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Introduction

Crop productivity is strictly related to genome stability, an essen-
tial requisite for optimal plant growth and development. Several 
environmental stresses, such as UV light, ionizing radiations, 
heavy metals and other pollutants can induce severe injury within 
the cellular compartment, affecting crop productivity. Genotoxic 
agents influence genome integrity, inducing constant DNA dam-
age which requires cells to activate proper repair responses.1-3

Rice, wheat, and maize are the three leading food crops in 
the world. Together they directly supply more than 50% of all 
calories consumed by the entire human population. Wheat is 
the leader in the harvested area, with 214 million ha/year, fol-
lowed by rice with 154 million ha and maize with 140 million 
ha. Human consumption accounts for 85% of total production 
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for rice, compared with 72% for wheat and 19% for maize (FAO, 
2012). Besides its economical importance, rice also represents a 
model cereal system since it has a relatively small genome size as 
compared with other cereals, a vast germplasm collection, wide 
array of molecular genetic resources, and an efficient transforma-
tion protocol.4 The increase in rice production can play significant 
roles in upgrading the economic status, especially in developing 
countries from Asia and Africa. In the recent past, the molecular 
biology, genomics and biotechnology techniques greatly advan-
taged the rice research. By employing recombinant DNA tech-
nology, remarkable progress had been made toward production 
of rice plants with increase yield, improved nutritional quality 
and resistance to various diseases.5 However, rice is particularly 
sensitive to a number of different stress conditions among which 
excess salts, reduced or excess water supply and suboptimal tem-
perature regimes are the most important.5 Within this context, 
the study of novel approaches designed for better understanding 
the stress-related mechanisms in rice, and possibly in other crops, 
are still of great interest.

The development of high-throughput transcriptomic and pro-
teomic technologies, have enabled the identification of hundreds 
of genes induced under stress conditions for a better understand-
ing of the stress-related mechanisms. Out of the many mecha-
nisms responsible for stress adaptation, transcriptional regulation 
mediated by specific transcription factors (TFs) that bind to con-
served cis-acting promoter elements, is the most widely studied 
especially in the case of abiotic stress-induced changes in gene 
expression.6 Several studies have shown the importance of post-
transcriptional regulation of gene expression under stress, but 
still little is known concerning this field. The precise control 
of transcription is critical for the regulation of gene expression 
during cell differentiation and plant development. At the tran-
scriptional level, the TFs play a major role in regulating gene 
expression. By binding to specific regions, the TFs can control the 
transcription activities of target genes regulating the production 
of mRNA transcripts.7 Another intriguing aspect related to the 
transcription regulation process involves the activity of microR-
NAs (miRNAs). In multicellular organisms, TFs and miRNAs 
are the major families of gene regulators. Recent studies have sug-
gested that these two kinds of molecules share similar regulatory 
logics and participate in cooperative activities in gene regulatory 
networks.8 There is increasing evidence that miRNAs contribute 
to the modulation of gene expression at the post-transcriptional 
level. miRNAs are small (18–22 nucleotides) non-coding, single 

Rice (Oryza sativa) represents one of the most important food 
crops in the world, since it feeds more than two billion people. 
The increased rice production can play significant roles in 
upgrading the economic status of countries like India and 
China. A great deal of research has been performed in the recent 
past on the molecular biology, genomics and biotechnology of 
rice. By employing recombinant DNA technology, remarkable 
progress had been made toward production of rice plants with 
increase yield, improved nutritional quality and resistance 
to various diseases. Under these circumstances, the study 
of microRNAs can contribute to new discoveries in this field. 
The miRNAs are assigned to modulate gene expression at the 
post-transcriptional level. They are small, non-coding, single 
stranded RNAs that are abundantly found in prokaryotic and 
eukaryotic cells and can trigger translational repression or 
gene silencing by binding to complementary sequences on 
target mRNA transcripts. In the recent years, miRNAs have 
been reported to control a variety of biological processes, such 
as plant development, differentiation, signal transduction or 
stress responses. The present review provides an up-date on 
microRNAs and their involvement in the stress response in rice. 
A section is specifically dedicated to the genetic engineering 
perspectives regarding the miRNAs applications in rice 
tolerance to stress conditions.
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substantial differences. For example, plant pre-miRNAs have 
larger and more variable stem-loop structures. The mature 
plant miRNAs pair their target sites with near-perfect comple-
mentarity. In animals, miRNAs usually recognize several target 
sequences in the 3' UTR of mRNAs and cause translation inhibi-
tion, while plant miRNAs often recognize a single target site in 
the coding region and guide the mRNA to cleavage. The specific-
ity of plant miRNA targeting coding sequences with fewer mis-
matches suggests that they may act more like small interfering 
RNAs (siRNAs).18 siRNAs (~21 nt) also play crucial roles in post-
transcriptional gene silencing (i.e., RNA silencing) in plants.19 
The function of siRNA and its biogenesis is thought to be highly 
conserved in all the eukaryotes including plants.

A schematic representation of miRNA biogenesis in showed 
in Figure 1. miRNAs are generated from primary miRNA tran-
scripts (pri-miRNAs) that are generally transcribed by RNA 
polymerase II and they form characteristic hairpin structure 
by intramolecular pairing.20 In animals a pri-miRNA can con-
tain several different pre-miRNAs, but in plants each transcript 
usually contains a single pre-miRNA. Two sequential RNase 
III enzyme-mediated cleavages are required to produce mature 
miRNAs. First, DICER-LIKE1 (DCL1) in plants, or Drosha, 
in animals, cleaves near the base of the pri-miRNA stem-loop 
to produce a miRNA precursor (pre-miRNA). Then DCL1 (in 
plants) or Dicer (in animals) cleaves at a second position near the 
pre-miRNA loop to generate the miRNA/miRNA* duplex.18 In 
plants, the two-step processing of pri-miRNAs into mature miR-
NAs occurs entirely in the nucleus. In addition to DCL1, genetic 
analysis revealed that HYL1, a dsRNA-binding protein, and SE, 
a C2H2-type zinc finger, are also required for processing pri-
miRNAs and for accumulation of mature miRNAs. The impor-
tance of DCL1, HYL1, and SE in plant growth and development 
was evidenced, but only recently these genes were found to be 
required for miRNA accumulation in plants.21 After the proces-
sion in the nucleus, the miRNA/miRNA* duplex is transported 
to the cytoplasm by HASTY, an EXP-5 homolog, incorporated 
into the RISC complex (RNA-induced silencing complex) and 
guided to the target mRNA.22

Experimental and computational analysis indicates that many 
plant miRNAs and their targets are conserved between monocot 
(rice) and dicot (Arabidopsis) plants, which suggests that miR-
NAs arose early in eukaryotic evolution, before the divergence 
of monocots and dicots. The interaction between miRNAs and 
their binding sites was studied in rice. The results of this study 
revealed that these interactions are part of a dynamic process 
since some conserved miRNAs could lose their putative target 
genes, while others acquired new target genes which are usually 
unrelated to those ancestral targets.23 Differently from animals, 
only the mature miRNAs, and not the pre-miRNAs, are con-
served in plants.17 The high degree of complementarity between 
plant miRNAs and the target mRNAs allowed the target pre-
diction by using specific algorithms that scan the genome for 
mRNA-miRNA complementarity. Since one miRNA can tar-
get multiple mRNAs, a great number of genes were predicted as 
candidate targets.24 However, the bioinformatic prediction must 
be supported by experimental validation. Some of the most used 

stranded RNAs that are abundantly found in prokaryotic and 
eukaryotic cells. They can trigger translational repression or 
gene silencing by binding to complementary sequences on tar-
get mRNA transcripts, controlling in this way the regulation of 
their target genes at the post-transcriptional level.9,10 In the recent 
years, miRNAs have been reported to control many biologi-
cal processes, such as plant development, differentiation, signal 
transduction or stress responses.11-13

MicroRNAs were first discovered in Caenorhabditis elegans14 
and since then they have been also found in several other organ-
isms, including plants.15 A database has been constructed through 
the Sanger Institute and annotated miRNA sequences are avail-
able (http://www.sanger.ac.uk/cgi-bin/Rfam/mirna/browse.
pl and www.mir-base.org/index.shtml). Several miRNAs have 
been reported in Arabidopsis thaliana (199), Oryza sativa (447), 
Medicago truncatula (375), Zea mays (170), Sorghum bicolor (148), 
Vitis vinifera (137) and the numbers are still increasing. Although 
miRNA sequences are not conserved between animals and plants, 
they are highly conserved within each kingdom, and this evolu-
tionary conservation is one of their defining characteristics.16,17

The present review will provide an up-date on microRNAs 
and their involvement in the stress responses in rice. A section 
will be specifically dedicated to the genetic engineering perspec-
tives regarding the miRNAs applications in rice tolerance to 
stress conditions.

microRNA biogenesis in plants. Even though plant miR-
NAs are mostly similar to animal miRNAs, they show several 

Figure 1. Schematic representation of miRNA biogenesis plants. The 
primary miRNA transcript is processed by Dicer-like 1 (DCL1) and is 
associated RNA-binding cofactors HYL1 and SE to generate a miRNA, 
which is then methylated, exported to the cytoplasm and incorporated 
into the Agonaute 1 (AGO1)-containing RNA-induced silencing complex 
(RISC) to silence mRNA targets important for development, diseases, 
and stress responses.
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WT, thus indicating the involvement of miRNAs in the auxin-
resistant phenotype of this mutant. Further research also showed 
that miR167 was involved in adventitious root development in 
rice by regulating its downstream targets.33

In a recent study, Li et al.34 used high throughput sequencing 
techniques to identify miRNAs from rice seedlings grown under 
normal conditions and treated with hydrogen peroxide (H

2
O

2
) in 

order to induce oxidative stress. They identified seven miRNAs 
families that were differentially expressed under H

2
O

2
 stress. 

Out of these, miR169, miR397, miR1425, miR827, miR319a.2 
and miR408-5p were found to be upregulated in response to oxi-
dative stress, while miR528 was downregulated. The validated 
targets of the H

2
O

2
-responsive miRNAs were demonstrated to 

play important roles in transcriptional regulation, nutrient trans-
port, auxin homeostasis, cell proliferation and programmed cell 
death.35

MicroRNAs playing specific roles in the response and adapta-
tion to heavy metal stress in rice, have been recently identified 
by Ding et al.35 They used a microarray assay in order to investi-
gate the miRNAs functions under cadmium (Cd) stress and they 
have identified 19 Cd-responsive miRNAs. Out of these, miR528 
was upregulated under Cd-treatments, while miR162, miR168, 
miR166, miR171, miR396, miR390, miR156, miR1432 and 
miR444 were downregulated. The predicted target genes for 
these Cd-responsive miRNAs encode transcription factors and 
proteins associated with metabolic processes or stress responses 
(Table 1).

High-throughput expression profiling analysis through one-
tube stem-loop reverse transcription quantitative PCR (ST-RT 
qPCR) under normal and stress conditions, was also reported in 
rice.35 With this method, 41 rice miRNAs were quantified for 
their relative expression levels after drought, salt, cold, or ABA 
treatments, and 32 miRNAs showed induced or suppressed 
expression. Some of the predicted target genes of these microR-
NAs were also related to abiotic stresses.36

Umate and Tuteja (2010)37 identified by in silico analysis 
12 miRNAs that potentially target different helicase genes in 
rice. Out of these, miR414, miR164 and miR408 were shown 
to be downregulated under salinity stress. These miRNAs were 
experimentally validated as targeting three putative DEAD-box 
helicases whose expression was upregulated in response to salt 
treatments (Macovei and Tuteja, unpublished observation).

In consequence, many rice miRNAs play important roles in 
the tolerance to stress conditions. So, understanding the regula-
tory networks guided by miRNAs under stress can help elucidate 
the mechanisms of tolerance and adaptation to stress and provide 
new tools for improving crop resistance.

microRNAs: Useful applications for rice crop. Traditional 
breeding has been most successful in improving stress tolerance 
in plants, but this process is time-consuming and the genetic 
resources available are limited.38 In the last decades, these pos-
sibilities have been enriched by genetic engineering and gene 
transfer technologies, as well as through the identification of 
genome sequences in model plants. However, detailed under-
standing of plant metabolic pathways and regulatory genes is 
still required.

validation techniques are the in vitro cleavage assay, in which 
radiolabelled target RNAs are used, and the RNA-ligase medi-
ated rapid amplification of cDNA ends, or shortly RLM-5'RACE 
technique, which involves the ligation of a RNA adaptor to the 
uncapped RNA and specific amplification of the 5'- cleavage 
products by 5'RACE.25 Usually, miRNA directed cleavage occurs 
in the center of miRNA complementarity between the tenth and 
eleventh nucleotides.26

Stress-responsive microRNAs in rice. The study of rice miR-
NAs started with the work of Wang et al.,27 who first reported on 
the identification of 20 miRNAs by using an improved cDNA 
cloning procedure derived from experimental RNomics. One year 
after, Sunkar et al.,8 published a detailed study on rice miRNAs. 
In this paper, the authors reported on the identification of new 
miRNAs that were difficult to predict by in silico analysis and 
verified the previously predicted miRNAs. Sequencing of small 
RNA libraries and subsequent analysis led to the identification of 
14 new miRNAs belonging to 14 families, 13 of which were not 
present in Arabidopsis. Based on the sequence complementarity, 
they were able to predict 46 rice genes as putative targets of the 
new miRNAs. The predicted targets included transcription fac-
tors and genes involved in various physiological processes.28

Even if the investigations of plant miRNAs are a little behind 
of those from animals, the versatile functions of plant miRNAs 
are becoming clearer with the passing years. miRNAs functions 
are thoroughly investigated by ectopic expression. The role of 
miRNAs in controlling developmental processes has been widely 
studied, while the emerging roles of miRNAs in plant stress 
responses are still less discussed.

A study by Zhang et al.,29 based on EST analyses in 
Arabidopsis, showed that 25.8% of the ESTs containing miR-
NAs were found in stress-induced plant tissues, suggesting that 
miRNAs play an important role in plant responses to environ-
mental stress. Several recent studies have provided supporting 
evidence for this hypothesis in different plant species, but mostly 
concentrated on Arabidopsis thaliana as a model organism.11,24,30

In the present review, the miRNAs involvement in stress 
response is treated in relation to rice as a model cereal system. In 
Table 1 there are summarized some miRNAs that were proven 
to be implicated in various stress responses in rice plants. Zhao 
et al.31 reported on the miR169 family which regulates the CBF/
DREBs (dehydration-responsive element) transcriptions fac-
tors and they suggested that miR169 g might play a role under 
drought stress in rice. The miR393, which targets an auxin trans-
porter gene (OsAUX1) and a rice tiller inhibitor gene (OsTIR1), 
was also found to be induced by drought and salinity stress. 
Transgenic rice plants overexpressing miR393 showed an increase 
in tillers and early flowering, together with a decrease tolerance to 
salt and hypersensitiveness to auxin.32 Even if few data has been 
reported on auxin signaling in rice compared with Arabidopsis, 
some miRNAs have been showed to be involved in auxin signal-
ing. miR160 and miR167, whose targets are auxin response tran-
scription factors (ARFs), play an important role in early auxin 
response. By using the auxin-resistant rice mutant osaxr, Meng et 
al.33 demonstrated that the number of auxin-sensitive miRNAs 
was dramatically reduced in the mutant plant compared with 
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Gene silencing opened a gate for new opportunities in molecu-
lar breeding. The attempts to improve agronomic performance in 
crops have mostly focused on gene overexpression. Nonetheless, 
there are several examples proving that loss-of-function muta-
tions and gene silencing through RNAi present great potential 
for agriculture. It has been recently shown that reduction or the 
loss of gene function often underlies varietal differences and 
important traits in rice and other grasses.39

MicroRNAs can be easily used for the induction of gene 
silencing since they work as target gene suppressors. The most 
common techniques for improving stress tolerance through the 
use of microRNA are: artificial miRNA (amiRNAs), siRNA-
directed DNA silencing and the transient miRNA (tasiRNA). 
Among these, the amiRNAs present a new and highly specific 
technology for gene silencing. The fold back structure of pre-
miRNA is the key to efficient processing of miRNA and this led 
to the idea that synthetic or artificial miRNAs may be designed 
to suppress expression of specific genes.43 Successful experiments 
of amiRNAs-mediated gene silencing have been conducted in 
Arabidopsis, tomato, tobacco, rice, mosses (Physcomitrella pat-
ens), and algae (C. reinhardtii).44 A new method for easy and 
rapid construction of rice artificial miRNA vector was described 
by Wang et al.45 The procedure involved the use of osa-amiR528 
in a modified pCAMBIA1300-UR vector. The authors showed 
that the method was highly efficient, and greatly reduced the 
time needed for vector construction, making it suitable for use 
in a systems biology approach to functional genomic research. 
Custom-made amiRNAs introduced into Arabidopsis-based 
endogenous pre-miRNA backbones were able to target genes 
that are not naturally regulated by miRNA.46 The amiRNAs 

miRNAs downregulate gene expression by mRNA cleavage or 
by repressing mRNA translation. As consequence, it is possible 
to use miRNAs for the suppression of target gene expression in 
order to study gene functions in a way similar to the use of anti-
sense mRNA and RNA interference (RNAi). Another possibility 
is the use of miRNA to improve plant yields, quality, or resistance 
to various environmental stresses including insect and pathogen 
infection.39

A recent study reported on the application of a microRNA 
microarray system to examine the expression of annotated rice 
miRNAs and highly-expressed small RNAs in two rice subspe-
cies and their reciprocal hybrids in order to exploit the heterosis 
mechanism. The authors found that from the 1141 tested miR-
NAs, 157 were differentially expressed in hybrids, suggesting that 
small RNAs might play critical roles in heterosis.40

The development and maturation of rice seeds involves 
detailed and solid gene regulation at the transcriptional and 
post-transcriptional levels. Novel miRNAs, identified through 
integrated bioinformatics analysis, were showed to play impor-
tant roles in the regulatory network of rice seed development. 
For example, it is known that mutation of AUXIN RESPONSE 
FACTOR 2 (ARF2) leads to an increase in seed size and weight. 
The miR167, which targets the ARF factors, was preferentially 
expressed in rice seeds and was induced by auxin.41 High-
throughput sequencing technology was also used to investigate 
the roles of known miRNAs in rice seed development and to 
identify potentially seed-specific miRNAs. The presence of a 
large set of miRNAs and miRNA-like molecules in developing 
rice seeds suggests that many processes are under miRNA regula-
tion during seed development.42

Table 1. Rice microRNAs involved in stress response

MicroRNA Stress conditions Response Validated/putative targets References

miR169 Drought Upregulated CBF/DREBs transcription factors (TFs) Zhao et al. 200731

miR393 Salt and drought Upregulated Auxin receptors TIR1, AFB2, AFB3 Xia et al. 201232

miR398 Oxidative stress Upregulated Copper SOD enzyme Li et al. 201034

miR169 Oxidative stress Upregulated HAP2 like transcription factor Li et al. 201034

miR397 Oxidative stress Upregulated Laccase Li et al. 201034

miR827 Oxidative stress Upregulated SPX domain protein Li et al. 201034

miR1425 Oxidative stress Upregulated Pentatricopeptide repeat (PPR) protein Li et al. 201034

miR528
Oxidative stress 

Cadmium
Downregulated 

Upregulated
F-box containing protein, 

Dicer-like1
Liu et al. 201034  

Ding et al. 201135

miR167 Auxin signaling Upregulated Auxin response factor Meng et al. 201033

miR160 Auxin signaling Upregulated Auxin response factor Meng et al. 201033

miR162 Cadmium Downregulated Dicer-like1 Ding et al. 201135

miR168 Cadmium Downregulated ARGONAUTE Ding et al. 201135

miR166 Cadmium Downregulated HD-Zip TFs Ding et al. 201135

miR171 Cadmium Downregulated Scarecrow-like TFs Ding et al. 201135

miR396 Cadmium Downregulated Rhodenase-like protein, kinesin-like protein B Ding et al. 201135

miR390 Cadmium Downregulated Leucine-rich repeat receptor-like protein kinase Ding et al. 201135

miR156 Cadmium Downregulated Squamosa-promoter-binding protein TFs Ding et al. 201135

miR1432 Cadmium Downregulated EF-handproteins Ding et al. 201135

miR444 Cadmium Downregulated MADS-box TFs Ding et al. 201135
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and P5CDH (Δ1-pyrroline-5-carboxylate dehydrogenase) genes, 
demonstrated an important role of nat-siRNAs in osmopro-
tection and oxidative stress management under salt stress in 
Arabidopsis. The SRO5 gene is similar to RADICAL INDUCED 
CELL DEATH 1 (RCD1) gene, which prevents ROS-induced 
cell death, considering that rcd1 mutant plants are hypersensitive 
to ROS-induced cell death.53

Another intriguing application of miRNA was recently 
evidenced by Burklew et al.54 in a study involving the use of 
nanoparticles in tobacco plants. The authors studied the response 
of different concentrations of aluminum oxide nanoparticles 
(0%, 0.1%, 0.5%, and 1% Al

2
O

3
) on microRNA expression in 

tobacco and noted that miR395, miR397, miR398, and miR399 
showed an extreme increase in expression during exposure to 1% 
Al

2
O

3
 nanoparticles. They concluded that these miRNAs may 

play a key role in mediating plant stress responses to nanoparticle 
stress in the environment.54

Thus, miRNA-mediated approaches provide powerful tools 
for the study of gene functions and expand the applicability in 
producing stress tolerant plants.

Conclusions

Extensive efforts over the past decades have identified a great 
number of stress-regulated genes. With the recent identifica-
tion of miRNAs, siRNAs and amiRNAs as components of stress 
response, another level of gene regulation has been uncovered. As 
a result, important roles are attributed for these small RNAs in 
stress response. The extent of microRNAs involvement in abiotic 
stress response in rice and other crops should become clearer in 
the next years if sufficient efforts will be directed to this field. 
In summary, the study of post-transcriptional gene regulation by 
microRNAs under abiotic stress is crucial for understanding and 
improving stress tolerance in rice as well as in other relevant crop 
plants.

were highly expressed in a tissue-specific manner in Arabidopsis 
thaliana and could effectively downregulate the predicted tar-
gets.46,47 Recently Arabidopsis miR159 precursor was engineered 
to express amiRNA targeting viral mRNA sequences encoding 
two gene silencing suppressors, P69 of tobacco yellow mosaic 
virus (TYMV) and HCPro of turnip mosaic virus (TuMV), 
resulting in transgenic plants resistant to TYMV and TuMV.48 
This technique was successfully applied also in rice crops. Based 
on an endogenous rice miRNA precursor, artificial miRNA con-
structs were designed to target three different endogenous rice 
genes. Specific suppression of the target genes was achieved in 
both Nipponbare (japonica) and IR64 (indica) genotypes.49 So, 
amiRNAs could be considered one of the most suitable strategy 
to generate transgenic plants and improve crops.50

Other ways for improving stress tolerance through miRNAs 
are the use of siRNA-directed silencing and transient RNA 
silencing (tasiRNA). Endogenous siRNAs are synthesized from 
long double stranded RNAs (dsRNAs). The endogenous sources 
of dsRNAs could be the miRNA-directed cleavage products of 
noncoding transcripts, the dsRNAs formed from the mRNAs 
encoded by natural cis-antisense gene pairs and the dsRNAs gen-
erated from heterochromatin and DNA repeats.51 The siRNAs 
produced by miRNA-directed cleavage of mRNAs are referred to 
as trans-acting, or transient siRNAs (tasiRNAs), while the siR-
NAs derived from dsRNAs formed from the mRNAs encoded 
by natural cis-antisense gene pairs are called natural antisense 
transcript-derived siRNAs (nat-siRNAs). Lu et al.52 uncov-
ered a group of seven nat-miRNAs in rice (miR444, miR1433, 
miR1426, miR1425, miR160, miR166 and miR10), which 
originate from the natural antisense strand of target genes.53 
Intron processing from the overlapping primary miRNA tran-
scripts generates a hairpin structure that is further processed by 
DCL1, suggesting for an additional pathway for miRNA evo-
lution, biogenesis, and function. Work on nat-siRNAs derived 
from a cis-NAT gene pair of SRO5 (Similar to RCD One 5-like) 
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