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Abstract Due to global climate change, temperature
stress has become one of the primary causes of crop
losses worldwide. Much progress has been made in
unraveling the complex stress response mechanisms in
plants, particularly in the identification of temperature
stress responsive protein-coding genes. Recently discov-
ered microRNAs (miRNAs) and endogenous small-interfer-
ing RNAs (siRNAs) have also been demonstrated as

important players in plant temperature stress response.
Using high-throughput sequencing, many small RNAs,
especially miRNAs, have been identified to be triggered
by cold or heat. Subsequently, several studies have shown
an important functional role for these small RNAs in cold or
heat tolerance. These findings greatly broaden our
understanding of endogenous small RNAs in plant stress
response control. Here, we highlight new findings regarding
the roles of miRNAs and siRNAs in plant temperature stress
response and acclimation. We also review the current
understanding of the regulatory mechanisms of small RNAs
in temperature stress response, and explore the outlook for
the use of these small RNAs in molecular breeding for
improvement of temperature stress tolerance in plants.
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INTRODUCTION

Temperature is one of the most important environmental
factors, affecting the geographical distribution of plant
species and their productivity worldwide (Xu et al. 2016).
Extreme heat or cold temperatures have an adverse
impact on almost all aspects of plant development,
growth, reproduction and yield (Sung et al. 2003; Wahid
et al. 2007; Mittler et al. 2012). Within the plant life cycle,
the reproductive stage is the most sensitive stage to
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temperature stress and even a small change in tempera-
ture during flowering time can have devastating losses for
grain crops (Mittler et al. 2012). According to areport from
the Intergovernmental Panel on Climatic Change (IPCC),
plant growth will be challenged with warmer environ-
ments as the average surface temperature increases
2.0-4.5°C by the end of this century (IPCC 2014). Global
warming effects will not only be limited to rising average
annual temperatures globally, but also increase the
frequency and amplitude of severe temperature events
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(Neilson et al. 2010). As temperature stresses become
more recurrent, there is an urgent need to identify the
genes associated with tolerance to temperature stresses
and understand their regulatory mechanisms in order to
develop crops with enhancing temperature stress toler-
ance through genetic manipulation.

Recently, a growing pool of research has revealed the
powerful roles of microRNA (miRNA) and small-interfer-
ing RNA (siRNA) in plant developmental control at the
post-transcriptional level (Liu and Chen 2010). These small
RNAs (sRNAs) are shown to negatively regulate genes
post-transcriptionally by guiding target mRNAs for
degradation or by repressing translation. Compared to
siRNAs, the actions of miRNAs are more extensive and
remarkable. MiRNAs are involved in almost every aspect
of plant growth and development regulation, including
plant organ morphogenesis, hormone signal transduc-
tion, and responses to various external environmental
stresses (Chuck et al. 2009; Liu and Chen 2010; Sunkar
et al. 2012; Huang et al. 2016). By exploiting their integral
role in plant growth, applications of miRNAs have been
used to improve important agronomic traits in plants
(Zhang et al. 2013; Zheng and Qu 2015). Recent studies
have also established the involvement of miRNAs and
siRNAs in regulating temperature stress responses in
various plant species, and several reports have
highlighted the key roles of these sRNA regulators in
plant response to temperature stresses. These results
greatly broaden our understanding of the molecular
mechanism in plant temperature tolerance and acclima-
tion. In this review, we summarized the diversity of SRNAs
in response to temperature stresses in plants, functional
confirmation of some important sRNAs associated with
temperature stress response and their possible mecha-
nisms in regulating temperature stress tolerance in
plants. We also discussed the future directions and
potential use of sRNAs for crop improvement.

CHANGES IN miRNA EXPRESSION TO
TEMPERATURE STRESS

With the rapid advancement and increasingly affordable
usage of high throughput sequencing technology in
recent years, genome-wide searches for miRNAs involved
in temperature stress response has been conducted in
many plant species (Table 1). Many identified miRNAs have
beenshownto beinvolved in temperature stress response
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in at least two different plant species, suggesting a
persistent regulatory role during extreme temperature
changes. Three miRNAs (miR156, miR160 and miR168)
were identified in up to seven plant species during heat
stress response (Table 1). Moreover, these temperature
stress-regulated miRNAs were also shown to be involved
in almost every aspect of plant growth and development
(Table 1). These findings indicate that miRNA development
and regulation of cold or heat stress tolerance may be
tightly linked and likely use the same mechanism across
plants species. Though many temperature stress-regu-
lated miRNAs were shared among different plant varieties,
their expression patterns under heat or cold stress appear
to be species-dependent to some extent. For instance,
miR172 was induced by cold stress in Brachypodium and
Prunus persica (Zhang et al. 2009; Barakat et al. 2012),
whereas it was repressed during cold stress in grapevine
and wheat (Tang et al. 2012; Sun et al. 2015). Similarly,
miR156 was upregulated by heat stress in Arabidopsis,
wheat, and Chinese cabbage but was downregulated in
rice and Saccharina japonica (Xin et al. 2010; Yu et al. 2011;
Stief et al. 2014a; Kumar et al. 2015; Liu et al. 20153; Liu et al.
2017). Additionally, it is worth mentioning that miRNAs are
also differentially expressed between different tissues or
developmental stages under temperature stress. Our
recent study indicated that heat-responsive miRNAs at the
flowering stage in rice were different from those found
during the seedling stage (Liu et al. 2017). Many miRNAs
were first documented for their involvement in heat stress
response during the flowering stage, including the highly
conserved miR528 (Liu et al. 2017). These differences in
expression, based on physiological timing, highlight the
need for specific and detailed characterizations of
temperature-responsive miRNAs in plants.

MiRNA profiles have also been analyzed in genotypes
that exhibit contrasting temperature tolerance to investi-
gate the nuances of miRNA expression in plant tempera-
ture stress response. A striking difference between
miRNA profiles in heat-tolerant and heat-sensitive rice
genotypes was observed in a recent study (Liu et al. 2017).
Atotal of 85 heat-responsive miRNAs was identified in the
tolerant genotype, whereas only 26 heat-responsive
miRNAs were identified in the sensitive genotype.
Additionally, among the nine common responsive miR-
NAs, three miRNAs (miR159a.1, miR159b and miR528-3p)
were upregulated in the sensitive genotype while the
same set of miRNAs was downregulated in the tolerant
genotype (Liu et al. 2017). By contrast, miR396e-5p and
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Table 1. Continued

miRNA  miRNA targets Target functions Cold stress  Heat stress References
Ptcl PviT, Tael Kumar et al. (2015); Sun et al. (2015);
Hivrale et al. (2016)
miR396 GRF transcription factors Leaf and cotyledon development PtcT, Ppef, Osal, Pvil Lu et al. (2008); Liu et al. (2008); Zhang
et al. (2009); Barakat et al. (2012);
AthT, Tae|  GhiT| Hivrale et al. (2016); Wang et al. (2016);
Liu et al. (2017)
miR397 Laccases Lignin biosynthesis; flowering timing; ~ Wvi|, Shal, Osal, Ppyl Jeong et al. (2011); Liu et al. (2015b);
increase grain yield AthT, BdiT Liu et al. (2017)
miR398 CSDs Copper homoeostasis; Shal, Tae| Athf, Bral, Yu et al. (2011); Guan et al. (2013); Cao
et al. (2014); Wang et al. (2014a);
oxidative stress Ghi Tael, OsaT, Kumar et al. (2015); Wang et al. (2016);
Liu et al. (2017)
miR399 Phosphate transporter Response to phosphate starvation; Shaf, Ghit  Bral, Osa] Yu et al. (2011); Cao et al. (2014); Wang
= et al. (2016);
] flowering timing Ghi] Liu et al. (2017)
= miR408 Laccase; TaCLP1 Various abiotic stress responses Agrl, GhiT  Ptol, Osal, Sja|, Chen et al. (2012); Li et al. (2014a); Liu
et al. (20153);
Agrl, Pvi|, Ghi|  Hivrale et al. (2016); Wang et al. (2016);
Liu et al. (2017)
miR528  Peroxidase Elimination of ROS nd Osatl Liu et al. (2017)
miR827  NAD (P)-binding; SPX- Involved in signal transduction nd Tael, Pvil Xin et al. (2010); Hivrale et al. (2016)
(SYG1/Pho81/XPR) proteins  pathways
miR5175 Acc-like oxidase Unknown nd Sjat, Hvu? Kruszka et al. (2014); Liu et al. (2015a)

AFB, auxin F-box protein; AGO1, argonaut protein 1; AP2, apetala2; ARF, auxin response factors; CSD, copper/zinc superoxide dismutase; DCL1, dicer like1; GRF,
growth-regulating factor; HD-ZIP, class 1l homeodomain leucine zipper; NAC domain transcription factor, (NAM, ATAF1/2 and CUC2) domain proteins; NF-YA,
nuclear factor Y subunit A; SPL, squamosal promoter binding protein-like; TCP, teosinte branched/cycloidea/pcf transcription factor genes; TIR1, transport
inhibitor response1; JA, jasmonic acid. Plant species abbreviations: Ath, Arabidopsis thaliana; Tae, Triticum aestivum; Bra, Brassica rapa; Sja, Saccharina japonica;
Pto, Populus tomentosa; Osa, Oryza sativa; Hvu, Hordeum vulgare; Agr, Apium graveolens; Bdi, Brachypodium distachyon; Csa, Cucumis sativus; Csn, Camellia sinensis;
Ghi, Gossypium hirsutum; Ppe, Prunus persica; Ppy, Pyrus pyrifolia; Ptc, Populus trichocarpa; Pvi, Panicum virgatum; Sha, Solanum habrochaites; Vvi, Vitis vinifera.

“1”, upregulated; “|”, downregulated; nd, not determined or no change.
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miR396f-5p were upregulated in the tolerant genotype
but downregulated in the sensitive genotype. Further-
more, an earlier response of MiRNAs to heat stress was
also observed in tolerant genotypes compared to the
sensitive genotype (Liu et al. 2017). Another study
involving comparative analysis between two tea plant
(Camellia sinensis) cultivars differing in cold sensitivity
(cold-tolerant “Yingshuang” and cold-sensitive “Baiye 1””)
also exhibited differential expression of miRNAs in
response to cold stress (Zhang et al. 2014). These
discoveries demonstrate that miRNA profiles can be
unique in closely related genotypes with contrasting
temperature sensitivities. Through differential expression
comparison of mMiRNAs between the two genotypes with
contrasting temperature stress tolerance, it may help to
identify the tolerance-associated miRNAs and explore
their mediated regulatory mechanisms in plants.

THE ROLES OF miRNAs IN COLD
TOLERANCE

In the past decade, microarray-based, particularly the
genome-wide sequencing analysis led to identifying
numerous temperature stress responsive miRNAs in
different plants. The actual roles in temperature
stresses of a few miRNAs have been investigated.

As one of the highly conserved miRNAs in plants,
miR394 has been validated to regulate leaf morphologi-
cal development and stem cell identity by targeting leaf
curling responsiveness (LCR) which encodes a putative F-
box protein (Song et al. 2012; Knauer et al. 2013).
Recently, miR394 was also identified to be involved in
regulation of plant responses to cold, salt and drought
stresses. The transcription of miR394 and LCR was both
significantly induced by cold stress. The miR394 over-
expressing (35S::MIR394) and lcr mutant plants showed
enhanced cold tolerance, while the LCR overexpressing
(miR394 cleavage-resistant version) plants exhibited a
cold hypersensitive phenotype when compared to the
wild-type plants (Song et al. 2016). More proline and total
soluble sugars were also identified under cold stress in
35S5:MIR394 and lcr plants than wild-type plants.
According to the previous reports, the C-repeat binding
factors (CBFs)/dehydration-responsive element-binding
factors 1 (DREB1s)-dependent cold response pathway
has been shown to play a predominant role in cold
tolerance and acclimation (Chinnusamy et al. 2010). This

www.jipb.net

attributes to their ability to bind to the C-repeat/
dehydration responsive element (CRT/DRE) and activate
numerous downstream genes in the cold response
pathway (Chinnusamy et al. 2010). Through further
analysis, the authors also indicated that the expression
levels of CBF1, CBF2 and CBF3 were remarkably increased
in 355:MIR394 and Icr plants compared with wild-type
plants after cold stress treatment. In contrast, the
transcription of these genes was reduced in LCR
overexpressing plants (Song et al. 2016). A similar result
was also observed for several downstream genes of CBF,
such as responsive to dehydration 29A (RD29A), cold-
responsive 15a (COR15a) and cold-induced 1 (KIN1). Taken
together, these results showed that miR394 positively
regulates cold tolerance through the activation of CBF-
dependent pathway in plant (Song et al. 2016; Figure 1).
MiR397 is another miRNA which has been also
demonstrated to positively regulate cold tolerance in
plants via the CBF-dependent pathway (Dong and Pei
2014). Overexpression of miR397a in Arabidopsis plants
significantly improved plant tolerance to chilling and
freezing stresses, accompanied with lower leaf electrolyte
leakage compared to wild-type plants. RNA-blot analysis
also revealed that the transcript levels of CBF2 and
downstream cold responsive genes (COR15A, COR47A and
RD29A) were significantly higher in miR397a overexpress-
ing plants than in wild-type plants (Dong and Pei 2014).
MiR319 is one of the earliest identified and most highly
conserved miRNAs in plants, and has been extensively
studied in controlling leaf development and leaf senes-
cence by targeting teosinte branched/cycloidea/pcf (TCP)
transcription factors (Palatnik et al. 2003; Schommer et al.
2008). Increasing evidence indicate that miR319 is also
involved in cold stress response in plants. When subjected
to 4°C for 24 h, miR319 was significantly upregulated in
sugarcane plantlet root and shoot tissues (Thiebaut et al.
2012). Oppositely, the expression of miR319 was reduced
during cold stress in rice, while its target genes (OsPCF5,
OsPCF6, OsPCF8 and OsTCP21) were dramatically induced
(Yang et al. 2013; Wang et al. 2014a; Figure 1). Rice plants
overexpressing miR319 showed enhanced cold tolerance,
and reduced expression of miR319 target also resulted in
enhanced cold tolerance (Yang et al. 2013; Wang et al.
2014b). Wang et al. (2014b) also indicated that the
expression levels of cold responsive genes (DREB1A/1B/1C
and DREB2A) were significantly higher in miR319 over-
expressing plants than in wild-type plants, and the OsPCF6
and OsTCP21 RNAI plants exhibited lower reactive oxygen
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species.

species (ROS) level than in wild-type plants, suggesting
that miR319 confers cold tolerance partially through the
activation of CBF-dependent pathway and the elimination
of ROS in rice plants. Additionally, miR319 was also
reported to be involved in the cold stress responses in
Arabidopsis, tomato and wheat (Sunkar and Zhu 2004;
Tang et al. 2012; Cao et al. 2014), further signifying the
importance of miR319 during cold stress response in a
wide range of plant species.

Similar to miR319, miR396 has also been demon-
strated to positively regulate cold tolerance in plants
via the modifying of ROS level. Overexpression of
tomato miR396 in tobacco showed enhanced cold
tolerance accompanied with decreased production of
ROS (Chen et al. 2015). Moreover, the miR396
overexpressing transgenic lemon (Citrus limon) plants
also displayed improved cold tolerance by reducing
the expression of 1-aminocyclopropane-1-carboxylic
acid oxidase (ACO), an enzyme involved in ethylene
synthesis (Zhang et al. 2016; Figure 1). The reduced
ACO transcript resulted in repressed ethylene synthe-
sis while simultaneously promoting polyamine synthe-
sis, leading to enhanced ROS scavenging. This result is
consistent with the previous report that ethylene

November 2017 | Volume 59 | Issue 11 | 774-791

plays a negative role in cold tolerance by repressing
the expression of CBF genes (Shi et al. 2012). Thus,
these observations provide new insights into the
molecular mechanism underlying the reduction of
ethylene production under cold stress.

MiR408 is another miRNA that has been validated to
regulate cold stress by controlling the level of ROS in
plants. Recently, Ma et al. (2015) has indicated that
miR408 overexpressing plants showed enhanced cold
tolerance accompanied with lower electrolyte leakage
and higher efficiency of photosystem II, whereas the
miR408 knock-out plants exhibited enhanced cold
sensitivity when compared to wild-type plants. Further
analysis revealed that miR408 mediated cold tolerance
might be partially due to the enhanced cellular
antioxidant capacity, as manifested by the reduced
levels of ROS and induced expression of genes
including
copper/zinc superoxide dismutases (CSD1 and CSD2)
and glutathione-S-transferase (GST-U25) (Ma et al.
2015). Furthermore, miR402 has been verified to

associated with antioxidative functions,

positively regulate seed germination under cold stress
condition in Arabidopsis via targeting demeter-like
protein3 mRNA (DML3) which functions in DNA

www.jipb.net
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transcription factors; HSPs, heat shock proteins.

methylation. Both the miR402 overexpressing plants
and the dml3 mutant plants showed earlier seed
germination than wild-type plants when subjected to
12°C (Kim et al. 2010), indicating the important role of
miRNA-mediated regulation of DNA demethylation in
plants adapting to cold stress.

THE INVOLVEMENT OF miRNAs IN HEAT
TOLERANCE

As one of the most conserved and highly expressed
miRNAs in plants, miR156-squamosa promoter binding
protein-like (SPL) regulatory module has been con-
firmed to play essential roles in a variety of develop-
mental processes, including phase changes such as the
vegetative to reproductive stage.” It has been shown
that miR156 maintained a higher level in juvenile shoot
tissues and its expression decreased at plant matura-
tion, and the decline in miR156 abundance provides a
permissive environment for flowering (Wu and Poethig
2006; Wang et al. 2009; Wu et al. 2009). This expression
pattern is attributed to the rise in its target SPL levels
which directly activates the flowering gene fruitfull
(FUL) (Wang et al. 2009; Wu et al. 2009). Interestingly,
two subsequent reports have shown that the miR156-
SPL module controlling flowering time is very sensitive
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to ambient temperature change (Lee et al. 2010; Kim
et al. 2012). Overexpression of miR156 led to delayed
flowering at a lower ambient temperature (16°C),
whereas overexpression of miR156-resistant SPL3
caused early flowering, regardless of the ambient
temperature (Kim et al. 2012). Intriguingly, Stief et al.
(2014a) showed that miR156 was highly induced by heat
stress and the activation can persist for several days.
Functional analysis has verified that miR156 is required
for heat stress memory and that increased miR156 levels
enhance and prolong the memory (Stief et al. 2014a,
2014b). The function of miR156 in heat stress memory is
also attributed to the repression of SPL2 and SPL11
genes in Arabidopsis (Stief et al. 2014a). The study also
indicated that the higher expression of miR156 can
promote sustained expression of heat stress-responsive
genes, which may ultimately lead to the enhanced
maintenance of acquired thermos-tolerance under heat
stress conditions (Stief et al. 2014a; Figure 2).

In contrast to miR156, miR172 displays lower
expression during the juvenile phase but high expres-
sion during the adult phase (Fornara and Coupland
2009). This expression pattern is attributed to its two
target genes, target of eat 1 (TOE1) and TOE2, that
repress adult characteristics in the leaf epidermis
(Fornara and Coupland 2009). Like miR156, miR172
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accumulation is also ambient temperature-responsive
and its abundance is lower at 16°C than at 23°C (Lee et al.
2010). Overexpression of miR172 leads to temperature-
insensitive flowering, suggesting that miR172 may
function in thermosensory flowering (Lee et al. 2010).
Recently, a report has indicated that the flowering time
control protein FCA promotes miR172 accumulation
during the flower processing phase in response to
increases in ambient temperature by directly binding to
the primary miR172 transcripts (Jung et al. 2012). This
further indicates the key regulatory role of miR172 in
flowering time control under heat stress. Notably, the
above results have demonstrated that miR156 and
miR172 both function in thermosensory flowering.
However, they just play opposite roles in thermosen-
sory flowering. Their opposite functions might be due to
their different gene targets within the plant (Figure 2).

Another ambient temperature-responsive miRNA,
miR398, was discovered to exhibit higher expression
level at 23°C than at 16°C, suggesting a role of miR398 in
temperature stress response (Lee et al. 2010). More
recently, miR398 has been validated as a positive
regulator in heat tolerance in Arabidopsis (Guan et al.
2013). The study showed that heat stress rapidly
induced the expression of miR398, but reduced the
transcripts of its target genes CSD1, CSD2 and copper
chaperone for superoxide dismutase (CCS). Transgenic
plants expressing miR398-resistant forms of CSD1, CSD2
and CCS were more sensitive to heat stress, whereas
csd1, csd2 and ccs mutant plants were more heat-
tolerant than the wildtype plants (Guan et al. 2013).
Induction of heat shock proteins (HSPs) through the
action of heat stress transcription factors (HSFs) is the
central component of responses to heat stress in all
living organisms (Chauhan et al. 2011). Heat sensitivity
changes of these transgenic plants were also accompa-
nied with the changed transcription level of HSPs and
HSFs. It was also demonstrated that HSFA1b and HSFA7b
can bind directly to the promoter regions of miR398
to induce its expression, revealing a novel strategy for
thermotolerance (Guan et al. 2013).

Contrary to miR156 and miR398 roles, miR159 acts
as a negative regulator in regulating heat stress
response by targeting gibberellic acid (GA) regulated
Myb (GAMYB)-like family transcription factors in plants.
The rice plants overexpressing TamiR159 were more
sensitive to heat stress compared to the wildtype
plants (Wang et al. 2012; Figure 2). Similarly, it was
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also demonstrated that the expression of csa-miR159b
was repressed by heat stress in cucumber plants,
and overexpression of csa-miR159b led to decreased
heat tolerance in Arabidopsis, further confirming the
negative role of miR159 in heat tolerance (Li et al.
2016).

It is well established that miR396 regulates leaf
development by targeting the growth-regulating factor
(GRF) transcription factors in plants (Das and Nath
2015). Intriguingly, a recent report has indicated that
miR396 can mediate the cleavage of HaWRKY6 in
sunflower and it is unique in Asteraceae plants
(Giacomelli et al. 2012). Transgenic plants expressing
the miR396-resistant form of HaWRKY6 showed in-
creased sensitivity to heat stress response, indicating a
role of the recently evolved miR396 regulation of
HaWRKY6 during early responses to high temperature
(Giacomelli et al. 2012). These results also reveal that a
miRNA that normally regulates development can also
be recruited for high-temperature protection in sun-
flower, a plant particularly well adapted to this type of
stress (Giacomelli et al. 2012).

Alternative splicing (AS) is common in many plant
species and has been identified as a possible
‘molecular thermometer’, allowing plants to quickly
adjust the abundance of functional transcripts to
environmental perturbations (Capovilla et al. 2015).
Intriguingly, a recent report indicated that AS was also
involved in the regulation of miRNA abundance under
heat stress condition in Arabidopsis (Yan et al. 2012).
Intronic miR400 was co-transcribed with its host gene
and was downregulated by heat stress, whereas the
expression of miR400 primary transcripts was greatly
increased. This attributes to an AS event specially
induced by heat stress. The AS event occurred in the
intron (306 bp) where MIR400 was located, with that
a 100 bp fragment was excised, and the remaining
206 bp intron containing MIR400 transcripts was
retained in the host gene, ultimately leading to the
accumulation of miR400 primary transcripts and a low
level of mature miR400 (Yan et al. 2012). Furthermore,
miR400 overexpressing transgenic plants showed a
lower germination percentage, less hypocotyl elonga-
tion and less root growth than wild-type plants,
indicating that miR400 plays a negative role in plant
heat stress response. These results together suggest
the important role of AS in linking miRNAs and
environmental stress in plants (Yan et al. 2012).
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THE ASSOCIATIONS BETWEEN siRNAs,
OTHER SMALL RNAs AND TEMPERATURE
STRESS

Eukaryotic genomes contain a large number of
transposable elements and they are suppressed by
host epigenetic mechanisms to prevent their uncon-
trolled propagation (Ito et al. 2011). Biological organ-
isms have evolved pathways that tightly control their
gene expression activity. This regulation involves
silencing at the transcriptional and posttranscriptional
levels (Stief et al. 2014b). In a recent study, it was shown
that a copia-type retrotransposon named ONSEN
became transcriptionally active in Arabidopsis seedlings
when subjected to heat stress. The heat-induced
ONSEN accumulation was stimulated in mutants im-
paired in the biogenesis of siRNAs (Ito et al. 2011; Figure
2). This indicates that ONSEN inactivation requires
components of the siRNA-directed silencing pathway.
After prolonged heat stress, new ONSEN insertions
arise through retrotransposition in stressed plants
deficient in siRNA biogenesis and are passed on to the
next generation (Ito et al. 2011; Stief et al. 2014b).
Intriguingly, this transgenerational retrotransposition
occurs during flower development and before game-
togenesis and may be linked to actively dividing cells
(Ito et al. 2011; Matsunaga et al. 2012; Stief et al.
2014b). In addition, ONSEN retrotransposition can
confer heat-inducibility onto neighboring genes,
therefore mobility bursts may generate novel stress-
responsive regulatory gene networks (Ito et al. 2011).
However, the retrotransposition was not identified in
wildtype plants subjected to stress or in non-stressed
mutant controls, pointing to a crucial role of the siRNA
pathway in restricting retrotransposition triggered by
environmental stress (Ito et al. 2011). More recently,
the mechanism of the heat-dependent induction of
ONSEN has been explored. The underlying mechanism
attributes to the heat-responsive element (HRE)
recognized by plant-derived heat stress defense
factors in the long terminal repeat (LTR) of ONSEN
(Cavrak et al. 2014). Further analysis indicated that
HSFA2 (which is required for heat stress memory) can
bind directly to the ONSEN LTR element to induce its
transcription (Cavrak et al. 2014). However, induction
was not fully abolished in the hsfa2 mutant, suggesting
that other HSF proteins may be involved in this
process (Cavrak et al. 2014).
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Plant genomes also encode a unique class of sSRNAs
called trans-acting small interfering RNAs (ta-siRNAs)
which exert their functions through posttranscriptional
gene silencing (Li et al. 2014b). In Arabidopsis, there are
four families of noncoding precursor genes generating
ta-siRNA: trans-acting siRNA precursor 1 (TAS1), TAS2,
TAS3 and TAS4. Previous studies have demonstrated that
TAS1-derived siRNAs may play animportantrole in abiotic
stress responses (Sunkar and Zhu 2004; Kumeet al. 2010).
The function of TAS1 in thermotolerance has been
validated in Arabidopsis. The heat-induced tast target 1
(HTT1) and HTT2 genes were identified to be the target of
TAS1-derived siRNAs as they were highly induced by heat
stress in Arabidopsis seedlings (Li et al. 2014b). Over-
expression of TAS1 reduced expression levels of the HTT
genes and caused weaker thermotolerance, whereas
overexpression of HTT genes upregulated several HSF
genes, leading to stronger thermotolerance (Li et al.
2014b). Moreover, the transcription of HTT genes was
upregulated in heat-tolerant plants overexpressing
HSFA1a. It was shown that HSFA1a directly binds to HTT
promoters to activate their expression (Li et al. 2014b).
It was also found that HTT1 interacted with the heat
shock proteins HSP70-14 and HSP40 in Arabidopsis. These
results suggest that HTT1 mediates thermotolerance
pathways targeted by TAS1a, mainly activated by HSFA1a,
and acts as cofactor of HSP70-14 complexes (Li et al.
2014b; Figure 2).

A global analysis of the heat-responsive chloroplast
small RNAs (csRNAs) and cis-NATs-derived small
interfering RNAs (nat-siRNAs) was also conducted in
Chinese cabbage (Wang et al. 2011; Yu et al. 2013). Many
c¢sRNAs and nat-siRNAs derived from 12 cis-NATs were
responsive to heat stress, suggesting their potential
roles in transcriptional or post-transcriptional regula-
tion under heat stress in plants (Wang et al. 2011;
Yu et al. 2013).

As for cold stress, Tang et al. (2012) has indicated
that the ta-siRNA TAS3a-5’D6(+) may play a role in
wheat plant adaptation to cold stress by regulating
auxin signaling pathway by guiding the cleavage of
auxin response factor (ARF). Moreover, Xia et al. (2014)
demonstrated that several ta-siRNAs originating from
the three TAS3 genes were also validated to target ARFs
under cold stress conditions in cassava, for example,
tasiARF1 targeted both ARF3 and ARF4 while tasiARF3
targeted ARF3. These results together suggest that
ta-siRNA-mediated temperature stress response may be
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partially related to auxin signaling in plants. Two
differentially expressed nat-siRNAs were also identified
under cold stress in cassava. One of these encoded a
NAC (No Apical Meristem) domain transcriptional
regulator superfamily protein, a superfamily which
many members have been implicated in plant cold
response (Puranik et al. 2012; Xia et al. 2014).

MECHANISMS OF TEMPERATURE STRESS
RESPONSES OF SMALL RNAs

Protection of reproductive tissues from damage by
small RNAs

The reproductive phase in flowering plants is the most
sensitive stage to heat stress, with even a single hot day
sometimes being fatal to reproductive success (Zinn
et al. 2010). One of the major effects of heat stress on
reproductive tissues that contribute to poor seed set is
early or late flowering in plants (Zinn et al. 2010). As
indicated above, previous reports have demonstrated
that miR156 and miR172 play crucial roles in flowering
time control. The two miRNAs were also shown to be
induced by heat stress and play important roles in heat
tolerance (Lee et al. 2010; Wu et al. 2009; Jung et al.
2012; Stief et al. 2014a). This illustrates that miRNAs may
be a crucial player in the signaling mechanism linking
temperature sensing to the triggering of flower set. In
addition to miR156 and miR172, five other heat-
responsive miRNAs (miR159, miR169, miR393, miR397
and miR399) have also been reported to be involved in
control of flowering time in plants (Xia et al. 2012; Zhang
et al. 2013; Spanudakis and Jackson 2014; Table 1).
Moreover, seven heat-responsive miRNAs (miR159,
miR164, miR166, miR167, miR171, miR172 and miR319)
were discovered to be directly involved in flower
development or male and female fertility in plants
(Table 1), suggesting their pivotal roles in regulating
reproductive tissue development under heat stress
conditions. In total, 12 heat-responsive miRNAs have
been demonstrated to control flowering time or flower
development in plants. Additionally, the heat-induced
ONSEN retrotransposition occurs during flower devel-
opment and before gametogenesis, but not in vegeta-
tive tissues, further suggesting the importance of
regulation at the flowering stage when subjected to
heat stress (Ito et al. 2011).The csd1, csd2 and ccs mutant
plants (equally to the miR398 overexpressing plants)
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are more tolerant to heat stress, as indicated by
reduced flower damage (Guan et al. 2013). Taken
together, we conclude that SRNAs play a significant role
in ensuring flower production regardless of heat stress
conditions, thereby enhancing transgenerational seed
production (Yaish et al. 2011; Figure 3A).

Regulation of HSF/HSP or CBF genes by small RNAs

It is well known that the central component of heat
stress responses in all living organisms is HSP induction
through the activation of HSFs (Chauhan et al. 2011).
Though many attempts have been made to increase
thermotolerance through the overexpression of a
single HSF or HSP gene, limited effects have been
achieved. This suggests that HSFs and HSPs may confer
heat tolerance under synergistic pathways in organisms
(Qu et al. 2013). Previous studies have indicated that
many sRNAs exert their functions on heat stress
tolerance through the target and activation of HSFs
and HSPs genes. For example, the expression of
HSP17.6A, HSFA2 and HSP22.0 were over-presented in
miR156 overexpressing Arabidopsis plants (Stief et al.
2014a). Heat-sensitive transgenic plants expressing
miR398-resistant forms of CSD1, CSD2 or CCS showed
reduced expression of HSFs and HSPs (such as HSFA7b
and HSP9o.1), whereas their expression was enhanced
in the heat-tolerant csd1, csd2 and ccs plants (Guan et al.
2013). Furthermore, overexpression of HTT genes
(targets of TAS1-derived siRNAs) upregulated several
HSF genes, and HTT1 can directly interact with the heat
shock proteins Hsp70-14 and Hsp40 during heat stress
(Li et al. 2014b). Our latest study in rice demonstrated
that suppressor of the G2 allele of skp1 (SGT1), the target
gene of miR166e-3p, may bind directly to HSP9o and
HSP70 to regulate heat stress response at the flowering
stage (Liu et al. 2017). These results indicate the
downstream functions of HSFs and HSPs in sRNAs-
mediated heat stress response. However, studies also
demonstrated that HSFs can bind directly to the
promoter regions of sRNAs or the target genes to
activate their expression, with HSFA1b and HSFA7
inducing the expression of miR398 and HsfA1a inducing
the expression of HTT genes (Guan et al. 2013; Li et al.
2014b). Even in retrotransposition process, HSFA2 is
indispensable to activate the transcription of ONSEN
whose silence requires components of the siRNA-
directed silencing pathway (Cavrak et al. 2014). These
discoveries together illustrate that sSRNAs achieve their
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Figure 3. Small RNA-mediated molecular mechanisms of temperature stress responses in plants

Temperature stress regulates the transcription of small RNAs (siRNAs or miRNAs) which then guide the cleavage of
their target mRNAs. The target mRNAs function in controlling plant productivity (A), regulating the expression
of CBF or HSF genes (B), eliminating the ROS induced by temperature damage (C) and regulating the transcription
of genes involved in phytohormone signaling pathway (D), respectively, ultimately leading to stress tolerance

in plants.

heat tolerance regulation via the recruitment of HSFs
and HSPs in plants (Figure 3B). Interestingly, a feedback
loop for HSFA7b was also observed in miR398-mediated
heat stress response. Heat-induced activation of
miR398 requires HSFA7b, and miR398 in turn positively
affects the heat-induced accumulation of HSFA7b and
other HSF or HSP genes, further supporting the intimate
interactions between sRNAs, HSFs and HSPs in plant
heat stress tolerance and acclimation (Guan et al. 2013).

For cold stress, the CBF/DREB1-dependent re-
sponse pathway has been established to play a
predominant role in cold tolerance and acclimation
in plants (Chinnusamy et al. 2010). Previous studies
have shown that miR394- and miR397- mediated cold
tolerance was involved in the activation of CBF and its
downstream cold responsive genes in Arabidopsis
(Dong and Pei 2014; Song et al. 2016). Similarly, miR319
confers cold tolerance via the activation of DREB1
genes in rice (Wang et al. 2014a). These observations
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together indicate that miRNA-mediated cold tolerance
may be partially dependent on the modulating of CBF-
dependent pathway in plants.

miRNAs-mediated temperature stress tolerance may
be partially dependent on the protection of plants
from ROS damage

Plants maintain a delicate balance between ROS
production and scavenging under normal physiological
conditions. However, exposure to stressors such as
drought, cold, salinity and heat results in the accumula-
tion of excess ROS, which leads to oxidative damage of
membrane lipids, proteins and nucleic acids within the
plant cell (Sunkar et al. 2007). In response, plants have
developed a highly efficient antioxidant system that
includes a variety of enzymatic scavengers to eliminate
ROS in stressed conditions (Sunkar et al. 2007). The
enzyme superoxide dismutase (SOD) constitutes the first
line of defense against highly toxic superoxide radicals
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(05) and functions by converting them into less toxic
hydrogen peroxide (H,0,). It is well known that miR398-
mediated cleavage of SOD genes (CSD1and CSD2) plays a
crucial role in oxidative stress response. It has been
shown that Arabidopsis plants overexpressing miR398-
resistant CSD2 (mCSD2) are more tolerant to high light,
heavy metals, and other oxidative stresses (Sunkar et al.
2006). It has also been demonstrated that miR398
mediated thermotolerance are due to altered ROS
levels under heat stress (Guan et al. 2013). Three
miRNAs- (miR319, miR396 and miR408) mediated cold
tolerance was also involved in the reduced levels of ROS
during cold stress (Wang et al. 2014a; Ma et al. 2015;
Zhang et al. 2016). Moreover, lyer et al. (2012) has
identified 12 conserved miRNA families (including
miR156, miR159, miR160 and miR166) that are differen-
tially regulated by ozone (a model abiotic elicitor of
ROS) in Arabidopsis (lyer et al. 2012). These conserved
miRNAs were demonstrated to be involved in cold or
heat stress response in many plant species (Table 1).
Thus, miRNA-directed gene silencing is considered to be
the common regulatory module involved in oxidative
stress and temperature stress response. Conversely,
miRNA-mediated temperature stress tolerance may be
partially dependent on the protection from oxidative
stress induced by temperature damage in plants (Figure
30). The previous study has indicated that heat stress
resulted in predominant changes in genes associated
with synthesis of scavengers of ROS and ROS
homeostasis appeared to play a central role in response
to temperature extremes in rice (Mittal et al. 2012).
These findings together suggest that miRNAs confer
temperature stress tolerance and may at least partially
attribute to the elimination of ROS damage in plants.

Temperature stress-responsive miRNAs involved in
hormone signaling pathways

Plant hormones have been demonstrated as central
regulators of cold stress responses in plants (Eremina
et al. 2016). For heat stress, plant hormones such as
abscisic acid (ABA), auxin and ethylene have been linked
to heat stress signaling in different plant species (Kotak
et al. 2007). The genome-wide expression profiling of
two wheat cultivars with contrasting heat tolerance
under heat stress indicated that many differential
expressing genes were involved in phytohormone
metabolism or signaling, including ABA, auxin, ethylene
and GA reacted to heat stress (Qin et al. 2008). These
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findings together indicate the essential roles of hormone
signaling in plant heat temperature stress tolerance
and acclimation. Intriguingly, many temperature stress
responsive miRNAs have been demonstrated to be
involved in different hormone signaling pathways,
suggesting transcript cross-talk under temperature
stress conditions (Wu et al. 2006; Liu et al. 2007; Reyes
and Chua 2007; Kruszka et al. 2012; Xia et al. 2012). It has
been shown that ABA-induced accumulation of miR159 is
a homeostatic mechanism to direct MYB33 and MYB101
transcript degradation to desensitize hormone signaling
during seedling stress responses (Reyes and Chua 2007).
In addition to miR159, many miRNAs were also regulated
by ABA. For instance, miR160, miR319, miR393 and
miR397 were upregulated by ABA treatment, whereas
miR167, miR169 and miR398 were downregulated by
ABA treatment (Kruszka et al. 2012). Interestingly, three
of the ABA responsive miRNAs (miR160, miR167 and
miR393) have been validated to directly target the
componentsinvolved in auxin signaling, with miR160 and
miR167 modulating ARFs and miR393 modulating TIR1
and AFBs (Wu et al. 2006; Liu et al. 2007; Xia et al. 2012).
The miR393 mediated cleavage of transport inhibitor
response 1 (TIR1) and auxin-signaling F-box proteins (AFBs)
have been shown to play crucial roles in both biotic and
abiotic stresses in plants (Navarro et al. 2006; Xia et al.
2012). More recently, it has been shown that miR396
confers cold tolerance by directly targeting an ethylene
synthesis gene ACO (Zhang et al. 2016). Besides, miR5175
has been demonstrated to target ACC-like oxidase,
another enzyme involved in ethylene biosynthesis, and
expression level of ACC-like oxidase mRNA was down-
regulated in 24 h heat-stressed barley plants (Kruszka
et al. 2014). Previous reports have demonstrated that
ethylene signaling mutants, such as ethylene resistant 1
(etr1) and ethylene insensitive 2 (ein2), are sensitive to
heat stress (Kotak et al. 2007). This result can explain the
reduced accumulation of ACC-like oxidase by miR5175
leading to decreased ethylene levels which would then
confer heat sensitivity to barley plants, and is consistent
with another study that ethylene may play a negative
role in heat stress response (Qin et al. 2008). These
results together suggest that miRNAs- mediated tem-
perature stress response is associated with hormone
signaling. The interactions between temperature stress
responsive miRNAs and the genes in hormone signaling
modulate temperature stress tolerance in plants
(Figure 3D).
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CONCLUSIONS AND PERSPECTIVES

In the past decade, genome-wide studies revealed that
many miRNAs and siRNAs change in response to
temperature stresses in plants, suggesting that sSRNAs
play important roles in response to temperature
stresses. However, the responses of miRNAs to
temperature stresses are complicated, depending on
plant species, genotype, tissue, developmental stage,
treatment time and stress condition imposed. To
understand the miRNA-guided temperature stress
regulatory mechanism, these factors should be consid-
ered and a specific experiment should be conducted.
Even though the responses of miRNAs toward temper-
ature stresses are diverse in plants, some miRNAs are
quite conserved, such as that miR167 was induced by
heat stress in five plant species and miR164 was induced
by cold stress in four plant species, suggesting the
persistent regulatory mechanisms of miRNA-guided
temperature stress response in plants.

Although many sRNAs have been reported to
respond to temperature stresses, only a few tempera-
ture stress responsive sRNAs have been validated.
There is a significant need for the functional confirma-
tion of temperature stress responsive sRNAs.” Particu-
larly, we have very limited knowledge on sRNA-
mediated temperature stress response regulatory
network and the relationships with sRNA-mediated
other important trait regulatory networks in plants. The
sRNAs cannot be efficiently used for improvement in
plants before their functions are fully understood. With
the rapid development of the genome sequencing
technology and increasing effort on the study, we can
expect that more and more sRNAs associated with
temperature stresses would be validated and their
regulatory networks would be fully understood in
plants in the next few years.

The importance of miRNAs in regulating plant
growth, development regulation and responses to
various external environmental stresses have been
well established. With the functional confirmation of
more and more miRNAs, miRNAs have been considered
as a newly identified gene resource for the genetic
improvement of crops (Zheng and Qu 2015). Although
miRNAs provide a good target for efficient improve-
ment in plants, the strategies in selection of miRNAs
and techniques should be considered. Generally, there
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may be multiple roles of a given miRNA due to its
multiple target genes. Some target genes may be
pleiotropic and different target genes may have
different functions. However, some effects of miRNA
may be negative. It is wise to make sure the effects of
the miRNAs interest on other important traits in
addition to the target trait before it can be used for
plant improvement.

Technically, sSRNA-based transgenic strategies, such
as artificial miRNAs, artificial ta-siRNAs, artificial target
mimics and overexpression of miRNA-resistant targets,
have been used as a powerful tool for improvement of
crop agronomic traits (Liu and Chen 2010; Tiwari et al.
2014; Chen et al. 2016; Djami-Tchatchou et al. 2017).
Furthermore, recently emerged Clustered Regularly
Interspaced Short Palindromic Repeats (CRISPR)-Cas9
technology has also been validated as a non-transgenic
RNA-guided genome editing and targeted gene knock-
out tool due to its simple structure and its applicability to
a variety of organisms (Schiml and Puchta 2016; Djami-
Tchatchou et al. 2017). Encouragingly, two recent studies
have revealed that by generating CRISPR/cas9 constructs
with single-guide RNAs specifically targeting biogenesis
processing sites of selected microRNAs, the CRISPR/cas9
can robustly and specifically reduce the expression of
microRNAs up to 96% in porcine and human cells (Zhao
etal.2014; Chan et al. 2016). Nevertheless, the application
of CRISPR/cas9 in editing sSRNAs in plants has not been
reported. We believe that with the development of this
technology, it can be exploited as a powerful tool in
mediating sRNA-guided gene regulation to improve
crops temperature stress tolerance.
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