplex of 21-nucleotide [6]. The duplex 21-nucleotide is
the form, commonly called as small interfering RNA (siRNA), which is responsible for degradation of mRNA,
thus leading to suppression or alteration of the gene expression [5]. RNAi mechanism has the potential in identi-
fication and functional assessment of thousand of genes within any genome which can be responsible for crop
improvement [7]. The RNAI technology has been employed successfully in improvement of several plant spe-
cies by increasing their nutritional value, resistance against pathogen [8] [9] and tolerance to abiotic stress [10].

So far, RNAi technology has been evolved as one of the promising approach used to engineer several meta-
bolic processes of plants for different nutritional improvements, such as lysine reduction in maize [11] [12],
glutenin reduction in rice [13], increasing amylose content in wheat [ 14] and potato [15], improving carotenoid
and flavonoid in levels of tomato fruits [ 16], carotenoid content of rapeseed [17], reduction of caffeine content
in coffee [18], and reduction of phytate content in soybean [19] and in rice [20]. Recently, RNAi emerges as a
powerful and more determinant technology to study the gene loss of a function phenotype which leads to gene
functional analysis when no mutant alleles are unavailable. This review focused on the landmark in RNA1 dis-
covery, its component and mechanism of action and its role in abiotic stress tolerance in plants, basically drought
and salt stress tolerance.

2. Discovery of RNAI in Plants

The discovery of RNAi was an accidental and surprising observation found in Petunia. In 1990 when the
Jorgensen et al. introduced exogenous transgene in Petunias in an attempt to up regulate the activity of a gene
for chalcone synthase (an enzyme involve in production of specific pigment) under the control of 35s promoters
[10]. Unexpectedly, the flower pigmentation was not appeared deep purple colour, but rather showed variega-
tions with complete loss of colour in some cases. This implies that not only the introduced transgene were inac-
tive but that the added DNA also affected the expression of endogenous loci. The phenomenon was referred to
as co-suppression. Later, Guo and Kemphus (1995) while investigating the function of parl gene in the Nema-
tode C. elegans, they found that when introducing either sense or antisense RNA for the parl gene resulted its
suppression [21]. Further, Andrew fire and Craig Mello (1998) observed that the injection of double stranded
RNA mixture that is both sense and antisense strands are more efficient for silencing the target gene than either
of the strand alone [22]. This turned out to be the defining moment in RNAi research and the effect known as
RNA interference [10]. Earlier, the brief molecular mechanism of RNA interference responsible for gene si-

lencing has been reported [6].
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3. Component of RNAIi

Out of the component of gene silencing, some serve as initiator and other serve as effectors, amplifiers and
transmitters. Dicer which was first discovered by Bernstein et al. (2001) in Drosophilla, is a complex ribonucle-
ase enzyme belonging to the RNase III family [23]. It has four different domains, each with a very specific func-
tion and they are having N-terminal helicase, dual RNase III motifs, C-terminal double stranded RNA binding
domain and PAZ (piwi/argonaute/zwille) domain [5] [24]. The role of dual RNase III motifs is to perform the
actual cutting of the double stranded RNA, hence, the characteristics 5’ phosphate and 3’ hydroxyl residues of
siRNA are formed [5]. Double stranded RNA continuously cleaved by dicer at 21 to 25 base pair distance. Dicer
works in first step of RNAi pathway and act as a catalyst which helps in starting production of RNA induced si-
lencing complex (RISC). Agronaute, a catalytic component of dicer, has the potential to degrade mRNA com-
plementary to that of siRNA guide strand [6]. RISC is a major component of the RNAi machinery that uses the
siRNA to target and degrade the mRNA in the cell and complementary to the siRNA strand. So, RISC consists
of both protein and RNA [5]. When RISC finds mRNA complementary to siRNA, it activates RNAase enzyme
resulting the cleavage of target RNA. About 20 to 23 bp siRNA are able to associate with the RISC and guide
the complex to the target mRNA and combine together and degrade them as a result reduced level of protein
translation and knockdown the gene function [6]. RISC acts as catalyst to cleave single phosphodiester bond of
mRNA [25].

4. Mechanism of Post Transcriptional Gene Silencing through RNAi Pathway

There are two small RNA in the RNAI pathway, a small interfering RNA (siRNA) and a micro RNA (miRNA).
miRNA are similar to siRNA in many respect as they originate from double stranded structure, the size of the
miRNA is 20 to 30 bp and both are proceed by DICER or DICER like enzyme (DCL1, DCL2). RISC uses as
both target sequence and they direct post transcriptional gene silencing. They differ from each other in their ori-
gin. miRNA is derived from genomic DNA, while siRNA is generated by chopping of dsSRNA into smaller seg-
ment. Active miRNA has two phases that is primary miRNA (pri-RNA) and pre-miRNA. Both pri and pre-
miRNA are characterized by a hair pin structure. Processing of miRNA occurs of both at the nuclear and cyto-
plasmic levels [5]. Once a miRNA gene is transcribed, the transcript will form a roughly 42 to 60 bp long hair-
pin structure with two arms of approximately the same length. Out of these, one of the strands produces active
miRNA via DICER.

RNA interference pathway majorly follows four common steps such as i) dSRNA cleaved by dicer; ii) entry of
SiRNA into RISC complex; iii) silencing complex activation; iv) mRNA degradation [10]. In the first step of
RNAI, the introduced dsRNA in the cell, which is perfectly homologous in sequence to the target gene, is rec-
ognise by DICER enzyme (Figure 1).

Dicer enzyme further processes the dsRNA in an ATP dependant reaction into dsSiRNA of 21 - 25 nucleo-
tides. Then, the SiRNA produced by the dicer are incorporated into multicomponent nucleus complex into the
RNA induced silencing complex, which is inactive in this form to conduct RNAi. The next step involves un-
winding of the SiRNA duplex in an ATP dependent process by a helicase and further remodelling of the com-
plex to create an active form of the RISC [26]. Initially, it was believed that the unwinding of the DNA strand
caused by the ATP dependent helicase but the process is actually ATP independent and performed directly by
the protein component of the RISC. RISC is a ribonucleoprotein complex and its two important components are
the single stranded SiRNA and the agronaute family protein [6]. The next step is degradation of mRNA. The ac-
tive component of an RISC are endonuclease called agronaute protein which cleave the target mRNA strand
complementary to their bound SiRNA, therefore agronaute contribute “silencer” activity to RISC. When the
dsRNA chopped by the dicer produced the small SiRNA, in which one strand is known as guide strand binds
that the agronaute protein and directs gene silencing. After the cleavage is complete, the RISC departs and the
SiRNA can be reused in a new cycle of mRNA recognition and cleavage (Figure 1).

One interesting feature encountered in the RNAI is its apparent catalytic nature. Through the cleavage of
dsRNA into small SiIRNA by dicer result in some degree of amplification, it is not sufficient to bring about con-
tinuous mRNA degradation [27] [28]. It provides very convincing genetic and biochemical evidence that RNA
dependent RNA polymerase play a vital role in increasing the RNAi effect. The enzyme RdRp (RNA dependent
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Figure 1. Schematic diagram shows the mechanism of post transcriptional
gene silencing through RNAi Pathway.

RNA polymerase) uses SIRNAs as primers to generate new dsRNA that can be further cleaved into new SiRNA
[29]. So, RNAI technology is coming out as a convincing approach in which short dSRNA suppress the expres-
sion of specific gene by inducing the homologous sequence of the target mRNA in the cytoplasm.

5. Role of RNAIi in Abiotic Stress

Stress is usually defined as an external factor that exerts a disadvantageous effect or harmful effect on the plant.
Abiotic stress causes the serious damages for the life on the earth particularly to the plant by negatively affecting
its growth and yield. It has been estimated that nearly 70% of crop yield is reduced due to the abiotic stress [7].
Plants are subjected to many types of fluctuations in the physical environment. In general, various types of
strategies have been used to avoid the fluctuation by the animals but plants are not able to avoid because of their
sessile nature. Therefore, plants have adapted numerous physiological, biochemical and metabolic approaches
for tolerating the abiotic stress. Abiotic stress are classified into the following major categories such as drought,
salinity, heat, cold and oxidative stress. Classical techniques of breeding crop plants with enhance tolerance to
abiotic stress have until now achieved inadequate success. Therefore, transgenic technology is one of the nu-
merous tools offered improvement in modern plant breeding programme. Identification of candidate gene
through functional genomics programmes discovered multiple gene families which regulates the abiotic stress
tolerance phenomena and high production. Therefore, researchers are trying to incorporate the candidate gene or
multiple numbers of genes to express ectopically for crop improvements [7].

Now days, RNAI technology has been evolved a modern approach for gene function analysis and in transla-
tional research programme. Recent findings manifest the RNAI is playing an important role in abiotic stress
stimulation in different crops. RNAi technology may be a substitute of complex molecular techniques because
of containing several benefits, its specificity and sequence based gene silencing. Due to this property, RNAi has
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been effectively utilized for incorporating desired trait for abiotic stress tolerance in various plant species [30].
Micro RNAs has an important gene expression regulator during plant abiotic stress [31]. Micro RNA biogenesis
and its mechanism of action have already been discussed earlier. miRNA under specific conditions can regulate
the expression of specific target gene.

In abiotic stress condition, the plant after signal perception, the abiotic stress responsible miRNA gene un-
dergoes transcription by RNA Polymerase II enzyme into primary miRNA (pri-miRNA), the miRNA is proceed
by dicer like DCL 1 into a stem loop miRNA duplex. The 3’ ends of the miRNA duplex are methylated by
HENT1 (Figure 2). The miRNA is then exported into the cytoplasm from the nucleus by the HASTY protein and
cleave into mature miRNAs. The mature miRNAs are incorporated into RNA induced silencing complex (RISC),
where the mature single stranded miRNA guides the RNA silencing activity of AGOI1 to partially complemen-
tary mRNA. The microRNA then targets the abiotic stress responsive mRNA and that causes translation repres-
sion and mRNA degradation [32].

6. Drought Stress Response

Drought is one of the harmful abiotic stress factors that render the plant growth and development. Plant respond
and adapt to drought stress through various physiological and metabolic processes including stomatal closure,
repression cell growth, photosynthesis and activation of respiration to increase the chance of survival [33]. The
molecular mechanism drought stress tolerance is extremely complicated which is a multigene phenomenon in
Arabidopsis plants [34]. Signal transduction in response of drought stress can be divided in to two pathway,
ABA independent and ABA dependent pathway [35]. It was observed that transcription factor belonging to class
of MYC and MYB superfamily, ABA binding factor (ABF), Zinc finger protein (ZFP), ethylene responsive fac-
tors (ERF), NAC, basic leucine zipper (bZIP) play key role in regulating expression of candidate genes in both
the pathways [35] [36]. However, the DRE-binding protein DREBIF functions as molecular bridge between ABA
independent and dependent response [35]. The role of ABA in plant growth and development and its main func-
tion is to regulate water balance in plant and osmotic stress tolerance. Thus, ABA accumulation is considered as
a supreme mechanism in response to drought stress, which cause stomatal closure and induced drought related
genes and that ultimately enhance the plant stress response [37].
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Figure 2. Pathway showing the steps involves in post transcriptional regulation mediated by abiotic stress
responsive miRNA genes in plants. (DCL1-Dicer like Protein 1, HYL1-Hyponastic Leavesl, Pri-mRNA-
Primary mRNA, RISC-RNA Induced Silencing Complex, AGO1-Argonautel).



A. Pradhan et al.

7. Expression of Micro RNAs during Drought Stress

Now days, miRNAs have been emerged as key modulator in drought avoidance and also in drought tolerance by
controlling of the drought responsive gene(s). It has been reported that drought induced miRNAs downregulate
their target mRNA, which results in production of nonfunctional protein in drought stress response. In contrast,
the downregulation of few miRNA lead to accumulation of their target mRNA which have positive effect to
stress adaptation [32]. The miRNA expression profiling has been done in many plants such as Arabidopsis,
populus trichocarpa, Oryza sayiva under drought stress. The miR169, miR 396, miR171, miR319, miR393,
miR 156, miR158 known to be drought responsive [7] [38]. The role of miRNA (miR159) was found to be in-
duced by ABA and drought treatment in germinating Arabidopsis seeds [39]. In Arabidopsis, miR159 mediates
the cleavage of MYB101 and MYB33 transcripts [39]-[41]. Its role in ABA signalling and their mechanism are
evaluated by overexpresing miR159 which suppressed MYB101 and MYB33 mRNA level. So, the transgenic
plant over expressing of MYB101 and MYB33 were hypersensitive to ABA [32] [39] and improved osmotic
stress tolerance. MYB functions as a positive regulator of ABA signalling and miR159 which probably play a
key role in ABA response in Arabidopsis plant [32]. Interestingly, it has been reported that miR167 was down-
regulated by treatment of ABA in rice seeding [42], in contrast, its expression was upregulated by drought stress
in Arabidopsis [38].

8. Regulation of Drought Stressed Target Gene Associated miRNAs

Phospholipase D (PLD) was found to be a positive regulator of drought stress resistance and was proposed as a
target of miR167. In drought stress, the expression of miR167 was inhibited in maize (Zea mays), which was
essential for the accumulation of PLD mRNA [32] [43]. PLD was reported to direct ABA response and affect
stomatal movement in guard cells [44] [32]. Thus, it indicated that miR167 mediated PLD activation is impor-
tant in the process of ABA signalling or response [32]. miR 169 targets the NFYAS mRNA, encoding a subunit
of the nuclear factor Y (NF-Y) transcription factor [45]. NF-Y proteins are plant specific transcription factor and
play key role in environment stress response and plant development. miR169 was downregulated by drought
stress and ABA treatment in Arabidopsis and the down regulation of miR169 helps the strong induction of
NFYAS transcription factor. Over expression of NFYAS lead to drought tolerant phenotypes whereas over ex-
pression of miR169 are very sensitive to drought stress [32]. Auxin response factors (ARFs) are major transcrip-
tion factor (TF) involving Auxin signalling. There are several ARFs family are targeted by miRNAs, out of
which ARF16 and ARF17 are targeted by miR160. It has been reported that ABA, helps in accumulation of the
ARF mRNA by downregulated the miR160 [42] in rice seedling. It has been also been found that in Arabidopsis
during germination, transgenic seed over expressing miR160 exhibited ABA insensitive or tolerant during ger-
mination while transgenic plant expressing the miR160 resistance form of ARF10 exhibited ABA hypersensitive
phenotype during germination [46]. From this, it was observed that down regulated of ARF10 by miR160 affect
the ABA sensitivity. Thus miR160 play a key role in ABA response and drought stress.

In Arabidopsis and rice, miR393 were upregulated and it target the TIR1 (transport inhibitor response 1), an
auxin receptor play an important role in auxin signalling [47]. Over expressing the miR393 in rice seedling sup-
press the growth of the plant in drought stress [48]. This indicates that over expression miR393; down regulate
the auxin signalling which may reduce the growth of the plant during drought stress. miR396 was found to
upregulate in Arabidopsis [38] and tobacco but down regulated in rice during drought stress [49]. miR396 target
the six GRFs (growth regulating factors) with role in cell division and differentiation during leaf development
[50]. It has been observed that transgenic Arabidopsis plant over expressing miR396 showed narrow leaf phe-
notypes because of reduction in cell number due to suppression of GRF genes [51] and cell cycle related gene
that is CYCD 3:1, histone H4, CYCA 2:1 and CYCB 1:1 [52]. Transgenic tobacco plant over expressing the
miR396 improves drought stress tolerance by lowering the stomata density observed [51] [53]. In plant, miR396
not only play a role in leaf development but also tolerance to drought stress.

miR166 was upregulated in Medicago truncatula [54] and were downregulated in Oryza sativa and Triticum
dicoccoides [55] in drought stress. It targets the homeodomain-leucine Zipper (HD-ZIP III) class III transcrip-
tion factor that play an important role in lateral root development, axillary meristem initiation and leaf polarity.
In M. Truncatula when the drought condition arises, that leads to the reduction in number of lateral root [32]
[56]. Plant root growth is greatly influenced by drought stress. When external water supply is limited, structural
changes occurred in root system to improve water use efficiency [57]. Therefore, it was concluded that the post
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transcriptional regulation mediated by miR166 is one of the important regulatory mechanism in drought respon-
sive phenomena and root development process [32]. miR528 was found to be downregulated in Zea mays during
drought stress [43]. Reactive oxygen species (ROS) such as superoxide radicals (O,), hydrogen peroxidase
(H,0,) and hydroxyl radicals (OH) are produced in different cellular compartment such as chloroplast, perox-
isome and mitochondria [58]. ROS are potentially toxic in nature and various deleterious effects on plant. Plant
have evolved defence system like antioxidant enzyme to scavenge ROS [59] [60]. The antioxidant enzymes are
superoxide dismutase (SOD), catalase (CAT), peroxidase (POD), ascorbate peroxidase (APX) [61] [62].
miR528 target the peroxidase. It has been observed that the expression of peroxidase was increase when miR528
becomes downregulated. The upregulation of peroxidase promote the removal of excessive H,O, which ulti-
mately repress the injury caused by ROS.

Thus, miR528 is presumed to be a regulated by antioxidant (POD) mediated defence system for drought stress
response in plant. miR397 was down regulated in O. sativa during drought stress and target the beta fructofu-
ranosidase, that takes part in metabolism of starch and sucrose [49]. The photosynthetic activity and CO, as-
similation in plant and respiration is increased due to exposure of drought stress [33]. Thus, plant protects
against drought stress by maintaining required rate of synthesis of carbon hydrogen compounds. The change in
expression of miR397 plays major role in CO, fixation. In Arabidopsis, miR397 was upregulated and target the
laccase gene, which was reported to reduce root growth under drought stress [63] [64]. In rice, it was reported
that miR169g family of the miR169, was upregulated during drought stress and target the CCAT binding tran-
scription factor. Induction of miR169g was more prominent in root than in shoot [65]. AGO (Argonaute) play a
vital factor in miRNA processing. It was found that AGO was targeted by the miRNA168 in Rice and Arabi-
dopsis during drought stress [38] [49].

Osmotic adjustment is another mechanism to tolerate drought stress in plants by accumulation of several os-
molytes such as proline, sugar and sugar alcohol such as mannitol, glycine betaine. Proline acts as a free radical
scavenger, osmolytes, and stress signal suggesting its multifunctional role in drought stress tolerance [66].
Proline degrade into glutamic acid in higher plants by proline dehydrogenase (PDH) [67]. The miR474 in maize
palnt upregulated in drought stress that target the PDH gene leading to the accumulation of the proline in plants,
that helps the palnts to protect from the drought stress [43]. miR474 in rice target the protein kinase, kinesin,
leucine-rich repeats suggesting its role in post transcriptional regulation of gene expression and upregulated
during drought stress condition [49]. miR398 was upregulated in Medicago truncatula [54] and Triticum dicoc-
coides [68] during drought stress. In Medicago truncatula, the miR398 targets the Cu/Zn-superoxide dismutase
(CSD). The CSD enzyme was found to be involved in ROS detoxification [68]. In Vigna unguiculata miR393
were upregulated in drought stress and target the TAS3-ARF that play an important role in Auxin signalling and
lateral root development in plant [69].

9. Salt Stress Response

Our planet has large amount of salt in soil accumulated through different sources that limits the agricultural
productivity, as it has been estimated that 20% of agricultural land is salt affected, tremendously decreasing ef-
ficiency of the production [7]. High salinity stress leads to disruption of ion homeostasis, imbalance in water
potential at the cellular level and finally to the whole plant level. Due to this cellular and molecular change, it
leads to various morphological alterations including the yellowness and wilting of leaves, growth arrest, wilting
of plants, and even death of the plants. The physiological changes due to salt stress further more induces the
ABA synthesis which closes the stomata when transported to guard cell, that ultimately decrease photosynthesis
and leads to oxidative damage [70].

10. Expression of Micro RNAs during Salt Stress

Large number gene transcript gets up and down regulated during salt stress condition in plant. Therefore, post
transcriptional gene silencing plays crucial role in the plant response to salinity stress. miRNA play crucial role
to abiotic stress [64] [71]. Various studies on Arabidopsis, rice, and other plant have discovered importance of
miRNA in salt stress [70]. Recently, in Arabidopsis several differentially regulated miRNA have been identified
in salt stressed tissue. In response to salt stress miR156, miR158, miR159, miR165, miR167, miR168, miR168,
miR169, miR171, miR319, miR393, miR394, miR396, miR397 were upregulated in Arabidopsis, thus miRNAs
play role in accordance response to salt stress [38].
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11. Regulation of Salt Stressed Target Gene Associated miRNAs

The target of most miRNA are multiple within the same gene family in plants. A recent report revealed that a
few of miRNA can regulate the expression of the specific target gene under specific condition [72]. It has also
been reported in salinity stressed maize plants that a few of miRNA can regulate the expression of target gene by
targeting many transcription factors involved in plant development and organ formation. These transcription
factors myb, NAC1 and homeo domain-leuchine-zipper proteins (HD-ZIP) were predicted as the target of zma-
miR159a/b, zma-miR164a/b/c/d and zma-miR1661/m respectively. The similar reports were made in Arabidop-
sis and rice [73]. Few other transcription factors include MADS-box protein and zinc-finger protein, which are
also predicted for target gene of miRNA have also been reported as salt responsive factor in plant [74], [75]. In
addition to transcription factor, a number of miRNA target gene which encode protein involved in various
metabolic pathway or physiological process directly or indirectly in plants [70]. Besides, the miRNA which tar-
get to regulate the NADP dependent mallic enzyme (NADP-ME) and cytochrome oxidase, are found to be salt
responsive in plant [76] [77].

In O. Sativa, miR393 target the phytosulfokinne receptor precursor, transport inhibitor response/protein oxi-
doreductase that plays a significant role in Auxin signalling during salt stress [38]. miR396¢ target the heat
shock 70 kda protein (HSP), TBP associated 59kDa subunit protein, Leucine rich repeat family protein ubiquitin
protein ligase caps, jasmonate o-ethyl transferase, which is involve in plant growth and development under salt
stress [78]. miR2001, miR2004, miR2006 which were upregulated and target Hypothetical protein, (Protein
GPR107 precursor) (EMB2745), (exonuclease FAD binding domain containing protein) Hypothetical protein
conserved hypothetical protein respectively during salt stress [79]. miR2003 target the Heat repeat family pro-
tein expressed ribosomal protein S11 containing protein and upregulated during salt stress [79].

The targets sulfurylase and ASP1 gene are regulated by miR395 in salt induced soybean line under sulphate
starvation condition. Therefore the role of miR395 may be in non specific salt stressed responding pathway,
such as the maintenance of energy supply [80]. The target of Artichok, cca-miR397 and 399 were homologous to
members of laccase gene family, which are also participating in salt stress response [81]. Laccase are multi-
copper containing glycoprotein, present in plant and it helps in liginin formation in plant. It has been reported
that the expression level of laccase gene is enhanced by high concentration of NaCl in tomato, maize and Arabi-
dopsis root [63] [82]. In Artichoke, reduced expression of miR397a in root during salt stress might possibly lead
to enhanced expression of laccase [81]. miRNA cca-novel-18 regulates by targeting aspartic proteinase APAL. It
was observed that the expression of target superoxide dismutase decrease with slightly increase in expression of
miR398 in Arabidopsis during salt stress [83] [84]. Another important target AGROUNAUTAEIL (AGO1) gene,
which encodes the RNA slicer enzyme in the miRNA pathway is regulated by miR168 [85] [86]. Both AGO1
and miR168 are crucial in maintaining equilibrium between the target miRNA and their targeted gene. The
miR 168 has been also found in salt stress in maize [80].

In Arbidopsis thaliana, miR156 and miR159 target the Squamosa promoter binding protein like 11 and MYB
and TCP transcription factor respectively which found to be upregulated under salt stress [73] [87]. miR165 tar-
gets the class III HD-ZIP transcription factor was upregulated and involved in leaf development under salt stress
[73]. miR167 was reported to be upregulated and target the Auxin response factor 6 and 8 (ARF6 and ARFS).
ARF play important role in gynoecium and stamen development [88]. miR319 was upregulated and target the
TCP transcription factor during salt stress in Arbidopsis thaliana. TCP transcription factor involve in morpho-
genesis of the shoot lateral organ [89]. Whereas, the F-Box protein:bHLH (basic helix-loop-helix) transcription
factor is the salt responsive target of miR393 which is upregulated in Arbidopsis thaliana [73]. miR417 has sev-
eral targets viz. RNAdirected RNA polymerase, SNF7 family protein containing pFam domain hydrolase, cell
expansion protein, SNF domain/helicase domain protein, C2-domain containing protein, cell expansion protein,
Auxin response transcription factors, which are downregulated in Arbidopsis thaliana [90)].

In contrast, miR397 and miR398 target Rhodenase kinesin like protein B and inter prodomain protein of un-
known function DUF266, respectively which are upregulated in Arabidopsis thaliana under salt stress [63] [84].
miR162 was upegulated and target the RNAse III CAF protein Endonuclease Dicer, cytochrome P450 in Zea
mays during salinity stress. Dicer plays an important role in miRNA processing [91]. miRNA167 was down
regulated and target the Auxin response factor in salt stress in Zea mays [92]. Homeodomain leucine Zipper
protein (HD-ZIP), a salt responsive target of miR166 which is downregulated by miRNA in Zea mays [93]. The
target of miR1507a are splicing factor Yt 521B, NBS-LRR resistance protein RGHI1 cytosine specific methyl
transferase is found to be salt responsive in Glycine max [94].
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In Populus trichocarpa, miR482.2 are upregulated and miR1445 are downregulated and-target the disease re-
sistance protein and dihydropyrimidinase respectively, which involve in cambium differentiation in stem devel-
opment during salinity stress [95].

12. Common miRNA Expression for Both Drought and Salinity Stress

There are several miRNA which are participate in both salt and drought stress. In Arabidopsis thaliana, the
miRNAs such as miR159, miR167, miR168, miR169, miR393, miR396, miR397 which are participate both in
salt and drought condition. There are some miRNA which are different in action under different stress condition,
i.e. some miRNA which are upregulated in drought stress, the same miRNA are down regulated in salt stress.
The miR393 during drought stress was upregulated and targets the TIR1, which is a positive regulator of the
auxin signalling but in salt stress it target the F-Box protein (bHLH) transcription factor. In Zea mays under
drought stress, the miR167 becomes downregulate and targets the PLD (phospholipase D) which is appositive
regulator of the drought stress resistance but under salt stress the miR167 target the ARF (Auxin Response Fac-
tor). In O. sativa, the two miRNA (miR393 and miR396) are function in both the stress conditions. The miR393
under the both the stress i.e. salt and drought stress are upregulated and target the TIR1, which is response to
auxin signalling. Importantly the miR396 under salt stress target the heat shock 70 kDa protein which is a chap-
eron helps in protein folding for correct function of protein.

The miRNA involved in drought stress were categorically divided on the basis of their mechanism of action
and represented in pie chart which is determined from the given data of Table 1 and Table 2 for easy under-
standing (Figure 3). It was observed 28% are involved in ABA signalling and response, 14.2% in auxin signal

Table 1. miRNA participate in drought stress.

Micro .RNA Target Response under Mechanism of action Reference
family drought
Oryza sativa
miR167 ARF Upregulated ABA response [42]
miR168 AGO Downregulated miRNA processing [49]
miR169g CCAT binding transcription factor Upregulate Unkown [69]
miR393 TIR1 Upregulated Auxin signalling [48]
miR396 GRF Downregulated Leaf development [49]
miR397 p-fructofuranosidase Downregulated CO, fixation [49]
miR474  PPR (Protein kinase, kinesin, leucine-rich repeat) Upregulated Controlling organelle gene expression [49]
Arabidopsis thaliana
miR159 MYB Upregulated ABA signalling and osmotic stress tolerance [39]-[41]
miR160 ARF (Auxin response factor) Not known ABA response [46]
miR167 ARF Upregulated ABA response [38]
miR168 AGO Upregulated miRNA processing [38]
miR169 NFYA Downregulated ABA response and controlling stomotal aperture [45]
miR393 TIR1(Transport inhibitor response) Upregulated Auxin signalling [64]
miR396 GRF(Growth regulating factor) Upregulated Leaf development [38]
miR397 Laccase Upregulated Not known [64]
Zea mays
miR167 PLD (Phospholipase D) Downregulated ABA response and controlling stomotal movement  [43]
miR474 PDH(Proline dehydrogenase) Upregulated Proline accumulation [43]
miR528 POD(Peroxidase) Downregulated ROS detoxification [43]
Medicago truncatula
miR166 HD-Zip (Homeodomain leucine zipper) Upregulated Root and nodule development [54]
miR398 CSD (Cu/Zn-superoxide dismutase) Upregulated ROS detoxification [54]
Vigna unguiculata
miR390 TAS3-ARF Upregulated Auxin signalling and lateral root development [69]

1998
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B Auxin signalling

5.80%
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9
2.74% 5.88%

Figure 3. Pie Charts show the percentage of miRNA control the drought and salinity stress based on their
mechanism of action.

Table 2. miRNA participate in salinity stress.

miRNA Target Response under salt Mechanism of action Ref.

Oryza sativa

Phytosulfokinne receptor precursor, transport inhibi-

miR393 tor Response/protein oxidoreductase. Unknown Auxin signalling [38]
Heat shock 70kda protein, TBP associated 59kDa
miR396¢ subunit protein, Lf:ucme r}ch.repeat family protein Upregulated Plant growth and (78]
ubiquitin protein ligase caps, development
jasmonate o-ethyl transferase.
miR2001 Hypothetical protein. Protein GPR107 precursor Unknown Unknown [79]
miR2003 Heat repeat fgmlly protein efxpressed_ ribosomal Down regulated Unknown [79]
protein S11 containing protein .
miR2004 EMB2745, exonuc!e'c.lse FAD }olndlng domain Upregulated Unknown [79]
containing protein.
miR2006 Hypothetical protein conserved hypothetical protein. Upregulated Unknown [79]
Arbidopsis thaliana
miR156 Squamosa promoter binding protein like 11 Upregulated Vegetative phase change [87]
4 p &P preg and root development
miR158 F-Box family protein Upregulated Not known [38]
. . Short day flowering
miR159 MYB and TCP transcription factor Upregulated time; anther development [73]
miR165 Class III HD-ZIP transcription factor Upregulated Development (leaf) [73]
miR167 Auxin response factor 6 and 8 Upregulated Gynoecium and stamens [88]
development
miR168 AGOI (AGRONAUTE I) Upregulated miRNA processing [86]
. CCAT-binding transcription factor
miR169 (CBF-B/NF-YA) FAMILY PROTEIN Upregulated Unknown [38]
miR319 TCP transcription factor Upregulated Morphogenesis of shoot [89]
miR393 F-Box protein:bHLH (basic helix-loop-helix) Upregulated Auxin signalling [73]
transcription factor
. . . Floral initiation and
miR394 F-Box family protein. Upregulated development [71]
. . Regulate cell
miR396 GRF?2 transcription factor Down regulated R [38]
expansion in leaf
miR397 Rhodenase like protein; kinesin like protein B Upregulate Not known [63]
miR398 LAC2 (Lccase); B-6 tubulin Upregulated Unknown [84]
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Continued
Inter prodomain protein of unknown function
DUF266. C2-domain containing protein,SNF7 family
. protein, contains pFam domain hydrolase, cell o
miR417 expansion protein, RNAdirected RNA polymerase, Down regulated Unknown [90]
SNF domain/helicase domain protein, Auxin
response transcription factor
Zea mays
miR156 SBP domain protein Down regulated Vegetative phase change [38]
and root development
. RNAse III CAF protein, Endonuclease . . o
miR162 Dicer, cytochrome P450 Upregulated miRNA processing [91]
miR164 NAC domain NAC 1 Down regulated Early embryogenesis [80]
miR166 Homeodomain leucine Zipper protein (HD-ZIP) Not known Vascular development. [93]
miR167 Auxin response factor Down regulated Gynoecium and stamens [92]
development
miR168 PZEA0 Protein, cytoplasmic aldolase AGO 1 Upregulated miRNA processing [80]
miR172 Gamma tubulin Not known Not known [80]

Maintenance of energy
miR395 ATP sulfurylase Upregulated supply (Physiological and  [80]
metabolic adaptation)

Protect photosynthesis [76]

miR396 Cytochrome oxidase subunit Down regulated (physiological and
metabolic adaptation) (771

Glycine max
. Splicing factor Yt 521B, NBS-LRR resistance protein o
miR1507a RGHLI cytosine specific methyl transferase Unknown Unknown [94]
miR166b DNA binding protein class III HD zip protein 4 and 8 Unknown Unknown [94]
miR395 ATP Sglphuryla.se, Beta glucps1dase, Unknown Unknown [94]
disease resistance protein.
Populous trichocarpa

miR482.2 Disease resistance protein Upregulated Unknown [95]
miR 1445 Dihydropyrimidinase Down regulated Cambium differentiation in [95]

stem (development)

ling, 9.52% in miRNA processing, 14.2% in cell growth, 9.52% in antioxidant defence, 4.76% in CO, fixation
and 9.52% in osmotic adjustment. Similarly for salinity stress, 5.8% are involved in auxin signalling, 23.5% in
vegetative phase change and root, shoot, leaf and vascular development, 11.76% in gynoecium and stamens de-
velopment, 8.82% in metabolic adaptation, 2.74% in early embryogenesis and 41.17% not known (Figure 3).

13. Conclusion and Future Perspectives

RNAI has recently become a highly effective and powerful tool of functional genomics for silencing the gene
expression for crop improvement. The regulatory role of miRNAs in plants is definitely a subject that will re-
quire much more investigation in plant biology. As presented in this review, several miRNAs have been deter-
mined to be commonly involved in drought and salinity stress responses and also plant development. miRNAs
regulate numerous transcription factors during in response to different stresses. For many drought and salinity
stress-related genes, miRNAs function as critical post-transcription modulator for their expression. This charac-
terization provides a view for future analysis of miRNAs involved in drought stress resistance and will be useful
for improvement of drought tolerance in plants. Although a number of drought-related miRNAs have been iden-
tified, their precise role remains to be verified. Additional strategies need to be employed to investigate the func-
tions of miRNAs and their associated signalling pathways and gene networks under both drought and salinity
stress.
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miR: MicroRNA

siRNA: Small interfering RNAs
dsRNA: Double stranded RNA

RISC: RNA induced silencing complex
Pri-miRNA: Primary miRNA

RdRp: RNA dependent RNA polymerase
DCL1: Dicer like Protein 1

HYL1: Hyponastic Leavesl

AGO: Argonautel

ABF: ABA binding factor

ZFP: Zinc finger protein

ERF: Ethylene responsive factors
bZIP: Basic leucine zipper

HD-Zip: Homeodomain leucine zipper
DREB: DRE-binding protein

PLD: Phospholipase D

ARFs: Auxin response factors

TIR1: Transport inhibitor response 1
GRFs: Growth regulating factors
HD-ZIP: Homeodomain-leucine Zipper
ROS: Reactive oxygen species

O,: Superoxide radicals

H,0,: Hydrogen peroxidase

OH: Hydroxyl radicals

SOD: Superoxide dismutase

CSD: Cu/Zn-superoxide dismutase
CAT: Catalase

POD: Peroxidase

APX: Ascorbate peroxidase

PDH: Proline dehydrogenase

TIR: Transport inhibitor response
NADP-ME: NADP dependent mallic enzyme
HSP: Heat shock protein

SNF: Sucrose non-fermenting protein
FAD: Flavin adenine dinucleotide
TBP: TATA binding protein
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