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Legumes are special group of nitrogen-fixing plants that are an essential
component of cropping system and important source of food/feed for human/animal
consumption. Therefore it is timely to review the current evidence of the benefits of
legumes for human health. However Like other crops, the productivity of legumes is
threatened by abiotic stresses caused due to global climate change. Abiotic stress tolerance
is complex trait involving a suite of genes, the expression of which is controlled by
transcription factors including gene/polypeptide sequences. The discovery of microRNAs
(miRNAs) as gene regulators has led to a paradigm shift in the understanding of posttranscriptional gene regulation in plants and animals. In addition to protein coding
genes, microRNAs (miRNAs) have emerged as important players in plant stress responses.
Initial clues suggesting that miRNAs are involved in plant stress responses stem from
studies showing stress regulation of miRNAs and target predictions for some miRNAs.
Subsequent studies have demonstrated an important functional role for these miRNAs in
abiotic stress responses. This review summarizes the current knowledge on the role of
different miRNAs in response to main abiotic stresses in legumes.
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Legumes belong to the family Fabaceae,
previously Leguminosae, which includes some of
the world’s most important food and feed crops
such as; Cicer arietinum (chickpea), dry cowpea
(Vigna ungiculanta), pigeonpea (Cajanus cajun)
and lentil (Lens culinaris), black gram (vigna
mungo) Glycine max (Soybean), Phaseolus
vulgaris (common bean), Pisum sativum (pea),
Medicago sativa (alfalfa) and Arachis hypogea
(peanut). Together, they account for one third of
global primary crop production and are vital to
meet the growing population demands. Legumes
are rich in protein, oil, fibre and micronutrients,
and are highly valued in the cropping cycle due to
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their ability to fix atmospheric nitrogen and act as
a disease break between cereal or oilseed crops.
Under conducive environmental conditions,
legumes establish symbiotic relationships with
arbuscular mycorrhizal (AM) fungi, leading to the
formation of arbuscules, sites of phosphorous
nutrient exchange 1.
The some of the most studied legume
genomes, due to economic significance genome
of Medicago truncaluta, a self-fertile plant with a
small diploid (~500MB) with a short generation
time, Lotus japonicus, which has a diploid genome
(about 470MB) and a short life cycle; and Glycine
max, with an amphidiploid genome (~1.1Gb).2
These species genomes have been completely
sequenced and a multitude of genomics tools are
available for each in the public domain (http://
www.plantgdb.org/MtGDB/
http://
www.plantgdb.org/LjGDB/ and http://
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www.plantgdb.org/GmGDB/). Recently, the
chickpea genome (wild and cultivated species) was
sequenced by two different groups.3, 4 Genomic
tools developed for chickpea include BAC libraries,
cDNA/EST databases, microarrays, high density
linkage maps and mutant libraries.
In the last few years, small RNAs were
determined to be important regulators of gene
expression and plant growth.5, 6, 7 There are two
major classes of endogenous small RNAs in plants;
microRNAs (miRNAs) and small-interfering RNAs
(siRNAs). The miRNAs are ~20-24-nt non-coding
single stranded RNAs, processed from imperfectly
folded hairpin-like precursors by the DicerLike1complex.6, 8 Both miRNAs and siRNAs play
important roles in plant growth and development.6,
9
MicroRNAs have been discovered using three
basic approaches: direct cloning, forward genetics,
and bioinformatic prediction followed by
experimental validation. The most direct method
of miRNA discovery is to isolate and clone small
RNAs from biological samples, and several groups
have used this approach to identify small plant
RNAs. The miRNAs regulate gene expression in
plants by targeting mRNAs for cleavage or
through translational repression.10 They affect
diverse processes such as leaf morphogenesis,
floral organ identity, and root development.7, 11 They
also function in the feedback regulation of small
RNA pathways and in the biogenesis of transacting siRNAs.12 They have been implicated in a
wide array of stress responses,13,14,15 enabling
plants to survive under adverse conditions such
as drought, salinity, and high/low temperature. This
involves triggering sophisticated mechanisms
governed by complex gene networks. Although
there have been significant in depth gene studies
of the tolerance mechanisms, relatively little is
known about the functional roles of miRNAs within
them, particularly in non-model plants.16 Such
studies are required to fully understand the
mechanisms by which crop plants survive under
adverse environmental conditions. Next Generation
Sequencing (NGS) technology has greatly
accelerated the discovery and characterisation of
miRNAs in a range of diverse plant species.17-23 In
this review, we focus on the current understanding
of miRNA involvement in combating abiotic
stresses in legumes. However, up until recently,
legumes have been orphaned from the
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developments in functional genomics.24 Therefore,
whilst discussing the role of miRNAs in abiotic
stress tolerance in legumes, we also point out
important research performed in model crops such
Arabidopsis and rice. These miRNAs can be
validated in legumes in future studies.
miRNA biogenesis in plants and their mode of
action
MicroRNAs (miRNAs) are a class of noncoding RNAs, approximately 21-24 nucleotides
long, which serve as post-transcriptional negative
gene regulators by guiding target mRNA cleavage
or translational inhibition in plants and animals.10,
25, 6
Most of the miRNAs are coded from inter-genic
regions.
Unlike most of the animal miRNA genes
which are mainly localized within introns or exons,
majority of the plant miRNA genes are intergenic.
They form fold-back imperfect hairpin structure
which is also more variable than animal miRNA
genes. Plant miRNA genes rarely occur in tandem
in contrast to animal miRNA genes which are
usually clustered and sometimes co-transcribed.
26

miRNA genes are transcribed by RNA Pol
II and produces pri-miRNAs with 5’cap and
polyadenylation in both plants and animals. In
plants, pri-to-pre-miRNA conversion also requires
interaction of an RNA-binding protein
HYPONASTIC LEAVES1 (HYL1) and a C2H2-zinc
finger protein SERRATE in nucleus.27,28 After the
dual processing of miRNA by DCL-1, mature miRNA
duplexes forms which are stabilized by a methyl
transferase, Hua Enhancer 1 (HEN1) which is
dependent on the S-adenosyl methionine for
methylation. This enzyme methylates all plantsilencing small RNAs. Methyl groups are added
to the 3’ terminal nucleotides of each strand. This
prevents 3’ uridylation and degradation. 29, 30 An
exportin-5homolog in plant, HASTY is required for
miRNA biogenesis and function of miRNA.
HASTY helps in the exporting of methylated
miRNA/miRNA* to the cytoplasm but the exact
exported form is not clear.31
miRNAs are finally loaded to the RISC
for target cleavage or translational inhibition of
target mRNAs. RISC is a RNA-induced silencing
complex, a multiprotein complex. Single stranded
21 nt miRNAs serves as the template for RISC to
recognise complementary mRNA. RISC is
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associated with a class of proteins called
ARGONAUTE which activates and cleaves the
mRNA. Arabidopsis contains 10 Argonaute protein
paralogs.32 Among them, AGO1 is involved in
miRNA mediated gene regulation either by cutting
miRNA target mRNAs 33 or repressing their
translation. 34 AGO1 contain 2 domains, the PAZ
domain containing a cleft which binds mRNA and
a PIWI domain with ribonuclease activity.
Stress responsive miRNAs
Several studies have convincingly
demonstrated the role for miRNAs in stress
responses. miRNAs have emerged as important
links between control of plant growth and
development during stress responses. The
expression of several miRNAs is altered during
stress responses (both biotic and abiotic) and
included drought, salinity, cold, heat ABA,
oxidative and hypoxia 35 (figure 2). One particular
feature that has emerged from these studies is that
the attenuation of plant growth and development
during stress might result from conserved miRNAs
that target transcription factors, particularly the
miRNAs that regulate auxin perception and
signalling. The studies on stress-responsive
miRNAs and their target genes will provide better
understanding of miRNA target networks
operational in a plant cell. The better understanding
is likely to provide techniques/methodologies to
enhance stress tolerance in plants.
Overview of the role of miRNAs in plant abiotic
stress responses
Plants are sessile organisms that must
endure stressful environments. A large proportion
of plant genes are regulated by stresses such as
drought, soil salinity and extreme temperatures, 36,
37, 38
Of the many gene regulatory mechanisms such
as transcriptional, post-transcriptional and posttranslational regulation, transcriptional regulation
is the most widely studied mechanism. The action
of specific transcription factors that bind to
conserved cis-acting promoter elements is well
documented as a cause of changes in gene
expression, particularly those induced by abiotic
Stress. 37 Furthermore, post-transcriptional gene
regulation under stress conditions has been
documented before, although the underlying
mechanism was not known. 39 Considering the
important roles of small RNAs in guiding posttranscriptional gene silencing, their involvement
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in stress-regulated gene expression seemed likely
40 41
, . The discovery that stress can regulate miRNA
levels, coupled with the identification of stressassociated genes as miRNA targets provided clues
about the role of miRNAs in stress responses.
Functional analyses have demonstrated that several
plant miRNAs play vital roles in plant resistance
to abiotic as well as biotic stresses. 13, 42-44
Understanding small RNA-guided stress regulatory
networks should provide new tools for the genetic
improvement of plant stress tolerance (Figure 1).
Indeed, it has been shown recently that
manipulation of miRNA-guided gene regulation can
help to engineer plants that will be more stress. 44
miRNA expression in response to drought, cold
and salinity
Plants suffer from variety of abiotic
stresses, however drought, heat, cold and salt
stress are more frequently encountered. Drought
is one of the most ubiquitous environmental
stresses affecting plant growth and development
as majority of crops are grown under rainfed
conditions. Recent studies in various plants
species suggest that miRNAs play important role
in drought tolerance. These include conserved
miRNAs such as miR164, miR169, miR171, miR396,
miR398, miR399, miR408 and miR2118.45 Their
expression patterns vary across species. For
example, miR169 was down-regulated in
Arabidopsis and M. truncatula 46, 47 but upregulated in common bean (in response to abscisic
acid treatment) and rice (Arenas-Huertero et al.,
2009; Zhao et al., 2009)48, 49. In M. truncatula,
miR398a,b and miR408 were strongly up-regulated
in shoots and roots under drought stress.47 The
miR398 and miR408 repress the COX5b, CSD1 and
plantacyanin genes. 47
Recently, 50 identified 22 members of 4
miRNA families were upregulated and 10 members
of 6 miRNA families were down-regulated in
response to drought stress in M. truncatula.
Among the 29 new miRNAs/new members of
known miRNA families, 8 miRNAs were responsive
to drought stress with 4 miRNAs each being upand down-regulated. The known and predicted
targets of the drought-responsive miRNAs were
found to be involved in diverse cellular processes
including development, transcription, protein
degradation, detoxification, nutrient status and
cross adaptation. Further, a number of novel legume
J PURE APPL MICROBIO, 11(1), MARCH 2017.
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miRNA were also identified in Phaseolus vulgaris.
For instance, pvu-miRS1, pvu-miR1514a, miR159.2,
pvu-miR2118 and pvu-miR2119 accumulated upon
drought and ABA treatments. Novel miRNAs may
target regulatory elements for cellular processes
that may be unique to legumes.48 Using a different
approach, small RNAs were sequenced from two
cowpea genotypes (CB46, drought-sensitive, and
IT93K503-1, drought-tolerant) that grew under
well-watered and drought stress conditions. About
157 miRNA genes that belong to 89 families were
identified by mapping small RNA reads to cowpea
genomic sequences. Among the 44 droughtassociated miRNAs, 30 were up-regulated in
drought condition and 14 were down-regulated.
Although miRNA expression was in general
consistent in two genotypes, 9 miRNAs were
predominantly or exclusively expressed in one of
the two genotypes and 11 miRNAs were droughtregulated in only one genotype, but not the other.51
In a similar study in soybean, drought
tolerant and sensitive genotypes were subjected
to drought stress and miRNAs that were
differentially expressed characterised. By
sequencing drought tolerant and sensitive
genotypes as well as rust tolerant and sensitive
seedlings, they identified a total of 24 families of
novel miRNAs that had not been reported before,
six families of conserved miRNAs that exist in other
plants species, and 22 families previously reported
in soybean. 52 They observed the presence of
several isomiRNAs during the analyses. A striking
feature however was that majority of the miRNAs
(miR166-5p, miR169f-3p, miR1513c, miR397ab and
miR-Seq13), were up-regulated during water deficit
stress in the sensitive plants whilst, for the tolerant
genotypes, these miRNAs were down-regulated.52

Fig. 1. Two possible modes of small RNA-guided target
gene regulations under abiotic stress and their impact
on plant stress tolerance
J PURE APPL MICROBIO, 11(1), MARCH 2017.

The miRNAs that were differentially expressed in
the tolerant/sensitive genotypes under drought
stress may potentially be regulating genes
associated with drought tolerance/sensitivity and
should be further investigated. Salt stress is also
responsible for decline in crop productivity and
approximately 6% of the global arable land is
affected by excess salt. 53 Several studies have
demonstrated that plants express a variety of
miRNAs in response to salt stress. 40, 54, 48 Soybean
miRNAs searches have also identified some
potential candidates. 55, 56 In one study, soybean
miRNAs associated with abiotic stresses (drought,
salinity, and alkalinity) were identified and analyzed
with deep sequencing. One hundred and thirty three
conserved miRNAs representing 95 miRNA
families were expressed in soybeans under these
treatments. 23 Out of these, 71, 50, and 45 miRNAs
are either uniquely or differently expressed under
drought, salinity, and alkalinity, respectively,
suggesting that many miRNAs are inducible and
are differentially expressed in response to certain
stress. In addition, other genome-wide studiesin
Arabidopsis, rice, soybean, maize and Populus
have identified salt responsive miRNAs such as
miR393, miR394, miR396 and miR156. 45, 57, 58, 23
Recently, the expression profiles of nine different
miRNAs were analysed in Phaseolus vulgaris
seedlings in response to 0.4 M NaCl and drought
stress. The miR395 was most sensitive to both
stresses and was up-regulated by 616 and 2810folds by 1.00% PEG and 0.4 M NaCl, respectively.59
Further, miR396 and miR172 were up-regulated after
exposure to both the stresses. The miR396 has
been shown to function in leaf development,60 and
expression of miR396 has been shown to be
induced under high salt, cold, and drought
stresses.45 Interestingly, over-expression of miR396
leads to an increased tolerance to drought stress.
61
The authors found that individual miRNA
expression profiles varied between the two different
stresses, indicating that salt and drought stresses
induce differential miRNA expression through
different mechanisms, such as oxidative stress or
inhibition of plant growth. They also reported that
salt and drought conditions induced the expression
of APX and ADH, two stress-related plant genes,
in Phaseolus vulgaris.
Interestingly, four miRNAs associated
with cold tolerance in Arabidopsis (miR319, miR393,
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miR397, miR402) were analysed for similar role in
sweet pea (Pisum sativum). Primers to these
miRNAs were designed and their role in pea was
investigated using RT-PCR. They showed that
miR319, miR393, miR397, and miR402 probably exist
in pea, and the level of their expressions increased
after the cold treatment. 62 Lu et al 63 found that
miR169a and miR169c were substantially downregulated by drought, leading to the enhanced
resistance to drought in Arabidopsis because one
of the miR169’s targets, NFYA5 (Nuclear Factor
YA5), is a crucial transcription factor regulating
the expression of a number of drought stressresponsive genes.
Wang et al. 64 identified 283 and 293 known miRNAs
from the control and drought stress libraries,
respectively. Under drought stress, they found that
there was up-regulation of miR2089 and miR2118,
whose targets may be proteins associated with
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disease resistance. It is envisaged that these
miRNAs may enhance the ability of drought
tolerance through unknown mechanisms
associated with cross adaptation in plants. They
identified 32 known members of 10 miRNA families
and 8 new miRNAs/new members of known miRNA
families that were responsive to drought stress by
high-throughput sequencing of small RNAs from
M. truncatula.
miRNAs involved in ABA-mediated stress
responses
The phytohormone ABA is involved in
plant responses to environmental stresses. The
first indication that miRNAs may be involved in
ABA-mediated responses came from observations
of ABA hypersensitivity in an Arabidopsis mutant
containing a “pleiotropic recessive Arabidopsis
transposon insertion mutation,” hyl1. 65 Recently,
two research groups independently found that

Fig. 2. MicroRNAs responsive to biotic and abiotic stresses in diverse plant species
J PURE APPL MICROBIO, 11(1), MARCH 2017.
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either ABA or gibberellin (GA) treatment regulated
miR159 expression 40, 66 and controlled floral organ
development. 40 In germinating Arabidopsis seeds,
miR159 was upregulated in ABAtreated seedlings.
67
Sunkar and Zhu reported that the expression of
miR393, miR397b and miR402 was upregulated
by ABA treatment. In contrast, miR389a appears
to be downregulated by ABA.40 Other studies in
Arabidopsis have also reported upregulation of
miR160 68 and miR417 69and downregulation of
miR169 70 in response to ABA. In rice, miR319
was upregulated, whereas miR167 and miR169
were downregulated in ABA-mediated responses.60
In Phaseolus vulgaris, miR159.2, miR393, and
miR2118 were induced under ABA treatments
whereas miRS1, miR1514, and miR2119 were
moderately upregulated in response to ABA.48
miRNAs in biotic stress
In plants, Arabidopsis miR393 was the
first miRNA reported to play a role in plant
antibacterial PTI (pattern triggered immunity) by
regulating the auxin signaling pathway. miR393
was induced by a bacterial PAMP (pattern
associated molecular pattern) peptide flg22 posttreatment.71 Using small RNA-expression profiling
on Arabidopsis leaves collected at 1 and 3 h
postinoculation (hpi) with Pst DC3000 hrcC,19
identified three miRNAs miR160, miR167,
andmiR393) that were highly induced and one that
was downregulated (miR825) after infection. The
role of miRNAs in plant basal defense was further
supported by the finding that Arabidopsis miRNAdeficient mutants dcl1 and hen1 showed enhanced
growth of the bacterium Pst DC3000 hrcC and
several bacteria strains that are non-pathogenic to
Arabidopsis, including Pseudomonas syringae pv.
phaseolicola, P. fluorescens, and E. coli.72
In a recent study in chickpea plants Based
on the significant upregulation of miR530 in
response to Fusarium infection and its unique
target genes in the chickpea, it appears to be
involved in the response to pathogen attack. The
three legume-specific miRNAs (miR2111, miR2118
and miR5213) play critical roles during pathogen
attack. In the chickpea, miR2111 targets a Kelch
repeat-containing F-box protein. F-box proteins are
responsible for the controlled ubiquitin-dependent
degradation of cellular regulatory proteins and are
involved in defense responses, auxin responses
and floral organ development.73, 74 Targets of FJ PURE APPL MICROBIO, 11(1), MARCH 2017.

box proteins are central regulators of key cellular
events and include G1 cyclins and inhibitors of
cyclin-dependent kinases. 75 It appears that
miR2111 and F-box proteins act together to regulate
the defense response in chickpea following biotic
stress. Other than F-box proteins, miR2111 also
targets TIR domain-containing NBS-LRR disease
resistance proteins. miR2118 and miR5213 also
target the same class of R genes. Interestingly, the
chickpea miR2118 was upregulated in response to
wilt infection and down regulated following salt
stress. 76 miR2118 has also been shown to be
suppressed after Verticillium fungal attack in
cotton.77 Fusarium wilt leads to symptoms that are
similar to those of Verticillium wilt, whose common
host plant is cotton. miR2118 functions through
three novel target transcripts encoding TIRNBSLRR disease resistance proteins, but its functional
regulation remains unclear. In the soybean, miR2118
targets the protein family that is associated with
disease resistance in addition to zinc finger proteins
78
and replication termination factor 2 in response
to biotic (Asian soybean rust) and abiotic (water
deficiency) stresses.52
miRNAs in bacterial pathogenesis
On contact with pathogens, host plants
can recognize the nature of the pathogen based
on pathogen-associated molecular patterns, and
mounta defense response that involves rapid
changes in gene, hormone and metabolite levels.
miRNAs are also part of such defense mechanisms.
Several miRNAs, such as miR393, miR319, miR158,
miR160, miR167, miR165/166 and miR159, are
upregulated, whereas miR390, miR408 and miR398
are downregulated in Arabidopsis leaves
challenged with a virulent form of the bacterium, P.
syringae pv. tomato DC3000.79 miR393, miR160 and
miR167 were upregulated in leaves challenged with
the PstDC3000 hrcC pathogen. 19 Similarly,
treatment with flagellin-22 induced miR393
expression in Arabidopsis. 71 These studies
illustrate that miRNAs that target genes involved
in auxin perception and signaling are upregulated
during the pathogenesis of bacterial infection. The
resulting repression of auxin signaling promotes
host plant resistance against such infection,80
suggesting that miRNAs play a vital role in
protecting plants against pathogenic bacteria.
miRNAs in biological Nitrogen fixation
miRNAs also play critical and diverse
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roles in symbiotic N fixation. To identify potential
regulators early in nodule development,
Subramanian et al., 81 inoculated soybean (Glycine
max) roots with Bradyrhizobium japonicum and
identified differentially expressed miRNAs. For
example, miR168 and miR172 were upregulated at
1 or 3 hpi but returned to basal levels by 12 hpi;
miR159 and miR393 were upregulated by 3 hpi
and continued to maintain these levels to 12 hpi;
miR160 and miR169 were downregulated in
response to rhizobia. Also, rhizobial infection
changed the levels of miR160, miR393, miR164,
and miR168, which target ARFs (ARF10, ARF16,
and ARF17), TIR1, NAC1, and AGO1, respectively.
Li et al, 82 examined the gene expression levels of
six families of novel miRNAs and investigated their
functions in nodule development in soybean. The
results suggested that miR482, miR1512, and
miR1515 might have specific and important
functions during soybean nodulation. Cloning and
sequencing of miRNAs from functional nodules
of soybean revealed conserved miRNAs (miR167,
miR172, miR396, and miR399), whereas four other
families had sequences homologous to GmmiR1507, GmmiR1508, Gm-miR1509, and GmmiR1510, which play a role in N fixation.83 In
Medicago truncatula, the functions during
nodulation have been studied for two conserved
miRNAs; miR169 regulated MtHAP2-1, which
altered nodule development, 84 while
overexpression of miR166 reduced the number of
symbiotic nodules and lateral roots.85
CONCLUSIONS
A complete understanding of the actions
of miRNAs depends on the identification of the
target genes. Identification of entire sets of
miRNAs and their targets will lay the foundation
that is needed to unravel the complex miRNAmediated regulatory networks controlling
development and other physiological processes.
Given that miRNAs are crucial components of in
gene regulatory networks, we believe that a
complete understanding of the functions of
miRNAs will greatly increase our understanding
of plant tolerance to biotic and abiotic stresses.
Also, the artificial microRNA (amiRNA)-mediated
approach should have broad applicability for
engineering multiple stress-responsive genes in
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crop plants.
In summary, an understanding of posttranscriptional gene regulation by miRNAs under
biotic and abiotic stress is crucial for understanding
and improving stress tolerance in crop plants. In
silico identification of miRNAs in diverse plant
species suggests that these miRNAs are
conserved across species boundaries.
Conservation of these miRNAs implies that they
have conserved biological functions. Appropriate
manipulation of miRNA target genes should help
overcome post-transcriptional gene silencing and,
thus, might lead to better expression of engineered
traits in transgenic plants.
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