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Abstract: Non-coding RNAs (ncRNAs) play essential roles in plants by modulating the expression
of genes at the transcriptional or post-transcriptional level. In recent years, ncRNAs have been
recognized as crucial regulators for growth and development in forest trees, and ncRNAs that
respond to various abiotic stresses are now under intense study. In this review, we summarized recent
advances in the understanding of abiotic stress-responsive microRNAs (miRNAs), long non-coding
RNAs (IncRNAs), and circular RNAs (circRNAs) in forest trees. Furthermore, we analyzed the
intersection of miRNAs, and epigenetic modified ncRNAs of forest trees in response to abiotic stress.
In particular, the abiotic stress-related IncRNA /circRNA-miRNA-mRNA regulatory network of
forest trees was explored.

Keywords: abiotic stress; miRNA; IncRNA; circRNA; intersection; forest trees

1. Introduction

Non-coding RNAs (ncRNAs), accounting for a large and significant proportion of
eukaryotic transcriptomes, have minimal or no protein-coding capacity but are functional,
and can be classified into three types: small RNAs with 18-30 nucleotides (nt), medium-
sized ncRNAs with 31-200 nt, and long ncRNAs (IncRNAs) (>200 nt) [1]. Plant primary
miRNAs (pri-miRNAs) are transcribed by RNA polymerase II (Pol II) and processed by
dicer-likel (DCL1) to generate precursor miRNAs (pre-miRNAs), and then 21-nt mature
miRNAs [2]. Intriguingly, plants might have another miRNA processing pathway, in which
24-nt miRNAs are generated by DCL3. Such miRNAs can be distinguished from small
interfering RNAs (siRNAs) by their independence from RNA-dependent RNA polymerase
2 (RDR2) [3,4]. Plant miRNAs are loaded into Argonaute (AGO) proteins to form the
RNA-induced silencing complex (RISC), which regulates gene expression at the transcrip-
tional or post-transcriptional level and is involved in multiple developmental signaling
pathways [5]. Investigations have confirmed that REDUCTION IN BLEACHED VEIN AREA
(RBV), encoding a nuclear WD40 domain protein, promotes miRNA biogenesis at the MIR
gene transcription and AGO1 loading steps, and may also enhance pri-miRNA processing
in Arabidopsis [6]. miRNAs play crucial roles in tissue-specific and environmentally-induced
gene repression. LncRNAs can be classified as long intergenic non-coding RNAs (lincR-
NAs), long non-coding natural antisense transcripts (IncNATs), long intronic non-coding
RNAs, and overlapping IncRNAs, based on their genomic positions relative to protein-
coding genes [7]. LncRNAs have tissue-specific levels of expression, either promoter- or
enhancer-associated, and play important roles in the regulation of transcription and trans-
lation of coding RNA in the vicinity, including dosage compensation, genomic imprinting,
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maintenance of genome integrity, cell cycle control, development, and differentiation [8,9].
Unlike linear RNAs, circular RNAs (circRNAs), a type of new regulatory RNA with di-
verse biological functions, mainly arise from exons (exonic circRNA) or introns (intronic
circRNAs) and are differentially generated by back splicing or lariat introns [10]. NcRNAs
have emerged as essential regulators in response to abiotic stress in plants [11]. Thus, it is
necessary to discuss and summarize the diverse functions of ncRNAs of plants in response
to abiotic stress.

Thus far, the general and specific roles of ncRNAs in response to abiotic stress have
been widely studied in Arabidopsis and crops, based on their genomic integrity and readily
molecularly manipulated characteristics. A review of plant survival in a variable nutrient
environment proposed a signaling model participated in by miR399 and miR827 in the
systemic phosphorus (Pi) starvation response in plants by regulating the PO4~ transporter,
demonstrating the crucial roles of both miR399 and miR827 in nutrient deficiency [12].
miR172 positively regulates salt tolerance in both rice and wheat, suggesting general
conserved characteristics in crop species. Intriguingly, miR172a and miR172b, but not
miR172¢ or miR172d, were found to be involved in the salt stress response, showing
the differential functions of the miR172 family. Further investigation uncovered that
the miR172/IDS1 signaling module confers salt tolerance through maintaining reactive
oxygen species (ROS) homeostasis in cereal crops [13]. Interestingly, studies have revealed
that an array of miRNAs could be general regulators in the defense against stressful
environments, such as miR408. miR408 is a highly conserved miRNA among plant species
and responds to the availability of copper, and its target genes encode copper-containing
proteins [14]. Furthermore, miR408 was found to be involved in various abiotic stress
processes, including salinity, cold, oxidative stress, nutrient deficiency, and drought [14-16].
Although large-scale investigations have uncovered the essential functions of ncRNAs
in annual plants in response to abiotic stress, related studies on how ncRNAs regulate
forest trees under environmental stress are lacking. Here, we focused on the frontiers of
abiotic-stress-responsive ncRNAs, and especially the regulatory network among ncRNAs
in forest trees.

2. miRNAs Involved in the Response to Abiotic Stress
2.1. Drought Stress-Responsive miRNAs

Drought stress is one of the most critical environmental factors affecting plant growth
and development. Recently, miRNAs have emerged as game-changers in regulating forest
trees’ response to drought stress. Various miRNAs and their potential target genes are
differentially expressed in Populus (P.) trichocarpa in response to drought stress, such as
miR167, miR168, miR396, and miR164, pointing to their essential roles in the drought
response [17,18]. Using high-throughput sequencing and microarray analysis, 104 and
27 miRNAs were found to be upregulated and downregulated, respectively, by drought
stress in P. euphratica [19]. In a similar study with P. tomentosa and drought stress treatment,
we found 17 conserved miRNA families and nine novel miRNAs that were significantly
changed [20]. In P. trichocarpa, 91 phasiRNAs derived from 20 PHAS loci were identified,
and about half of them were responsive to drought stress, including six PHAS initiated
by specific miRNAs, such as miR6445 and miR6427, in Populus [21]. Recently, miRNAs
were also found to modulate the response of diploids and autotetraploids of Paulownia
tomentosa to drought through sRNA and degradome sequencing analysis [22,23]. These
investigations were mostly based on high-throughput sequencing and microarray, and
confirmed the universality and diversity of miRNAs in the modulation of the response
of forest trees to drought stress. Furthermore, a few miRNAs and their targets have been
verified in transgenic Populus in response to drought stress, including miR1690 and its
target subunit A of Nuclear Factor Y (PtNF-YA6), miR172d and its target GT-2-like 1 (GTL1)
trihelix transcription factor (PuGTL1), miR472a and its target F-box 1 (FB1), and miR6445
and its target NAC (NAM, ATAF, and CUC) transcription factor [24-26]. However, detailed
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functional analyses and understanding of the regulatory mechanisms of miRNAs in forest
trees are yet to be reached, in contrast with the annual model plant Arabidopsis and rice.

2.2. Cold and Heat Stress-Responsive miRNAs

Cold stress, including chilling (>0 °C) and freezing (<0 °C), tremendously impacts
the growth, development, and distribution of forest trees. miRNAs have been widely
found to be responsive to cold stress in forest trees [27]. In P. trichocarpa, miR169, miR172,
miR393, and miR395 showed different expression patterns under cold stress in microarray
analysis [28]. High-throughput sequencing identified 144 conserved miRNAs belonging
to 33 miRNA families, and 29 novel miRNAs (as well as their corresponding miRNA*s)
belonging to 23 miRNA families, as well as 30 miRNAs that were differentially expressed in
response to cold stress in P. tomentosa. Among them, 19 conserved and 2 novel miRNAs and
their corresponding miRNA*s expressions were validated by qRT-PCR [29]. In P. suaveolens,
time course expression analysis of transgenic plants overexpressing miR475 uncovered
that Psu-miR475b promoter mediates the transcriptions of Psu-miR475b, and its targets
might be involved in a crosstalk between cold stress and other stress signaling processes,
indicating multiple functions of the same miRNA in different stresses [30]. The application
of degradome sequencing confirmed 80 genes to be the targets of 51 unique miRNAs,
including three downregulated miRNAs (pto-miR156k, pto-miR169i-m, and pto-miR394a-
5p/b-5p) and two upregulated miRNAs (pto-miR167a-d and pto-miR167f/g); the results
might be a good basis for further research on miRNA-mediated regulatory mechanisms
and molecular improvement of resistance to cold stress in poplar [31]. Expression profiling
of small RNAs found that a series of miRNAs were responsive to chilling treatment,
including miR319, miR156, miR172, miR160, and miR1444, providing evidence of miRNAs
involved in the regulation of the dormancy-active growth transition of trees [32-34]. These
investigations showed that miRNAs play an important role in the regulation of the cold
stress response in Populus.

Heat stress (non-lethal high temperatures of 37-42 °C) profoundly affects plant growth
and development [35]. More emerging miRNAs have been found to play important roles
in plant responses to heat stress [36]. In P. tomentosa, 52 miRNAs from 15 families were
found to be responsive to heat stress and most of them were downregulated. Intriguingly,
miR167¢c-d, miR168a-b, miR395a-j, and miR482 showed dynamic changes under a time-
course heat-stress treatment [37]. miRNAs such as miR1711-n, miR1445, and miR1446a
in P. trichocarpa, analyzed by RNA gel blots with end-labeled antisense oligonucleotides,
were also heat-stress responsive [28]. Transgenic hybrid poplar overexpressing growth-
regulating factor 15 (GRF15) and lacking the miR396a complementary sites exhibited
enhanced heat tolerance and photosynthetic efficiency compared with wild-type plants [35].
In addition, miR398 and its target encoding copper/zinc superoxide dismutases (CSDs)
were also found to be important in the heat stress responses of P. tomentosa [36].

2.3. Salt Stress-Responsive miRNAs

Considering the impact of increasing salt stress on the distribution and growth of
plants, miRNAs involved in the salt stress response have been intensively investigated in
diverse plants [38]. In P. euphratica, a great number of new miRNAs have been discovered,
and both known and novel miRNAs were found to functionally cleave their target mRNAs
under short term (1 d) and long term (8 d) salt stress through the combination of the
small RNAome, degradome, and transcriptome, indicating that expression of miRNAs and
targets were correspondingly induced or suppressed by salt stress [39]. Other research
revealed that miRNAs responsive to salt stress in the roots were more sensitive than those
in the leaves, and were distributed widely in diverse tissues and differentially expressed
under different salt conditions in P. euphratica [40]. To identify miRNAs in P. tomentosa
treated or not with salt (200 mM NaCl for 10 h), high-throughput sequencing also detected
21 conserved miRNAs and 7 non-conserved miRNAs that were differentially expressed,
providing new insights into salt-responsive miRNAs in Populus [41]. In P. cathayana (salt-
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sensitive type) and Salix matsudana (salt-tolerant type), microarray analysis found 161 and
32 responsive miRNAs, respectively, under salt stress. Interestingly, this investigation
further revealed the different change patterns of the same miRNAs in the two species, such
as ptc-miR474c and ptc-miR398b, implying that miRNAs might have varying responses to
salination conditions in different species [42]. In transgenic Populus, miR390/TAS3/ARFs
were confirmed to modulate lateral root growth under salt stress via the auxin pathway [43].
The diploids and allotriploids of P. cathayana were treated with 70 mM NaCl solution for 30
days, while 22 differentially expressed miRNAs were significantly correlated with salt-stress
response genes, which indicated that miRNAs were involved in the poplar response to salt
stress [44]. Taken together, an increasing number of studies have revealed that miRNAs
play key roles in the response to salt stress in forest trees, enhancing our understanding of
the molecular mechanisms of salt resistance and helping to elucidate new miRNA members
involved in stress response pathways in Populus.

2.4. Nutrition Stress-Responsive miRNAs

There is ample evidence that miRNAs play important roles in the processes of plant
adaption to nutritional stress through signaling and regulating nutrient transport and
utilization [45]. Pi and sulfur deficiency investigations have suggested the existence and
conservation of miR395 and miR399 and their target genes among a number of plant species,
implying the evolutionary importance of miRNA-mediated regulation of nutrient stress
responses [46]. Under low nitrogen (N) conditions, 95 miRNAs belonging to 21 conserved
families were differentially expressed in P. fomentosa, including pto-miR319, pto-miR393,
pto-miR395, and pto-miR396, which were induced, while the rest were suppressed. This in-
dicated the miRNAs are responsive to N stress in Populus [47]. The abundance of 65 known
and 3 novel miRNAs changed dramatically under Pi deficiency in P. tomentosa; miR167,
miR394, miR171, and miR857 were responsive to both low N and low Pi environments,
demonstrating that the same miRNA could mediate the response of different nutrition
stresses [47]. Moreover, this investigation also showed that the decreased abundance of
almost 50% of the known and novel miRNAs under Pi deficiency could be restored through
sufficient Pi addition to the environment, further providing an explanation for symptom
recovery in plants under adverse nutrition stress with the appropriate environmental
improvement [48]. Integrated analysis of mMRNA-Seq, miRNA-Seq, and degradome-Seq
indicated that miRNA showed tissue-specific characters and allowed deciphering miRNA
functions and establishing a framework for exploring Pi signaling networks regulated
by miRNAs in Betula luminifera [49]. Taken together, in tree plantations, master regulator
miRNAs that can improve nutrient utilization efficiency show diverse and important roles
in the ecology of forest trees, and should receive more attention in the future.

2.5. Oxidative and Hypoxic Stress-Responsive miRNAs

Oxygen is an indispensable substrate for many biochemical reactions in plants, includ-
ing energy metabolism (respiration) [50]. Stress conditions such as drought, cold, salinity,
heat, and heavy metals result in excess ROS accumulation in plants, which may disrupt
the balance between ROS production and scavenging under normal conditions [51]. The
ectopic expression of copper/zinc superoxide dismutase (CSD1 and CSD2), targeted by
miR398, mediates the responses of grapevines to copper (Cu) stress with lower levels of
ROS and higher levels of superoxide dismutase (SOD) accumulation in the transgenic
lines [52]. Hypoxic stress, mainly caused by flooding events, significantly reduces the effi-
ciency of cellular ATP production, which has diverse ramifications for cellular metabolism
and developmental processes in plants [53]. In P. tomentosa, significant changes in the
expression of seven conserved miRNA families and five novel miRNAs were observed in
response to flooding stress, providing evidence of miRNAs mediating the hypoxic stress re-
sponse in forest trees. Additionally, both miRNAs and miRNA*s were found to participate
in the regulation of tree responses to water stress [20].
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2.6. UV-B Stress-Responsive miRNAs

Trees are sessile organisms and are inevitably exposed to intense sunlight outdoors,
including ultraviolet radiation (UV, 280-400 nm), especially high-energy, short-wave length
UV-B radiation (280-315 nm), which is a component of sunlight [54]. Plants sense natu-
ral UV-B radiation and respond rapidly to high levels of UV-B radiation, and regulation
mediated by miRNAs is crucial [55]. A series of UV-B stress-responsive miRNAs (13 upreg-
ulated and 11 downregulated) was identified in P. tremula through miRNA filter array [56].
Northern blotting validated that the UV-B regulated miRNAs, including miR169, miR395,
and miR472, were downregulated and miR168, miR398, and miR408 were upregulated
under UV-B stress [56]. Furthermore, the regulatory network of miRNAs in response to
UV-B was investigated in grapes. High-fluence UV-B induced miR168 and miR530, which
target AGO1 and a Plus-3 domain mRNA, respectively, while suppressed miR403 targeting
AGQO2, thereby orchestrating post-transcriptional gene silencing activities by different
AGOs [57]. miR395 and miR399 were positively responsive to UV-B light during grapevine
berry development [57].

2.7. Intersection of Abiotic Stress-Responsive miRNAs

To comprehensively understand the role of miRNAs in forest trees in response to
abiotic stress, we summarized and compared the related miRNAs and their target genes
which had been verified by degradome sequencing from previously published studies
(Supplementary Table S1) [17,19,21,23,31,39,48,49,58,59]. From the comparison, there were
two drought-responsive miRNAs, miR159 and miR166, found in P. trichocarpa, Paulownia
tomentosa, Paulownia australis, and P. euphratica (Figure 1A) [17,19,21,23,58]. miR159 medi-
ates the response to drought stress in P. trichocarpa, Paulownia tomentosa, Paulownia australis,
and P. euphratica, and the response to nutrition stress in P. tomentosa and Betula luminifera;
miR166 mediates the response to cold and nutrition stress in P. tomentosa, drought, and salt
stress in P. euphratica, drought stress in P. trichocarpa, Paulownia tomentosa, and Paulownia
australis, and nutrition stress in Betula luminifera (Figure 1). Usually, miRNAs play impor-
tant roles in plant responses to environmental stress by recognizing their target mRNAs
by base pairing, resulting in cleavage or translational attenuation. miR159 might affect
the expression of its target GAMYB in order to enhance drought resistance, peroxidase
21 precursor family protein-coding gene and GAMYB to enhance nutrition stress resistance,
and MYB65 and MYB33 to enhance salt tolerance. Additionally, miR166 might affect the
expression of its targets encoding homeobox-leucine zipper family protein/lipid-binding
START domain-containing protein (ATHB-15) for the purpose of drought, nutrition, and salt
resistance. There were 14 miRNAs related to nutrition stress in both P. tomentosa and Betula
luminifera (Figure 1B) [48,49,59]. These results indicated the general conserved characters of
miRNAs responsive to abiotic stress among different tree species. There were six miRNAs,
including miR156 targeting the SPL family and miR164 targeting NAC1, which take part
in coping with drought and salt stress in P. euphratica (Figure 1C) [19,39]. Additionally,
15 miRNAs are cold and nutrition stress responsive in P. tomentosa (Figure 1D) [31,48,59].
These previous investigations indicate that the same miRNAs exhibit multiple regulatory
activities in plant responses to different abiotic stresses, which further supports the diverse
functions of miRNAs in plants. Additionally, miRNAs are partially conserved in response
to the same abiotic stress (Figure 1).
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Figure 1. Intersection of abiotic stress responsive miRNAs verified by degradome sequencing in
different forest tree species based on previous studies [17,19,21,23,31,39,48,49,58,59]. (A) Drought
stress-responsive miRNAs in Populus trichocarpa, Paulownia tomentosa, Paulownia australis, and Pop-
ulus euphratica; (B) Nutrition stress-responsive miRNAs in Populus tomentosa and Betula luminifera;
(C) Drought and salt stress-responsive miRNAs in Populus euphratica; (D) Cold and nutrition stress-
responsive miRNAs in Populus tomentosa. Note: the miRNAs in the green text box are the common
content of intersection.

3. Stress-Responsive Long Non-Coding RNAs

Compared with small non-coding RNAs, IncRNAs are transcripts of at least 200 nt
in length that possess no coding capacity and are involved in the regulation of various
biological processes, including plant growth, development, and stress responses [8,60].
In P. tomentosa under N deficiency, the global characterization of IncRNAs revealed that
388 unique IncRNA candidates belonging to 380 gene loci were detected, and only 7 IncR-
NAs were found to belong to seven conserved non-coding RNA families, indicating that the
majority of IncRNAs are species specific. This investigation also presented the regulatory
relationship between IncRNAs and their potential target genes [61]. Investigations revealed
504 drought-responsive lincRNAs in P. trichocarpa [62]. Strand-specific RNA sequencing
uncovered 204 high-temperature-responsive IncRNAs in P. simonii; these ncRNAs could
regulate their target genes by acting as potential RNA scaffolds or through the RNA interfer-
ence pathway. Furthermore, heterogeneous expression of targets from two heat-responsive
IncRNAs promote photosynthetic protection and recovery, inhibit membrane peroxidation,
and suppress DNA damage in Arabidopsis under heat stress [63]. In Betula platyphylia
(birch), 30 IncRNAs (16 upregulated and 14 downregulated) were differentially expressed
under cadmium (Cd) treatment. Moreover, nine IncRNAs were transiently overexpressed
in birch in an exploration of their roles in Cd tolerance; it was suggested that IncRNAs
can up- or down-regulate their target genes to improve Cd tolerance by transient over-
expression, which increased our understanding of IncRNA-mediated Cd tolerance [64].
The over-expression of the IncRNA Ptlinc-NAC72 confirmed that Ptlinc-NAC72 can directly
upregulate PINAC72.A/B expression by recognizing the tandem elements (GAAAAA) in
the PINAC72.A/B 5 untranslated region (UTR) under long-term salt stress, suggesting
the important role of IncRNAs in cis- and trans-regulatory responses to salt stress in P. tri-
chocarpa [65]. These findings highlight the potential contributions of IncRNAs in regulating
the expression of plant genes that respond to abiotic stress. Additionally, it has been widely
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accepted that IncRNAs can form a regulatory network with other biological molecules,
including target genes and miRNAs, thereby playing a pivotal role in modulating gene
expression in cis or trans by participating in crucial pathways.

4. Stress-Responsive Circular RNAs

There have been few reports on circRNAs in plants, which are a newly discovered class
of endogenous ncRNAs previously perceived as splicing errors, transcriptional noise, or
artifacts [66]. CircRNAs are found in a wide range of organisms, and have been proposed to
perform disparate functions. In general, circRNAs are thought to serve as miRNAs sponges,
and they can also take part in protein or RNA transport [67]. CircRNA studies have been
carried out in Arabidopsis [67], rice [68], maize [69], tomatoes [70], and soybeans [71].

In woody plants, the global profile has confirmed that circRNAs play important
roles in wood formation for acclimation to low nitrogen stress in P. canescens. Networks
of circRNAs-miRNAs-mRNAs are involved in wood formation under low N stress. In
the circRNA392/1732/1226-miR169b-NFYA10/1-A/ Al1-B network, the upregulation of
circRNAs causes increased transcription factor NFYA via the modulation of miR169b
members in the wood of low-N-treated poplars, probably resulting in reduced xylem width
and cell layers of the xylem [72]. In Pyrus betulifolia Bunge, 899 circRNAs were detected,
among which 33 (23 upregulated, 10 downregulated) were shown to be dehydration-
responsive using deep sequencing. Additionally, 309 circRNNAs were predicted to act as
sponges for 180 miRNAs, suggesting a circRNA-miRNA co-expression network between
the differentially expressed circRNAs and their miRNA binding sites [73]. Under heat
stress, PtoXBAT32.5 expression was induced with upregulation of Circ0003418, indicating
that Circ0003418 is a negative regulator of P. tomentosa heat tolerance via the ubiquitin-
mediated protein modification pathway [74]. The interaction and molecular mechanisms
of such regulation could provide critical insights into the understanding of gene regulation
in plants under stress, which should accelerate the mining of major regulatory genes in
plant stress resistance and applications of the molecular breeding of plants, especially for
forest trees.

5. The IncRNA/circRNA-miRNA-mRNA Regulatory Network Involved in Abiotic
Stress in Forest Trees

Each type of ncRNA has a unique method of performing biological functions. miR-
NAs have been studied for two decades, and their critical functions in diverse biological
processes are better known than those of other ncRNAs. Many miRNA target genes have
been identified and demonstrated to be vital for plant development and stress resistance.
LncRNAs have attracted extensive attention in recent years, especially with the advance-
ment of sequencing technologies and bioinformatics methods. Many IncRNA transcripts
are precursors of known or novel miRNAs. For example, in P. tomentosa, 9 lincRNAs were
detected as precursors of 11 known miRNAs, and 5 IncRNAs were identified as precursors
of 14 novel miRNAs [61]. Additionally, the IncRNA TCONS_00066551 is aligned with the
miRNA precursors pto-MIR156g/h/j at 114-216 nt. LncRNA transcripts may also be targets
of miRNAs; 4 IncRNAs in Populus were predicted to be targeted by 29 miRNAs belonging
to five families. Specifically, seven members of pto-miR396 (pto-miR396a/b/c/d/e-5p/f-
5p/g-5p) were identified to target TCONS_00069233 (upstream of Potri.018G126700.1) [61].
These findings not only suggest the potential roles of IncRNAs involved in regulating
plant stress responses, but provide new insights into the IncRNA-miRNA-mRNA reg-
ulatory network in plants. Additionally, expressed IncRNAs execute their functions in
regulating stress-responsive gene expression either in a cis- or trans-acting manner, through
binding to DNA /RNA in sequence complementarity. For instance, Ptlinc-NAC72 targets
PtNAC72.A/B in P. trichocarpa [65]. For circRNAs, previous investigation has found that
Os06¢irc02797 can be acquired by the mutant multiplexed CRISPR-Cas9 strategy. Fur-
thermore, molecular and computational analyses indicated a circRNA-miRNA-mRNA
regulatory network, where Os06¢irc02797 functioned as a sponge for OsMIR408, which



Int. J. Mol. Sci. 2022, 23, 6365

8of 13

probably helped fine-tune the expression of OsMIR408 target genes [75]. It should be noted
that, so far, the identification of most IncRNNAs and circRNAs has mainly been based on
bioinformatics predictions. More detailed molecular and genetic analyses are urgently
required to elucidate the regulatory modes of the biological functions of ncRNAs. Com-
pared with IncRNAs and circRNAs, miRNAs might be at the hub of regulatory networks,
but the mysterious nature of ncRNAs opens new possibilities for sophisticated regulatory
mechanisms awaiting further exploration (Figure 2).

circRNA
(OsMcire(12797) v
as sponges
bind to
as precursors

miRNA .|.L|J.|.|.|.|.|.L|.LLL \/
(s MIR408) target IncRNA
(Ptline-NAC72)
target
- ( Ga/bicidle (TCONS_000692 0
Wg-5p ) o8
"0 1y ' \c\\'\
& X (\\Q

Lty Lyl
""r| ™

(target genes of OsMIR408)  target gene  (PINACT2.A/B)

Figure 2. A model of intersections and feedback regulation between stress-responsive miRNAs,
IncRNAs, circRNAs, and target genes [61,65,75]. Note: purple words are an example for a circRNA-
miRNA-mRNA regulatory network; red, yellow and blue words are examples for IncRNA-miRNA-
mRNA regulatory networks.

6. Non-Coding RNAs Involved in Epigenetic Modulation of Gene Expression under
Abiotic Stress

Epigenetic modifications are important in the regulation of abiotic stress responses [76].
Both DNA methylation and post-transcriptional RNA modifications are plant epigenetic
regulators [77]. In P. trichocarpa from different sites, differentially methylated miRNAs, to-
gether with their target genes, indicated not only a site-dependent, but also a Pi-dependent,
expression profile, which implied epigenetic regulation might occur by RNA interference
by differentially methylated miRNAs [78]. In P. simonii, 16 miRNAs and 17 IncRNAs were
found in stress-specific differentially methylated regions under diverse stresses, including
heat, cold, osmotic, and salt stress. Among methylated miRNA genes, only the expres-
sion of MIRNA6445a showed long-term stability. Furthermore, expression patterns of
ncRNAs and their putative target genes differed under abiotic stress, suggesting the key
role of ncRNAs in plant responses to abiotic stress through epigenetic modification [79].
Whole-genome analysis of gene expression and methylation patterns identified 1066 dif-
ferentially methylated sites in P. simonii’s response to low temperature stress, and seven
responsive miRNAs were identified by BLAST against miRBase. Furthermore, qRT-PCR
revealed that miRNA gene methylation patterns may influence their expression. The
network of DNA methylation, miRNAs, target genes, the products of target genes, and
the metabolic factors that they affect suggest that DNA methylation probably regulates
the expression of miRNAs, thus affecting the expression of miRNAs target genes, likely
through the gene-silencing function of miRNAs, to maintain cell survival under abiotic
stress conditions [80].

7. Discussion and Perspectives

Intercellular and systemic trafficking of miRNAs was observed in plants. miRNAs can
be transported to distant tissues through the phloem. In addition, small RNAs exchange
information between species, which requires further investigation for other miRNAs or
plants with this widely existing regulation [81]. Notably, one miRNA might have multi-
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ple target genes, and thus one miRNA might participate in several stress responses; one
target gene could be regulated by several miRNAs, and thus multiple miRNAs might
be involved in the same stress response in plants. It would be interesting to explore the
intersection of stress responsive miRNAs and the regulatory relationship between miRNAs
and their target genes in plants. During plant development and resistance to various abiotic
stresses, miRNAs play crucial roles in regulating various target genes, which work as
nodes and are organized into complex gene networks. miRNAs and target genes comprise
a complicated regulatory network controlling plant resistance to multiple stimuli. For
example, miR156, a conserved miRNA, plays crucial roles in various stresses, such as low
Pi, drought, salinity, heat, cold, and heavy metal stress in plants [82-84]. Integrated miR-
NAomic and transcriptomic analysis has suggested that expression of miR472a, miR169,
miR164a, and miR396a was upregulated, while expression of miR172d and miR398 was de-
creased, in transgenic poplar over-expressing miR156 [85]. Furthermore, miR472a, miR172d,
miR169, miR164a and their target genes are involved in plant responses to drought stress;
miR396a and its target gene are heat stress-responsive regulators; and miR398 with its
target genes contributes to salt tolerance of woody plants [24-26,35,52,86]. Additionally, it
has been revealed that the miR156/SPL module regulates salt stress tolerance by activating
MAWERKY100 expression in transgenic apple plants [87]. miR156 might indirectly affect
the expression level of other miRNAs, revealing a regulatory network of miRNAs and their
targets (Figure 3).

GRF1S | b—  miR396a] s /mil{472ar — FBI\
miR156
\ Heat strads ’ l % miR172d] =—  GTL1
SPL miR169 | — NF-YA26
CSDL,2  —  miR398] l
e miR164a] —  NACO70
Salt stress \ Drought stress /

Figure 3. The regulatory network of miR156 for other miRNAs in forest trees in response to abiotic
stress [24-26,35,52,85-87]. miR156 downregulates SPL, and the miR156/SPL module regulates salt
stress tolerance in apple by activating WERKY100 expression. Overexpression of miR156 upregulates
miR472a, miR169, miR164a, and miR396a, while it downregulates miR172d and miR398 in poplar.
miR396a mediates the response of heat stress via targeting GRF15 in poplar. miR398 mediates
the response of salt stress via targeting copper/zinc superoxide dismutase (CDS1,2) in grapevines.
miR1690 plays a positive role in regulating drought tolerance and growth by targeting the subunit
A of the Nuclear Factor Y (NF-YA6) gene in poplar. miR172d regulates the drought stress response
via targeting the GT-2-like 1 (GTL1I) trihelix transcription factor in poplar. miR472a mediates the
drought stress response via targeting F-box 1 (FB1) in poplar. miR164a mediates the drought stress
response via targeting NAC (NAM, ATAF, and CUC) in poplar. Note: the brown arrows show miR156
indirectly mediates abiotic stress by regulating other miRNAs in forest trees. The black arrows
show positive regulation and the black blocked arrows show negative regulation. The upward
arrows behind miRNAs represent upregulated expression of miRNAs, the downward arrows behind
miRNAs represent downregulated expression of miRNAs, and the rectangular box shows the target
genes of miRNAs.

Until now, most miRNA studies utilized in silico analyses, and the results require fur-
ther confirmation through experimental validation. The most frequently adopted method
is genetic transformation investigation, involving increasing or suppressing the expression
of miRNAs in plants and observing the resultant phenotypic changes. To date, several
key techniques have been used to explore the regulatory functions of miRNAs and their
targets: overexpressing miRNAs by transforming the precursor sequence into the plant, sup-
pressing miRNA expression by transformation with short tandem target mimics (STTM),
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RNA interference (RNAi), and the clustered regulatory interspaced short palindromic
repeats (CRISPR)/CRISPR-associated protein (Cas) system. Related work has also been
carried out successfully in forest trees such as Populus. For example, knockdown of miR393
promoted growth and biomass production in poplar, which was verified in STTM393
transgenic poplar lines [88]. RNAi suppression of DNA methylation affected the drought
stress response and genome integrity in transgenic poplar [89]. Additionally, expression
of artificial microRNAs (amiRNAs) in plants using virus- and non-virus-based expression
vectors achieved RNAI effects on specific transcripts [90]. Efficient CRISPR/Cas9-mediated
genome editing was achieved in an interspecific hybrid poplar with a highly heterozygous
genome [91]. Genome editing without introduction of exogenous genes could be the most
promising technique for breeding forest trees with more abiotic stress tolerance. Molecular
design breeding has been realized in forest trees; however, due to the difficulties of creating
transgenic trees, small RNA functional verification still has a great deal of mining potential
in forest trees. The comparison of miRNAs between P. tomentosa and other species showed
that almost all the conserved miRNAs found in P. tomentosa were present in P. trichocarpa,
Arabidopsis, rice, and maize, implying the conservation of miRNA among species [47].
Although the research of ncRNAs in forest trees lags behind that of crop species, the results
for crops can be used as a reference for forest trees. Conversely, due to the long lifetime of
forest trees, perennial trees might have evolved more coding genes, ncRNAs regulation, or
epigenetic modification responses to abiotic stress compared with annual plants, which
might be critical for resistant molecular breeding of crops.
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