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Abiotic/biotic stresses pose a major threat to agriculture and food security by

impacting plant growth, productivity and quality. The discovery of extensive

transcription of large RNA transcripts that do not code for proteins, termed long

non-coding RNAs (lncRNAs) with sizes larger than 200 nucleotides in length,

provides an important new perspective on the centrality of RNA in gene

regulation. In plants, lncRNAs are widespread and fulfill multiple biological

functions in stress response. In this paper, the research advances on the

biological function of lncRNA in plant stress response were summarized, like as

Natural Antisense Transcripts (NATs), Competing Endogenous RNAs (ceRNAs)

and Chromatin Modification etc. And in plants, lncRNAs act as a key regulatory

hub of several phytohormone pathways, integrating abscisic acid (ABA),

jasmonate (JA), salicylic acid (SA) and redox signaling in response to many

abiotic/biotic stresses. Moreover, conserved sequence motifs and structural

motifs enriched within stress-responsive lncRNAs may also be responsible for

the stress-responsive functions of lncRNAs, it will provide a new focus and

strategy for lncRNA research. Taken together, we highlight the unique role of

lncRNAs in integrating plant response to adverse environmental conditions with

different aspects of plant growth and development. We envisage that an

improved understanding of the mechanisms by which lncRNAs regulate plant

stress response may further promote the development of unconventional

approaches for breeding stress-resistant crops.
KEYWORDS
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Introduction

Ribonucleic acid (RNAs) are divided into coding RNAs and

non-coding RNAs (ncRNAs). The ncRNAs constitute a class of

RNA which includes microRNAs (miRNAs), small interfering

RNAs (siRNAs), long non-coding RNAs (lncRNAs), and circular

RNAs (circRNAs). The different types of aforementioned ncRNAs

are involved in transcriptional and post-transcriptional regulation

of gene expression, as well as regulation of RNA stability and

translation (Wang et al., 2017; Qiu et al., 2019; Waititu et al.,

2021). Instances where lncRNAs are transcribed by RNA

polymerase II (Pol II) and/or Pol IV/V are also known (Rai et al.,

2019). LncRNAs can be further classified as antisense lncRNAs or

intron lncrnas (lincRNAs), depending on their genomic location

(Wierzbicki et al., 2021).

LncRNA are heterogeneously regulated transcript that has

emerged as a versatile regulator in a variety of development

processes (Zhang et al., 2021a; Cao et al., 2022; Ren et al., 2022;

Ye et al., 2022). In Brassica rapa, 47 cis-acting lncRNAs and 451

trans-acting lncRNAs were identified during pollen development

and fertilization. These lncRNAs were notably co-expressed with

their target genes (Huang et al., 2018). In tomato, the silencing of

two lncRNAs (lncRNA1459 and lncRNA1840) delayed fruit

ripening (Zhu et al., 2015). Moreover, Li et al. (2018) found that

tomato fruit ripening was significantly inhibited with CRISPR/cas9-

mediated mutation of lncRNA1459. In cucumber, lncRNA CsM10

is specifically expressed in male cultivated cucumber species and

may play a role in sexual differentiation (Cho et al., 2006). Beyond

developmental processes, emerging findings indicate that lncRNAs

also fulfill important roles in abiotic and biotic stress (Moison et al.,

2021; Song et al., 2021; Ye et al., 2022). In many plants, numerous

stress-related lncRNAs have been found by high throughput

sequence analyzes (Wu et al., 2019; Gong et al., 2021; Li et al.,

2022). Similar to protein-coding genes, lncRNAs display stress-

responsive differential expression in addition to tissue- and

developmental-specific expression patterns. Furthermore, small

RNAs may also influence lncRNA expression in abiotic stress. In

wheat, the lncRNAs –TalnRNA9 and TalnRNA12 – could be

regulated by 24 nt siRNAs (Xin et al., 2011).

LncRNAs and miRNAs are both non-coding RNAs, and

lncRNAs have the potential to act as competing endogenous

RNAs (ceRNAs) to regulate the expression of target genes (Shuai

et al., 2014). Additionally, lncRNAs can be targeted by miRNAs and

may also serve as an endogenous target mimic (eTM) and/or

possible miRNA precursors (Wu et al., 2013; Li et al., 2017). By

analyzing competing relationships between mRNAs and lncRNAs,

genome-scale lncRNA-mediated ceRNAs networks have been

inferred in many plants (Fan et al., 2018; He et al., 2020; Ren

et al., 2022). For instance, lncRNA regulates the expression of heat

stress response genes (e.g. HEAT-SHOCK PROTEIN, HSPs and

HEAT STRESS TF, HSFs) by competitively binding to bra-miR159a

or bra-miR172a in Chinese cabbage (Wang et al., 2019a). Certain

lncRNAs also function as natural antisense transcripts (NATs) that

are transcribed in an orientation opposite to that of protein-coding

genes. Examples include Arabidopsis MAS and potato StFLORE

(Zhao et al., 2018; Ramirez et al., 2021). Some ncRNAs produced by
Frontiers in Plant Science 02
PolIV are precursors of siRNAs (Movahedi et al. (2015) but may

also participate in scaffolding RNA by modulating the chromatin

framework. Examples include the Arabidopsis lncRNA COOLAIR

(Csorba et al., 2014) and APOLO (Moison et al., 2021). Many stress-

responsive lncRNAs have also been identified by screening the

genome-wide binding peaks of ChIP-seq data (Di et al., 2014). For

example, 107 stress-responsive lncRNAs were inferred from the

binding signals of PIF4 and PIF5 TFs ChIP-seq data. Many

conserved sequence and enriched structural motifs in different

functional lncRNAs groups were also identified. They include a

UUC motif responding to salt and a AU-rich stem-loop correlated

with cold stress response (Di et al., 2014). As such, these conserved

elements might also be responsible for the stress-responsive

functions of lncRNAs.

In light of their emerging roles, lncRNA holds promise as a

viable target for enhancing agronomic traits and stress tolerance in

crop breeding endeavors. In this review, we systematically

summarize the plant lncRNAs involved in stress responses and

their crucial, but often overlooked, roles in plants.
Abiotic stress-associated lncRNAs
in plants

Adverse environmental conditions, such as extreme

temperature, drought, and high salinity, negatively impact plant

growth and development. In response to abiotic stress, a myriad of

stress-responsive proteins and regulatory factors are often highly

induced (Zhu, 2016; Zhang et al., 2022a). Similarly, lncRNAs

fulfilling roles in the regulation of abiotic stress responses share

such characteristics (Wang et al., 2019a; Yang et al., 2022; Ye et al.,

2022). The roles of many lncRNAs in the context of abiotic stress

responses have now been well investigated. (Figures 1–4). This is in

part enabled by the advent of next-generation sequencing

technologies that have provided the identification of many

lncRNAs from various plant species, growth and development

processes (e.g. root development, flowering time control), and

stress conditions (Zhao et al., 2018; Gong et al., 2021; Moison

et al., 2021; Li et al., 2022). In these studies, we also found that some

transcription factors are widely involved in the regulation of

lncRNA in different stress responses, such as lncRNA-NAC in

drought, salt stress, and temperature stress. the implication is that

lncrnas participate in the common regulatory network in various

abiotic stresses by regulating some key members of the network.
LncRNAs response to extreme
temperature stress in plants

Low temperature

Low-temperature stress constitutes a prominent factor

influencing plant growth and development, leading to a

substantial reduction in crop production (Gong et al., 2020; Ding

and Yang, 2022; Zhang et al., 2022a). In plants, C-REPEAT (CRT)-
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BINDING FACTOR/dehydra-RESPONSIVE ELEMENT (DRE)

-BINDING FACTOR (CBF/DREB) -mediated transcriptional

regulatory cascade pathway is the main low temperature signaling

pathway. This mechanism is key to inducing a series of cold

response (COR) genes (Shi et al., 2015). In Arabidopsis, asCBF1 –

a cryptic lncRNA (overlapping CBF1 on the antisense strand)

produced by RNAPII read-through transcription of the lncRNA,

SVALKA – represses CBF1 and promotes cold acclimation. This

SVALKA-asCBF1 cascade pathway provides a negative feedback for

plants to adapt to low temperatures (by maximizing cold tolerance

while reducing adaptation costs) through the strict control of CBF1

expression and timing (Kindgren et al., 2018). In grapes, 487 and

326 lncRNAs were significantly up- and down-regulated during

cold stress, respectively. Among them, 203 differentially expressed

lncRNAs were predicted to regulate 326 target genes. Among them,

many differentially expressed lncRNAs were predicted to target

stress response-related genes such as CBF and WRKY transcription

factors, late embryogenesis abundant (LEAs), and peroxisome

biogenesis-related genes (Wang et al., 2019b).

In cassava, a total of 316 lncRNAs were characterized as cold‐

related lncRNAs (Li et al., 2022). Functional analysis shows that the

trans-acting lncRNA, CRIR1 can confer cold stress tolerance by

interacting with a cold shock domain protein (MeCSP) to improve
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translation efficiency at low temperatures. Many cold‐related genes

(e.g. MeNAC , MeNF-YA and MeGOLS , GALACTINOL

SYNTHASES), were upregulated in WT and CRIR1-OE plants

during cold stress, however, CBF‐dependent pathway cold stress‐

related marker genes (e.g. MeCBFs, MeCOR and MeICE1) were not

differentially expressed (DE). This suggested that CRIR1 enhanced

plant cold tolerance via a CBF‐independent pathway, likely via the

auxin signaling (Li et al., 2022).

In Arabidopsis, pre-mRNA alternative splicing (AS) and

lncRNA expression changes have been associated with stress

response. For example, by exploiting a new Arabidopsis

transcriptome prediction (named AtRTD2), regulatory and post-

transcriptional regulation of lncRNA gene expression in response to

cold stress has been possible (Calixto et al., 2019). Briefly, the

analysis of a comprehensive RNA-seq time-series dataset identified

135 lncRNA genes with cold-dependent DE and/or differential AS

of lncRNAs. By carrying out experiments on plants cultivated under

different temperatures and employing high-resolution time-course

analysis spanning the initial three hours before temperature

reduction, it was demonstrated that the AS of specific lncRNAs

exhibits a remarkable sensitivity to even minute temperature

fluctuations. This finding suggested that the expression of these

lncRNAs are subject to stringent regulation (Calixto et al., 2019). In
FIGURE 1

Regulatory network of the lncRNAs involved in cold stress. Cold stress-responsive lncRNAs in Arabidopsis, wheat, crantz and pear are shown in the
chart. The arrows and hammer represent positive and negative regulation, respectively. APOLO, lncRNA AUXIN-REGULATED PROMOTER LOOP;
MeGOLS, GALACTINOL SYNTHASES; DREB, DEHYDRATION-RESPONSIVE ELEMENT (DRE) BINDING FACTOR; CBF, C-REPEAT (CRT)-BINDING
FACTOR; CSP, COLD SHOCK DOMAIN‐CONTAINING PROTEIN; ROS, REACTIVE OXYGEN SPECIES.
frontiersin.org

https://doi.org/10.3389/fpls.2023.1334620
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Jin et al. 10.3389/fpls.2023.1334620
addition, the identification of a cold-repressive lincRNA159 has

been made possible using strand-specific RNA-seq. Functional

analysis shows that lincRNA159 is the target mimics of miR164,

and 16 of the 682 lncRNAs were identified to act as ceRNA in

cassava (Li et al., 2017). MiR398 is reported to respond to diverse

abiotic stresses (Leng et al., 2017). In wheat, the ceRNAs –lncR9A,

lncR117, and lncR616 – interact with miR398, to regulate the

expression of COPPER/ZINC SUPEROXIDE DISMUTASE 1

(CSD1) and improve tolerance to cold stress (Lu et al., 2020).

Natural antisense transcripts (NATs) is another type of

lncRNAs playing significant roles in various physiological

processes. NAT lncRNAs can serve as scaffolds to facilitate

chromatin conformation changes, DNA methylation, and histone

modifications (Chen et al., 2012). The induction of MAS, a NAT

lncRNA transcribed from the MADS AFFECTING FLOWERING4

(MAF4) locus, occurs as a result of cold and leads to the

upregulation of MAF4 expression at the transcriptional level.

The interaction of MAS with WDR5a (a core component of the

COMPASS-like complexes) further mediates the recruitment of

WDR5a to MAF4, thus, enhancing H3K4me3 (Zhao et al., 2018).

These findings demonstrate the involvement of NAT-lncRNAs in

the regulation of gene expression during the vernalization response.

Some plant lncRNAs also mediate the regulatory pathway of

chromatin modification (lncR2Epi) (Wang et al., 2016). Previous

studies showed that cold-induced lncRNA COOLAIR can inhibit

the expression of FLOWERING LOCUS C (FLC) in Arabidopsis

under cold stress through the lncR2Epi regulatory pathway (Heo

et al., 2013; Csorba et al., 2014). During vernalization, COOLAIR
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and COLD ASSISTED INTRONIC NONCODING RNA (COLDAIR)

are produced by the FLC gene. COOLAIR is a NAT lncRNAs of

FLC, and the expression level increased rapidly in the early

vernalization stage, effect on FLC transcriptional shutdown is

independent histone H3 lysine 27 trimethylation (H3K27me3)

accumulation, but mediates reduction in H3K36me3 at FLC

during vernalization (Kim and Sung, 2012; Csorba et al., 2014).

In contrast, COLDAIR is transcribed by the first intron of the FLC

gene, is induced at a later stage of low temperature conditions and

continuously increases after vernalization (Kim and Sung, 2012). In

further analysis, COLDWRAP (COLD OF WINTER-INDUCED

NONCODING RNA FROM THE PROMOTER), an FLC

promoter-derived lncRNA, is induced by vernalization and

functions with the COLDAIR (Kim and Sung, 2017). COLDAIR

cooperates with COLDWRAP resulting in the repression of FLC

gene by forming an intragenic chromatin loop, leading to the

establishment of high H3K27me3 (Swiezewski et al., 2009; Kim

and Sung, 2017). In Arabidopsis, the interaction of the lncRNA

AUXIN-REGULATED PROMOTER LOOP (APOLO), with

WRKY42 coordinates the activation of RHD6 by binding to the

RHD6 promoter, which in turn modulates local chromatin 3D

conformation, leading to root hair cell elongation in response to low

temperatures (Moison et al., 2021). Furthermore, bud dormancy

serves as a crucial and intricate protection mechanism employed by

plants in winter, like grapes, apples and pears (Masocha et al., 2020;

Wang et al., 2020; Li et al., 2021). In pear, the potential roles of

lncRNAs in regulating the dormancy release by interactions with

mRNA and miRNAs that are associated with the ABA degradation
FIGURE 2

High-temperature stress signaling and responses of lncRNAs in plants. HSP, HEAT-SHOCK PROTEIN; BES1, BRASSINOSTEROID INSENSITIVE 1EMS-
SUPRESSOR 1; BZR1, BRASSINAZOLE RESISTANT 1; HSF, HEAT STRESS TF.
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pathway have also been proposed following simulated chilling

temperature regimes to induce buds to enter different dormancy

states (Li et al., 2021).
High temperature

Like low temperature, heat stress significantly impacts the

growth and development of plants, thus, limiting global crop

productivity (Gong et al., 2020; Ding and Yang, 2022; Lesk et al.,

2022; Zhang et al., 2022a) At high temperatures, plants often induce

genes encoding reactive-oxygen-scavenging (ROS) enzymes and the

regulatory proteins (e.g. TFs and protein kinases), among others

(general plant heat stress review here). Accumulating evidence has

shown the importance of lncRNAs in plant responses to heat stress.

Several heat stress response co-expression networks between

lncRNA and mRNA have been inferred by analyzing cis-acting

lncRNAs (Bhatia et al., 2020; He et al., 2020; Hu et al., 2022).

Consistently, many TF genes were enriched in such networks
Frontiers in Plant Science 05
providing support for the regulatory role of lncRNAs in the

regulation of TFs during heat stress response potential targets of

heat stress-responsive lncRNAs (204 transcripts) have also been

inferred in poplar (Song et al., 2020). In wheat, Xin et al. (2011)

characterized 77 lncRNAs during heat stress, and one candidate,

TahlnRNA27 was identified as a putative miRNA precursor.

lncRNAs can be further classified into poly(A)+ and poly(A)-

transcript type. Compared with poly(A)+ lncRNAs, the poly(A)-

lncRNAs exhibit comparatively shorter transcripts and lower levels

of expression and show notable specificity in their expression

patterns in response to stresses (Di et al., 2014). In Arabidopsis,

245 DE poly(A)+ and 58 poly(A)- lncRNAs were responsive under

various stress, however, of these, only 15 were heat-responsive (Di

et al., 2014). In B. rapa, many of the 192 predicted target genes of the

34 DE lncRNAs identified under heat stress were also heat

responsive (Song et al., 2016a). Comparative phenotype and

transcriptome analysis of the heat-resistant elite maize inbred line

under heat stress revealed 993 heat-responsive DE lncRNAs with

close to a thousand predicted cis-regulated target genes that share
FIGURE 3

Drought stress signaling and responses of lncRNAs in plants are primarily by ABA-dependent and ABA-independent pathways. The arrows and
hammer represent positive and negative regulation, respectively. ABA, abscisic acid; StCDF1, CYCLING DOF FACTOR 1; DRIR, DROUGHT INDUCED
lncRNA; StFLORE, The StCDF1 locus also codes for an antisense lncRNA; YUCCA7, flavin monooxygenase gene.
frontiersin.org

https://doi.org/10.3389/fpls.2023.1334620
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Jin et al. 10.3389/fpls.2023.1334620
strong co-expression (Hu et al., 2022). Many important biological

processes and pathways involved in heat response including stress

response, hormone signaling, metabolism, photosynthesis and

spliceosome were also highly enriched (Hu et al., 2022).

DNA methylation plays an important role in various plant

stress responses. In an abiotic stress-tolerant poplar (Populus

simonii), comparative methylome and gene expression analysis

under four abiotic stresses (cold, osmotic, heat, and salt stress)

enabled the prioritization of stress-specific differentially methylated

regions (SDMRs) containing 17 lncRNA genes. In particular, the

epigenetic pathway-mediated regulation of SDMR162 region

encompassed the miR396e gene and PsiLNCRNA00268512. Stable

predicted interaction energies between PsiLNCRNA00268512 and

miR396e indicate that PsiLNCRNA00268512 may serve as a target

mimic regulating miR396e levels (Song et al., 2016b). In Chinese

cabbage, heat-responsive lncRNA (TCONS_00048391) regulates the

expression of bra-miR164a by acting as an endogenous target

mimic (eTM) of bra-miR164a. Furthermore, this lncRNA is

predicted to function as a sponge for miRNA binding or as a

ceRNA that targets NAC1 (Wang et al., 2019a).
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The HEAT STRESS TF (HSFs) is the central regulator of heat

stress response (Scharf et al., 2012; Zhu, 2016; Chen et al., 2018). For

example, ArabidopsisHSFB2a is expressed in the female gametophyte

and regulates vegetative and gametophyte development processes

(Wunderlich et al., 2014). Transgenic experiments revealed that the

NAT lncRNA of HSFB2a, asHSFB2a specifically counteracts HSFB2a

expression when overexpressed. And showed improved biomass

production. Conversely, overexpression of HSFB2a impaired

biomass production. Following heat stress, the repressive effects of

HSFB2a is counteracted by the antisense regulation of HSFB2a

thereby restoring growth and further development (Wunderlich

et al., 2014). In another example, the HSP90 participates in the

regulation of BR signaling and BR responsive genes through the

interaction with BRASSINOSTEROID INSENSITIVE 1EMS-

SUPRESSOR 1 (BES1)/BRASSINAZOLE RESISTANT 1 (BZR1)

TF, (Shigeta et al., 2015). In the Chinese cabbage, the lncRNA

TCONS_00016454 may be involved in conferring heat tolerance via

BR signaling as this lncRNA showed antagonistic expression patterns

with its target, a BES1/BZR1 homolog in response to high

temperatures in this system (Wang et al., 2019a).
FIGURE 4

Salt stress signaling and responses of lncRNAs in plants. AtCOG5, CONSERVED OLIGOMERIC GOLGI COMPLEX 5; DRIR, DROUGHT INDUCED
lncRNA; RD29, RESPONSIVE TO DESSICATION 29. The arrows and hammer represent positive and negative regulation, respectively.
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In plants, intracellular concentration of free Ca2+ exhibits fast

and stimulus-specific patterns (Zhang et al., 2022a). In Populus

simonii, the lncRNA TCONS_00260893 is involved in the regulation

of Ca2+ flux and Ca2+ signaling under stress conditions by

interfering with the target gene transcription encoding a cyclic

n u c l e o t i d e - r e g u l a t e d i o n c h ann e l f am i l y p r o t e i n

(Potri.017G089800) via RNA interference and/or as RNA

scaffolds. Heterologous expression of Potri.017G089800 in

Arabidopsis enhanced photosynthetic protection and recovery,

inhibited membrane peroxidation, and suppressed DNA damage

in response to heat stress (Song et al., 2020). Potential ceRNA

functions of lncRNAs and circRNAs in response to high-

temperature stress have also been presented for cucumber (He

et al., 2020).
LncRNAs response to drought stress
in plants

Drought poses a significant global concern in agriculture as it

typically leads to reduced crop yield and quality (Gupta et al., 2020;

Zhang et al., 2022a). LncRNAs are believed to play crucial roles in

the regulation of gene expression in plants exposed to drought

stress. To date, various lncRNAs regulatory pathways of plant

drought tolerance and the functions of plant lncRNAs and their

ceRNA pairs in response to drought have been elucidated (Shuai

et al., 2014; Qin and Xiong, 2019). In rice, strand-specific

sequencing and small RNA sequencing have enabled the

identification of putative lncRNA, miRNA and mRNA associated

with drought resistance and the construction of an integrated

ceRNA network (Yang et al., 2022). A total of 191 lncRNAs and

32 miRNAs were found to be DE in drought-stressed rice.

Interestingly, up to 16 drought-specific lncRNAs were predicted

to target one drought-responsive gene, Os05g0586700 potentially

implicated in plant membrane repair during drought (Yang et al.,

2022). In another study, a rice drought-responsive ceRNA network,

consisting of 40 lncRNAs, 23 miRNAs, and 103 mRNAs, was also

presented (Chen et a l . , 2021) . Part icular ly , lncRNA

TCONS_00021861 could regulate YUCCA7 by sponging miR528-

3p, thereby validating its potential role as ceRNA. This interaction

subsequently triggers the activation of the IAA biosynthetic

pathway, leading to the acquisition of drought stress tolerance.

In peanuts, integrated ceRNA networks have also been

established with comparative transcriptomics between varieties

with divergent levels of drought tolerance (Ren et al., 2022). A

total of 673 ceRNA pairs were inferred in the drought-tolerant

variety, and the resulting ceRNA network analysis identified six

lncRNAs , name ly MSTRG.70535 .2 , MSTRG.86570 .2 ,

MSTRG.86570.1 , MSTRG.100618.1 , MSTRG.81214.2 , and

MSTRG.30931.1, which were recognized as central nodes in the

network. Components of this specific ceRNA network may have

significant implications in enhancing the drought tolerance of

peanuts (Ren et al., 2022). Similarly, comparative transcriptome

analysis of two Tibetan wild barley with contrasting drought

tolerance revealed 535 DE lncRNAs with distinct expression

profiles under drought stress. A total 503 and 776 potential
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lncRNA-mRNA pairs in cis- and trans-acting mode, respectively

were confidently inferred. Significant enrichment in molecular

functions such as plant hormone signal transduction, kinase

signaling, and ascorbate/aldarate metabolism characterized the

majority of predicted target genes. One serine/threonine-protein

kinase SMG1 in particular was predicted to be targeted by multiple

lncRNA and thus hypothesized to undepin the drought-tolerant

cultivar (Qiu et al., 2019). Similarly, in rapeseed, a comparative

transcriptomic analysis of lncRNA changes between drought-

tolerant and drought-sensitive cultivars responding to water

deficit stress has also been performed (Tan et al., 2020). LncRNA-

mRNA interaction network analysis identified 34 TFs

corresponding to 126 DE lncRNAs in the drought-tolerant

cultivar, and 45 TFs corresponding to 359 DE lncRNAs in the

drought-sensitive ones These increased understanding of plant

lncRNAs in response to drought stress holds significant value for

advancing the investigation of lncRNA functionality and underlying

processes in the context of drought stress.

The activation of stress-responsive genes is facilitated by both

ABA and dehydration-induced primary and secondary signals,

which operate through a complex network of ABA-dependent

and ABA-independent signaling pathways (Figure 3). This

network encompasses various processes, including sensing, signal

transduction, and gene activation (Xiong et al., 2002; Zhu, 2016). In

Arabidopsis, DROUGHT INDUCED lncRNA (DRIR), is specifically

and strongly induced by drought, salt stress and ABA treatment,

while remaining lowly expressed level under non-stress conditions

(Qin et al., 2017). The T-DNA insertion mutant drirD and

transgenic DRIR overexpressing lines in Arabidopsis showed that

DRIR exerts a positive role by restricting transpirational water loss

and enhancing drought tolerance. Furthermore, the drirD mutant

and the OE-seedlings exhibited heightened sensitivity to ABA

compared to the wild type (WT). Transcriptome analysis revealed

significant modulation of genes associated with ABA signaling,

water transport, and other stress-relief processes in both the drirD

and the DRIR overexpressing lines (Qin et al., 2017).

The potato CYCLINGDOF FACTOR 1, StCDF1 in conjunction

with its lncRNA counterpart, StFLORE (StCDF1 locus encodes for

an antisense lncRNA), plays a role in the regulation of water loss by

influencing stomatal development and diurnal opening (Ramirez

et al., 2021). Both naturally occurring and CRISPR-Cas9 mutations

in the StFLORE transcript result in plants that exhibit heightened

sensitivity to water-limiting situations. Conversely, a higher level of

StFLORE expression achieved either through the overexpression of

StFLORE or the downregulation of StCDF1, leads to enhanced

drought tolerance by mitigating water loss. Taken together, the

StCDF1–StFLORE locus plays a significant role in both vegetative

reproduction and water homeostasis (Ramirez et al., 2021). In

Populus trichocarpa, drought-responsive lincRNA2752 could

reduce the level of ptc-miR169 by acting as a target mimic of ptc-

miR169 (Shuai et al., 2014). MiR169 is known to play an important

role in drought stress by regulating TF NF-YA in plants (Ni et al.,

2013). Therefore, the regulation network of lincrna2752 on drought

resistance may involve both miR169- and NF-YA-associated

mechanisms. In maize, tissue- and developmental-stage spatio-

temporal transcriptional dynamics of drought stress-responsive
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lncRNAs have also been investigated (Pang et al., 2019).

Interestingly, the developmental stage showing the most drought-

responsive lncRNA DE involves the transition from the vegetative

stage to the reproductive stage. New insights into lncRNA-mediated

gene regulation in drought response in this system were also gained.

Particularly, one lncRNA-mRNA pair involving - vpp4 (encoding a

vacuolar (H+)-pumping ATPase subunit homolog) and its adjacent

lncRNA MSTRG.6838.1 sharing strong expression correlation was

prioritized as one of many mechanisms underpinning the drought

response (Pang et al., 2019).
LncRNAs response to salt stress
in plants

Salt stress is also a prominent environmental factor that has a

significant impact on the growth and development of plants (Zhu,

2016; Gong et al., 2020; Zhang et al., 2022a). In Populus trichocarpa,

multi-tissue (leaves, stems and roots) RNA-seq enabled the

identification of 1183 salt-induced DE lncRNAs (Ye et al. (2022).

One lncRNA in particular, Ptlinc-NAC72 plays a negative role in the

salt tolerance of this species. When exposed to long-term salt stress,

Ptlinc-NAC72 exhibited the capacity to cis- and trans-regulate salt-

responsive genes. For example, Ptlinc-NAC72 can directly upregulate

PtNAC72.A/B expression by recognizing the GAAAAA tandem

elements in the 5’-UTR of PtNAC72.A/B. Induction of PtNAC72.A/B

in turn confers resilience of the plant to salt stress (Ye et al., 2022). In

arabidopsis, npc536 was identified as a salt-responsive lncRNA, which

is observed to be upregulated in both roots and leaves when subjected

to salt treatment. Furthermore, the overexpression of npc536 has been

found to promote root growth under conditions of salt stress,

presumably through its involvement in regulating the translation of

CONSERVED OLIGOMERIC GOLGI COMPLEX 5 (AtCOG5) mRNA

(Ben Amor et al., 2009).

In upland cotton, endogenous target mimic (eTM) analysis

indicates that LncRNA354 had a potential binding site for miR160b

(Zhang et al., 2021a). Overexpression of lncRNA354 in transgenic

Arabidopsis plants reduced tolerance to salt stress by affecting the

expression ofmiR160b and target auxin responsive factors (ARFs). The

transgenic plants overexpressing GhARF17/18 target genes also shared

this salt-sensitive phenotype. On the contrary, silencing lncRNA354

and targets GhARF17/18 showed taller plants and enhanced the

tolerance to salt stress (Zhang et al., 2021a). In addition to its role in

drought tolerance, Arabidopsis lncRNA DRIR is also salt-stress

inducible and confers salinity stress tolerance (Qin et al., 2017). In

salt-treated drirD and DRIR overexpressing seedlings, the expression of

stress-related genes like P5CS1, RD29A, RD29B,and NAC3 increased

dramatically. Unlike drought conditions, no ABA signaling pathway

genes (like ABI5) were found indicating that DRIR regulates stress-

related genes through different mechanisms during specific stress

conditions (Qin et al., 2017). In cotton, salt-stress inducible

lncRNA973 increased salinity stress tolerance by regulating the

expression of miR399 and its target gene GhPHO2. Knocking out

lncRNA973 in cotton seedling roots significantly increased miR399

expression (Zhang et al., 2019).
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LncRNAs response to biotic stress
in plants

The involvement of lncRNAs in various abiotic stress responses

has been well-documented, while their contributions to biotic stress

response are gradually emerging. In wheat, Xin et al. (2011)

identified 125 lncRNAs during powdery mildew infection and

heat stress. Among them, 48 lncRNAs showed responsiveness

only to powdery mildew infection (designated TapmlnRNA.)

while 23 lncRNAs demonstrated responsiveness to both powdery

mildew infection and heat stress (designated TalnRNA). Four

lncRNAs (TalnRNA5 , TapmlnRNA8 , TapmlnRNA19, and

TahlnRNA27) were shown to form stable hairpin structures and

were identified as putative precursors of miRNA. Among them,

TapmlnRNA8 and TapmlnRNA19 showed specificity toward

powdery mildew infection (Xin et al., 2011). More recently,

disease-responsive (e.g. to Rice Black-Streaked Dwarf Virus and

Rice Stripe Virus) lncRNA profile was investigated in rice (Cao

et al., 2022). A total of 21 lncRNAs were found to be up-regulated in

response to both virus and putative targets including an excess of

1,000 co-regulated transcripts involved in transcriptional

regulation, plant hormone signal transduction, phenylpropanoid

biosynthesis, and plant-pathogen interaction terms (Cao

et al., 2022).

In tomato plant, predicted ceRNA networks involving

Phytophthora infestans resistance have been presented (Cui et al.,

2020). One lncRNA in particular, LncRNA40787 was strongly up-

regulated upon infection with P. infestans. Additionally,

LncRNA40787 was predicted as a ceRNAs of miR394 as it

contains the endogenous target mimics (eTM) structure of

miR394. Follow-up studies revealed miR394 plays a negative role

in tomato resistance against P. infestans whereas lncRNA40787

positively regulates tomato defense response by acting as an eTM

for miR394 to regulate Leaf Curling Responsiveness (LCR) by

activating genes involved in JA biosynthesis components (Zhang

et al., 2021b). A ceRNA network consisting of 5 lncRNAs, 5

miRNAs, 4 circRNAs, and 15 mRNAs has also been construcuted

to provide the candidate ceRNAs in Paulownia and an in-depth

understanding of the molecular mechanism responsible for

Paulownia witches’ broom disease progression (Fan et al., 2018).

Recently, a pathogen infection-responsive lncRNA, termed

salicylic acid biogenesis controller 1 (SABC1), was discovered to

fine-tune salicylic acid biosynthesis, which in turn balances plant

immunity and growth (Liu et al., 2022). CURLY LEAF (CLF), an

essential component of polycomb repressive complex 2 (PRC2)

responsible for catalyzing H3K27me3, was identified in SABC1

RNA immunoprecipitation. Further molecular mechanism

analysis indicates SABC1 associates with the CLF protein and

assists the recruitment of CLF-PRC2 to its neighboring NAC TF

gene NAC3 locus, thereby decreasing NAC3 transcription via

H3K27me3. In healthy plants, SABC1 exerts a suppressive effect

on SA production and plant immunity by downregulating the

expression of NAC3 and a key enzyme catalyzing salicylic acid

biosynthesis, isochorismate synthase 1, however, upon pathogen

infection, SABC1 is downregulated and relieves the derepression of
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SABC1-mediated plant immune response (Liu et al., 2022). In

cotton, Zhang et al. (2022b) leveraged co-expression network

analysis to identify two herbivory-responsive lncRNA hub genes,

lncA07 and lncD09, predicted to play a regulatory role in defense

against aphid infestation. Functional analysis of these two lncRNA

by CRISPR/Cas9 revealed that the phytohormone jasmonic acid

was significantly decreased in CRISPR/Cas9 knock-out mutant of

lncD09 and lncA07. Furthermore, three candidate genes

(Ghir_A01G022270, Ghir_D04G014430, and Ghir_A01G022270)

were implicated in the regulation of the JA-mediated signaling

pathway, which in turn underpins susceptibility to insect infestation

(Zhang et al., 2022b).
Conclusions and perspectives

The advent of next-generation sequencing technologies and

complex bioinformatics analysis have enabled the identification of

diverse lncRNAs and their predicted target genes in model plants to

emerging crops but also those involved in various abiotic and biotic

stress. Coupled with the confirmation of predicted lncRNA function

in various plant systems using various reverse genetics approaches

exceptional insights for the study of the complex lncRNA-mediated

regulatory network controlling plant response tolerance have been

gained. Here, we have highlighted a significant body of literature

demonstrating the key role of lncRNAs in regulating various aspects

of plant stress (abiotic and biotic stress), including stress perception,

signal transduction, and downstream responsive pathways. These

lncRNAs play multiple roles in plant stress through the different

mechanistic strategies (as enhancers, decoys, scaffolds, and/or guides)

that are tightly integrated into various plant stress response networks,

including the regulation of transcription machinery and chromatin

modification in promoter regions, modulation of TF-binding affinity

in enhancer regions, RNA–DNA hybridization and modulation of

chromatin topological structures, among others. Moreover, many

conserved sequence motifs and structural motifs were found to be

enriched in stress-responsive lncRNAs, suggesting their potential

involvement in the stress-responsive functions of lncRNAs,

however, detailed molecular mechanisms of stress regulation by

these plant lncRNAs are very limited. Presently, validation of

lncRNA function primarily relies on overexpression techniques,

nonetheless, CRISPR/Cas holds great potential as an efficient and

flexible method for investigating the function of lncRNAs (e.g., by

creating functional loss- and/or gain-of-function mutants). It is

anticipated that future investigations on lncRNA will continue to

contribute valuable knowledge regarding plant stress along with
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viable strategies for the improvement of crop stress tolerance. With

the ultimate goal to ensure global food security for future generations,

it will be exciting to knowwhether lncRNAs hold the key to achieving

a harmonious equilibrium between conferring resistance (i.e. an

adequate level of stress response) and ensuring crop development,

yield, and quality are not compromised.
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Mansilla, N., et al. (2021). The lncRNA APOLO interacts with the transcription factor
WRKY42 to trigger root hair cell expansion in response to cold.Mol. Plant 14 (6), 937–
948. doi: 10.1101/2020.07.13.188763

Movahedi, A., Sun, W., Zhang, J., Wu, X., Mousavi, M., Mohammadi, K., et al.
(2015). RNA-directed DNA methylation in plants. Plant Cell Rep. 34 (11), 1857–1862.
doi: 10.1007/s00299-015-1839-0

Pang, J., Zhang, X., Ma, X., and Zhao, J. (2019). Spatio-temporal transcriptional
dynamics of maize long non-coding RNAs responsive to drought stress. Genes (Basel)
10, (2). doi: 10.3390/genes10020138

Qin, T., and Xiong, L. (2019). Subcellular localization and functions of plant
lncRNAs in drought and salt stress tolerance. Methods Mol. Cell. Biol. 1933, 173–
186. doi: 10.1007/978-1-4939-9045-0_9

Qin, T., Zhao, H., Cui, P., Albesher, N., and Xiong, L. (2017). A nucleus-localized
long non-coding RNA enhances drought and salt stress tolerance. Plant Physiol. 175
(3), 1321–1336. doi: 10.1104/pp.17.00574

Qiu, C.-W., Zhao, J., Chen, Q., and Wu, F. (2019). Genome-wide characterization of
drought stress responsive long non-coding RNAs in Tibetan wild barley. Environ. Exp.
Bot. 164, 124–134. doi: 10.1016/j.envexpbot.2019.05.002

Rai, M. I., Alam, M., Lightfoot, D. A., Gurha, P., and Afzal, A. J. (2019). Classification
and experimental identification of plant long non-coding RNAs. Genomics 111 (5),
997–1005. doi: 10.1016/j.ygeno.2018.04.014

Ramirez, G. L., Shi, L., Bergonzi, S. B., Oortwijn, M., Franco-Zorrilla, J. M., Solano-
Tavira, R., et al. (2021). Potato CYCLINGDOF FACTOR 1 and its lncRNA counterpart
StFLORE link tuber development and drought response. Plant J. 105 (4), 855–869.
doi: 10.1111/tpj.15093

Ren, J., Jiang, C., Zhang, H., Shi, X., Ai, X., Li, R., et al. (2022). LncRNA-mediated
ceRNA networks provide novel potential biomarkers for peanut drought tolerance.
Physiologia Plantarum 174 (1), e13610. doi: 10.1111/ppl.13610

Scharf, K.-D., Berberich, T., Ebersberger, I., and Nover, L. (20121819). The plant heat
stress transcription factor (Hsf) family: Structure, function and evolution. Biochim.
Biophys. Acta (BBA) - Gene Regul. Mech. 2), 104–119. doi: 10.1016/
j.bbagrm.2011.10.002

Shi, Y., Ding, Y., and Yang, S. (2015). Cold signal transduction and its interplay with
phytohormones during cold acclimation. Plant Cell Physiol. 56 (1), 7–15. doi: 10.1093/
pcp/pcu115

Shigeta, T., Zaizen, Y., Sugimoto, Y., Nakamura, Y., Matsuo, T., and Okamoto, S.
(2015). Heat shock protein 90 acts in brassinosteroid signaling through interaction with
BES1/BZR1 transcription factor. J. Plant Physiol. 178, 69–73. doi: 10.1016/
j.jplph.2015.02.003

Shuai, P., Liang, D., Tang, S., Zhang, Z., Ye, C. Y., Su, Y., et al. (2014). Genome-wide
identification and functional prediction of novel and drought-responsive lincRNAs in
Populus trichocarpa. J. Exp. Bot. 65 (17), 4975–4983. doi: 10.1093/jxb/eru256

Song, Y., Chen, P., Liu, P., Bu, C., and Zhang, D. (2020). High-Temperature-
Responsive Poplar lncRNAs Modulate Target Gene Expression via RNA Interference
and Act as RNA Scaffolds to Enhance Heat Tolerance. Int. J. Mol. Sci. 21, (18).
doi: 10.3390/ijms21186808

Song, Y., Ci, D., Tian, M., and Zhang, D. (2016b). Stable methylation of a non-coding
RNA gene regulates gene expression in response to abiotic stress in Populus simonii.
J. Exp. Bot. 67 (5), 1477–1492. doi: 10.1093/jxb/erv543

Song, L., Fang, Y., Chen, L., Wang, J., and Chen, X. (2021). Role of non-coding RNAs
in plant immunity. Plant Commun. 2 (3), 100180. doi: 10.1016/j.xplc.2021.100180

Song, X., Liu, G., Huang, Z., Duan, W., Tan, H., Li, Y., et al. (2016a). Temperature
expression patterns of genes and their coexpression with LncRNAs revealed by RNA-
Seq in non-heading Chinese cabbage. BMC Genomics 17, 297. doi: 10.1186/s12864-016-
2625-2

Swiezewski, S., Liu, F., Magusin, A., and Dean, C. (2009). Cold-induced silencing by
long antisense transcripts of an Arabidopsis Polycomb target. Nature 462 (7274), 799–
802. doi: 10.1038/nature08618

Tan, X., Li, S., Hu, L., and Zhang, C. (2020). Genome-wide analysis of long non-
coding RNAs (lncRNAs) in two contrasting rapeseed (Brassica napus L.) genotypes
subjected to drought stress and re-watering. BMC Plant Biol. 20 (1), 81. doi: 10.1186/
s12870-020-2286-9

Waititu, J. K., Zhang, X., Chen, T., Zhang, C., Zhao, Y., and Wang, H. (2021).
Transcriptome analysis of tolerant and susceptible maize genotypes reveals novel
frontiersin.org

https://doi.org/10.1007/s10725-022-00833-w
https://doi.org/10.1111/mec.14769
https://doi.org/10.1093/nar/gkr823
https://doi.org/10.1186/s12870-021-03195-z
https://doi.org/10.1007/s10681-005-9023-1
https://doi.org/10.1073/pnas.1419030111
https://doi.org/10.1094/PHYTO-04-19-0137-R
https://doi.org/10.1094/PHYTO-04-19-0137-R
https://doi.org/10.1111/tpj.12679
https://doi.org/10.1016/j.devcel.2022.03.010
https://doi.org/10.1016/j.devcel.2022.03.010
https://doi.org/10.3390/ijms19082463
https://doi.org/10.1007/s12374-021-09324-3
https://doi.org/10.1007/s11427-020-1683-x
https://doi.org/10.1126/science.aaz7614
https://doi.org/10.1111/ppl.12997
https://doi.org/10.1007/s10577-013-9392-6
https://doi.org/10.1186/s12864-022-08448-1
https://doi.org/10.1111/tpj.14016
https://doi.org/10.1016/j.pbi.2011.10.004
https://doi.org/10.1016/j.devcel.2016.12.021
https://doi.org/10.1016/j.devcel.2016.12.021
https://doi.org/10.1038/s41467-018-07010-6
https://doi.org/10.1007/s10142-017-0565-9
https://doi.org/10.1007/s10142-017-0565-9
https://doi.org/10.1038/s43017-022-00368-8
https://doi.org/10.1038/s43017-022-00368-8
https://doi.org/10.1093/treephys/tpaa147
https://doi.org/10.1111/tpj.13872
https://doi.org/10.1111/pce.14236
https://doi.org/10.1038/srep45981
https://doi.org/10.1016/j.chom.2022.07.001
https://doi.org/10.1071/FP19267
https://doi.org/10.1016/j.scienta.2019.109143
https://doi.org/10.1101/2020.07.13.188763
https://doi.org/10.1007/s00299-015-1839-0
https://doi.org/10.3390/genes10020138
https://doi.org/10.1007/978-1-4939-9045-0_9
https://doi.org/10.1104/pp.17.00574
https://doi.org/10.1016/j.envexpbot.2019.05.002
https://doi.org/10.1016/j.ygeno.2018.04.014
https://doi.org/10.1111/tpj.15093
https://doi.org/10.1111/ppl.13610
https://doi.org/10.1016/j.bbagrm.2011.10.002
https://doi.org/10.1016/j.bbagrm.2011.10.002
https://doi.org/10.1093/pcp/pcu115
https://doi.org/10.1093/pcp/pcu115
https://doi.org/10.1016/j.jplph.2015.02.003
https://doi.org/10.1016/j.jplph.2015.02.003
https://doi.org/10.1093/jxb/eru256
https://doi.org/10.3390/ijms21186808
https://doi.org/10.1093/jxb/erv543
https://doi.org/10.1016/j.xplc.2021.100180
https://doi.org/10.1186/s12864-016-2625-2
https://doi.org/10.1186/s12864-016-2625-2
https://doi.org/10.1038/nature08618
https://doi.org/10.1186/s12870-020-2286-9
https://doi.org/10.1186/s12870-020-2286-9
https://doi.org/10.3389/fpls.2023.1334620
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Jin et al. 10.3389/fpls.2023.1334620
insights about the molecular mechanisms underlying drought responses in leaves. Int. J.
Mol. Sci. 22, (13). doi: 10.3390/ijms22136980

Wang, Z., Chai, F., Zhu, Z., Kirabi Elias, G., Xin, H., Liang, Z., et al. (2020). The
inheritance of cold tolerance in seven interspecific grape populations. Scientia Hortic.
266, 109260e. doi: 10.1016/j.scienta.2020.109260

Wang, P., Dai, L., Ai, J., Wang, Y., and Ren, F. (2019b). Identification and functional
prediction of cold-related (lncRNA) in grapevine. Sci. Rep. 9 (1), 6638. doi: 10.1038/s41598-
019-43269-5

Wang, A., Hu, J., Gao, C., Chen, G., Wang, B., Lin, C., et al. (2019a). Genome-wide
analysis of long non-coding RNAs unveils the regulatory roles in the heat tolerance of
Chinese cabbage (Brassica rapa ssp.chinensis). Sci. Rep. 9 (1), 5002. doi: 10.1038/
s41598-019-41428-2

Wang, J., Meng, X., Dobrovolskaya, O. B., Orlov, Y. L., and Chen, M. (2017). Non-
coding RNAs and their roles in stress response in plants. Genomics Proteomics Bioinf.
15 (5), 301–312. doi: 10.1016/j.gpb.2017.01.007

Wang, J., Meng, X., Yuan, C., Harrison, A. P., and Chen, M. (2016). The roles of
cross-talk epigenetic patterns in Arabidopsis thaliana. Briefings Funct. Genomics 15 (4),
278–287. doi: 10.1093/bfgp/elv025

Wierzbicki, A. T., Blevins, T., and Swiezewski, S. (2021). Long noncoding RNAs in plants.
Annu. Rev. Plant Biol. 72 (4), 245–271. doi: 10.1146/annurev-arplant-093020-035446

Wu, C., Ding, Z., Chen, M., Yang, G., Tie, W., Yan, Y., et al. (2019). Identification and
functional prediction of lncRNAs in response to PEG and ABA treatment in cassava.
Environ. Exp. Bot. 166, 103809e. doi: 10.1016/j.envexpbot.2019.103809

Wu, H. J., Wang, Z. M., Wang, M., and Wang, X. J. (2013). Widespread long
noncoding RNAs as endogenous target mimics for microRNAs in plants. Int. J. Mol.
Sci. 161 (4), 1875–1884. doi: 10.1104/pp.113.215962

Wunderlich, M., Gross-Hardt, R., and Schoffl, F. (2014). Heat shock factor
HSFB2a involved in gametophyte development of Arabidopsis thaliana and its
expression is controlled by a heat-inducible long non-coding antisense RNA. Plant
Mol. Biol. 85 (6), 541–550. doi: 10.1007/s11103-014-0202-0

Xin, M., Wang, Y., Yao, Y., Song, N., Hu, Z., Qin, D., et al. (2011). Identification and
characterization of wheat long non-protein coding RNAs responsive to powdery
mildew infection and heat stress by using microarray analysis and SBS sequencing.
BMC Plant Biol. 11 (1), 61. doi: 10.1186/1471-2229-11-61
Frontiers in Plant Science 11
Xiong, L., Schumaker, K. S., and Zhu, J. K. (2002). Cell signaling during cold,
drought, and salt stress. Plant Cell 14 Suppl, S165–S183. doi: 10.1105/
tpc.000596

Yang, X., Liu, C., Niu, X., Wang, L., Li, L., Yuan, Q., et al. (2022). Research on
lncRNA related to drought resistance of Shanlan upland rice. BMC Genomics 23 (1),
336. doi: 10.1186/s12864-022-08546-0

Ye, X., Wang, S., Zhao, X., Gao, N., Wang, Y., Yang, Y., et al. (2022). Role of lncRNAs
in cis- and trans-regulatory responses to salt in Populus trichocarpa. Plant J. 110, 978–
993. doi: 10.1111/tpj.15714

Zhang, X., Dong, J., Deng, F., Wang, W., Cheng, Y., Song, L., et al. (2019). The long
non-coding RNA lncRNA973 is involved in cotton response to salt stress. BMC Plant
Biol. 19 (1), 459. doi: 10.1186/s12870-019-2088-0

Zhang, Y. Y., Hong, Y. H., Liu, Y. R., Cui, J., and Luan, Y. S. (2021b). Function
identification of miR394 in tomato resistance to Phytophthora infestans. Plant Cell Rep.
40 (10), 1831–1844. doi: 10.1007/s00299-021-02746-w

Zhang, J., Li, J., Saeed, S., Batchelor, W. D., Alariqi, M., Meng, Q., et al. (2022b).
Identification and functional analysis of lncRNA by CRISPR/cas9 during the cotton
response to sap-sucking insect infestation. Front. Plant Sci. 13. doi: 10.3389/
fpls.2022.784511

Zhang, X., Shen, J., Xu, Q., Dong, J., Song, L., Wang, W., et al. (2021a). Long
noncoding RNA lncRNA354 functions as a competing endogenous RNA of miR160b
to regulate ARF genes in response to salt stress in upland cotton. Plant Cell Environ. 44
(10), 3302–3321. doi: 10.1111/pce.14133

Zhang, H., Zhu, J., Gong, Z., and Zhu, J. K. (2022a). Abiotic stress responses in plants.
Nat. Rev. Genet. 23 (2), 104–119. doi: 10.1038/s41576-021-00413-0

Zhao, X., Li, J., Lian, B., Gu, H., Li, Y., and Qi, Y. (2018). Global identification of
Arabidopsis lncRNAs reveals the regulation of MAF4 by a natural antisense RNA. Nat.
Commun. 9 (1), 5056. doi: 10.1038/s41467-018-07500-7

Zhu, J. K. (2016). Abiotic stress signaling and responses in plants. Cell 167 (2), 313–
324. doi: 10.1016/j.cell.2016.08.029

Zhu, B., Yang, Y., Li, R., Fu, D., Wen, L., Luo, Y., et al. (2015). RNA sequencing and
functional analysis implicate the regulatory role of long non-coding RNAs in tomato
fruit ripening. J. Exp. Bot. 66 (15), 4483–4495. doi: 10.1093/jxb/erv203
frontiersin.org

https://doi.org/10.3390/ijms22136980
https://doi.org/10.1016/j.scienta.2020.109260
https://doi.org/10.1038/s41598-019-43269-5
https://doi.org/10.1038/s41598-019-43269-5
https://doi.org/10.1038/s41598-019-41428-2
https://doi.org/10.1038/s41598-019-41428-2
https://doi.org/10.1016/j.gpb.2017.01.007
https://doi.org/10.1093/bfgp/elv025
https://doi.org/10.1146/annurev-arplant-093020-035446
https://doi.org/10.1016/j.envexpbot.2019.103809
https://doi.org/10.1104/pp.113.215962
https://doi.org/10.1007/s11103-014-0202-0
https://doi.org/10.1186/1471-2229-11-61
https://doi.org/10.1105/tpc.000596
https://doi.org/10.1105/tpc.000596
https://doi.org/10.1186/s12864-022-08546-0
https://doi.org/10.1111/tpj.15714
https://doi.org/10.1186/s12870-019-2088-0
https://doi.org/10.1007/s00299-021-02746-w
https://doi.org/10.3389/fpls.2022.784511
https://doi.org/10.3389/fpls.2022.784511
https://doi.org/10.1111/pce.14133
https://doi.org/10.1038/s41576-021-00413-0
https://doi.org/10.1038/s41467-018-07500-7
https://doi.org/10.1016/j.cell.2016.08.029
https://doi.org/10.1093/jxb/erv203
https://doi.org/10.3389/fpls.2023.1334620
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Current perspectives of lncRNAs in abiotic and biotic stress tolerance in plants
	Introduction
	Abiotic stress-associated lncRNAs in plants
	LncRNAs response to extreme temperature stress in plants
	Low temperature
	High temperature

	LncRNAs response to drought stress in plants
	LncRNAs response to salt stress in plants
	LncRNAs response to biotic stress in plants
	Conclusions and perspectives
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


