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Long non-coding RNAs (lncRNAs) can enhance plant stress resistance by regulating the
expression of functional genes. Sweet sorghum is a salt-tolerant energy crop. However,
little is known about how lncRNAs in sweet sorghum respond to salt stress. In this
study, we identified 126 and 133 differentially expressed lncRNAs in the salt-tolerant
M-81E and the salt-sensitive Roma strains, respectively. Salt stress induced three new
lncRNAs in M-81E and inhibited two new lncRNAs in Roma. These lncRNAs included
lncRNA13472, lncRNA11310, lncRNA2846, lncRNA26929, and lncRNA14798, which
potentially function as competitive endogenous RNAs (ceRNAs) that influence plant
responses to salt stress by regulating the expression of target genes related to ion
transport, protein modification, transcriptional regulation, and material synthesis and
transport. Additionally, M-81E had a more complex ceRNA network than Roma. This
study provides new information regarding lncRNAs and the complex regulatory network
underlying salt-stress responses in sweet sorghum.

Keywords: sweet sorghum, non-coding regulatory, lncRNA, ceRNA network, salt tolerance

INTRODUCTION

Salt stress is now one of the main abiotic factors constraining agricultural productivity worldwide.
More than 6% of the arable soil worldwide is affected by salinity (Song and Wang, 2015; Yuan et al.,
2016). When the local topsoil contains an excessive amount of soluble salts, it forms a saline-alkali
soil, which damages plants to varying degrees, possibly leading to death. Salt stress may adversely
affect cells by leading to ionic, osmotic, oxidative, and nutrient stresses, and can substantially

Abbreviations: BAG6, Bcl-2-associated athanogene; BPM1, BTB/POZ and MATH domain-containing protein 1; bZIP TF
23, bZIP transcription factor 23; bZIP23, basic leucine zipper 23; ceRNAs, competitive endogenous RNAs; CNCI, coding-
non-coding index; CPC, coding potential calculator; DEGs, differentially expressed genes; DELs, differentially expressed
lncRNAs; FLA1, fasciclin-like arabinogalactan protein 1; FPKM, fragments per kilobase of exon model per million mapped
fragments; GO, gene ontology; (HSF) A4D, heat shock transcription factor A4d; i, a transfrag falling entirely within a
reference intron; j, potentially novel isoform (fragment): at least one splice junction is shared with a reference transcript;
lncRNA, long non-coding RNAs; MIRISCs, miRNA-mediated silencing complexes; miRNA, MicroRNA; MREs, miRNA
response elements; MSRA2-1, methionine sulfoxide reductase A2-1; NAC007, NAC domain-containing protein 7; NHX2,
sodium/hydrogen exchanger 2-like; NPF5.2, NRT1/PTR FAMILY 5.2; o, generic exonic overlap with a reference transcript
RNA-seq: high-throughput Illumina RNA sequencing; sncRNA, small non-coding RNAs; u, unknown, intergenic transcript;
VHA-A, V-type proton ATPase catalytic subunit A; x, exonic overlap with reference on the opposite strand; XTH31,
xyloglucan endotransglucosylase/hydrolase protein 31.
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decrease crop quality and quantity by disrupting plant growth
and metabolism (Feng et al., 2014; Sui and Han, 2014; Yang et al.,
2017; Cui et al., 2018).

Numerous recent studies have indicated that non-coding RNA
can enhance the stress resistance of plants by regulating the
expression of some functional genes (Xin et al., 2011; Mondal
et al., 2018). Non-coding RNAs can be divided into small non-
coding RNA (sncRNA) and long non-coding RNA (lncRNA)
based on their length. MicroRNA (miRNA), which is an
important type of sncRNA, is a single-stranded small RNA with
only 21 nucleotides (nt) in plants (Seitz, 2009). Mature miRNAs
form miRNA-mediated silencing complexes (MIRISCs) with
AGOs and silence gene expression by cleaving and degrading the
target genes (Eric, 2011). In contrast, lncRNAs are non-coding
RNAs that are longer than 200 nt, and there is increasing evidence
that lncRNAs are potential regulatory molecules (Mercer et al.,
2009). Specifically, lncRNAs can influence gene expression at
the transcriptional, post-transcriptional, epigenetic, and other
levels to modulate various biological processes that enable,
plants to resist abiotic and biotic stresses. There is currently
considerable interest in lncRNAs among molecular biologists and
geneticists. A previous study proved, that lncRNAs can function
as competitive endogenous RNAs (ceRNAs) to competitively
bind to the same miRNAs as mRNAs through miRNA response
elements (MREs), thereby modifying target gene expression
and mediating the resistance to various stresses (Yvonne et al.,
2014). In plants, the standard for target mimics is much stricter
than that in animals, and the positive position of the sequence
must not contain paired bases (resulting in protrusions). Recent
studies have revealed that lncRNAs can alter the expression
of target genes through cis- or trans-regulation and can be
cleaved by miRNAs to generate siRNAs to silence target genes
(Wang et al., 2018; Fu et al., 2019; Rizvi and Dhusia, 2019).
Additionally, some natural antisense lncRNAs help regulate
target gene expression (Swiezewski et al., 2009; Huanca-Mamani
et al., 2018). Although ceRNAs have been well studied in animals
(Qu et al., 2015; Meng et al., 2018), relatively little is known about
ceRNAs in plants, beyond the current research on the associated
regulatory mechanism.

Sweet sorghum [Sorghum bicolor (L.) Moench], which is
also known as sugar sorghum, is an annual C4 crop (family
Gramineae) with a high biomass and tolerance to adverse
conditions, including salinity, drought, and flooding (Guo et al.,
2018). In an earlier study, we determined that the differences
between the salt-tolerant sweet sorghum line (M-81E) and
the salt-sensitive line (Roma) are partly due to the diversity
in the regulation of certain genes in specific pathways (Yang
et al., 2018). However, it remains unclear whether non-coding
RNAs affect the salt tolerance of sweet sorghum. In this
study, we analyzed the root transcriptomes of sweet sorghum
lines M-81E and Roma via high-throughput Illumina RNA
sequencing (RNA-seq). We compared the transcriptomes of
these lines under salt stress conditions, by examining the
differential expression of lncRNAs, miRNAs, and mRNAs,
and constructed the ceRNA networks related to differentially
expressed mRNAs. The results presented herein may be useful
for elucidating the complex regulatory network involving

non-coding RNAs underlying the tolerance of sweet sorghum to
salt stress.

MATERIALS AND METHODS

Plant Materials and Salt Treatments
On the basis of one of our previous studies (Sui et al., 2015),
we selected the salt-tolerant sweet sorghum line M-81E and
salt-sensitive line Roma as the experimental materials for the
RNA-seq analysis. The two sweet sorghum lines were cultured
at 28 ± 3◦C (day/night) with 15-h photoperiod (light intensity
of 600 µmol m−2 s−1) and 70% relative humidity as described
by Yang et al. (2018). An earlier investigation proved that
150 mM NaCl is an appropriate concentration for detecting
significant differences in physiological parameters between M-
81E and Roma (Sui et al., 2015). Therefore, starting at the
three-leaf stage, the plants were treated with nutrient solutions
containing 0 or 150 mM NaCl. In the experimental group, the
NaCl concentration was increased by 50 mM every 12 h up to the
final concentration. The plants were analyzed in the subsequent
experiments after a 24-h exposure to 150 mM NaCl for.

Whole Transcriptome Library
Construction and High-Throughput
Sequencing
Total RNA was extracted with the TRIzol reagent (Invitrogen,
CA, United States) according to the manufacturer’s protocol.
The total RNA quantity and purity were analyzed with a 2100
Bioanalyzer and the RNA 6000 Nano LabChip Kit (Agilent, CA,
United S), with an RIN number >7.0. Libraries of small RNAs
(<50 nt) were prepared from approximately 1 µg total RNA
with the TruSeq Small RNA Sample Preparation Kit (Illumina,
San Diego, CA, United States). Approximately 10 µg total RNA
was treated with the Epicentre Ribo-Zero Gold Kit (Illumina,
San Diego, CA, United States) to eliminate ribosomal RNA,
after which the mRNA was purified and fragmented, with the
mRNA-Seq sample preparation kit (Illumina, San Diego, CA,
United States). Reverse transcribed cleavage of RNA fragments
was used to generate de-RNA strand-specific de-RNA >200 nt.
Single-end and paired-end sequencing analyses were performed
with the Illumina HiSeq 2500 and Illumina HiSeq 4000 systems,
respectively, at LC-BIO (Hangzhou, China). The SE50 strategy
was used for the small RNA library and the 150PE on-board
strategy was used for the de-RNA chain-specific library.

Assembly and Identification of lncRNAs
The raw sequencing reads were cleaned with Cutadapt, whereas
FastQC1 was used to verify the sequence quality. The reads
were mapped to the assembled transcripts of the sweet sorghum
genomic sequence with Bowtie2 and TopHat2, and then
assembled with StringTie (Pertea et al., 2015). These reads were
screened to filter out the known mRNAs encoding proteins,
transcripts <200 bp, and transcripts with fewer than <3 reads

1http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
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(Langmead and Salzberg, 2012; Kim et al., 2013). The coding
potential calculator (CPC), coding-non-coding index (CNCI)
and Pfam were then used to predict the transcripts with coding
potential, and all transcripts with a CPC score <−1 and a CNCI
score <0 were discarded. Finally, the remaining transcripts with
one or more exons and with class codes (i, j, o, u, and x)
were defined as lncRNAs (Kong et al., 2007; Finn et al., 2009).
The class codes represented the following: where i, a transfrag
falling entirely within a reference intron; j, potentially novel
isoform (fragment) with at least one splice junction shared
with a reference transcript; o, generic exonic overlap with a
reference transcript; u, unknown and intergenic transcript; and x,
exonic overlap with a reference sequence on the opposite strand
(Figure 2B). The raw sequence data has been uploaded to NCBI
under accession number GSE1457482.

Analysis of Differentially Expressed
Genes and Differentially Expressed
lncRNAs
StringTie was used to calculate the fragments per kilobase of
exon model per million mapped fragments (FPKM) values, which
were used to represent the gene and lncRNA expression levels
(Pertea et al., 2015). The differentially expressed genes (DEGs)
and differentially expressed lncRNAs (DELs) were identified with
the R package Ballgown with log2(fold-change) > 1 or <−1 and
p < 0.05 (Frazee et al., 2015).

Predicting and Analyzing
lncRNA-miRNA-mRNA Relationship
Pairs
According to our RNA-seq data, the principle of scoring
prediction based on the complementary pairing principle of
sequences, using TargetFinder software to predict miRNA targets
(Allen et al., 2005; Fahlgren and Carrington, 2010). The
predictions were based on the following rules: (1) the middle
of the miRNA sequence is complementary to the base of the
lncRNA, but this position produces a 3–5-nt bulge on the
lncRNA; (2) no more than four total mismatches are allowed
in the non-intermediate region of each miRNA, and there
should be no more than two consecutive nt mismatches; and
(3) no protrusions are allowed in the non-intermediate region
of the miRNA. Cytoscape3 was then used to construct a putative
network of interactions.

Quantitative Real-Time PCR Analysis
The relative expression levels of lncRNAs, miRNAs, and mRNAs
were analyzed by quantitative real-time PCR (qRT-PCR). A total
plant RNA extraction kit (Hua Yueyang, Beijing, China) was
used to prepare RNA samples for the M-81E and Roma plants
treated with 0 and 150 mM NaCl for 24 h (Sui et al., 2015).
Total RNA was isolated from the primary root. The RNA
was quantified with the Nanodrop-ND-1000 Spectrophotometer
(Thermo Fisher Scientific, Wilmington, DE, United States).

2https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE145748
3http://www.cytoscape.org/

The sweet sorghum actin gene was used as an endogenous
reference gene for lncRNAs and mRNAs, and U6 was used as an
endogenous reference gene for miRNAs. The stem-loop method
was used to reverse transcribe the miRNAs. Primer sequences are
listed in Supplementary Table 1.

RESULTS

High-Throughput Sequencing and DEG
Analysis
The whole transcriptome sequencing analysis was completed
with three biological replicates for each sample (M-81E-CK1,
M-81E-CK2, M-81E-CK3, M-81E-salt1, M-81E-salt2, M-81E-
salt3, Roma-CK1, Roma-CK2, Roma-CK3, Roma-salt1, Roma-
salt2, and Roma-salt3). Single-end sequencing with the Illumina
HiSeq 2500 system and paired-end sequencing with the Illumina
HiSeq 4000 system were used to generate more than 363,000,000
raw reads from the control and salt-stressed M-81E and Roma
samples. Approximately 54.5 and 53.7 G of raw and valid reads,
respectively, were detected (i.e., more than 98% of the raw reads
were valid reads; Supplementary Table 2). To assess the quality
of the RNA-seq data, Fast QC was used to assign a quality
score (Q) to each base in the reads with a phred-like algorithm
(Ewing et al., 1998). The analysis confirmed that the data were
highly reliable.

After mapping to the sweet sorghum genome, approximately
86.14, 84.93, 80.62, and 87.53% of the reads were mapped in
the M-81E-CK, M-81E-salt, Roma-CK, and Roma-salt samples,
respectively, with more than 74.59, 72.44, 69.04, and 76.17%
uniquely mapped reads, respectively (Supplementary Table 2).
The set of unique mapped reads was mapped to exons (94.14%
of M-81E-CK, 94.04% of M-81E-salt, 93.64% of Roma-CK, and
94.10% of Roma-salt), introns (4.72% of M-81E-CK, 4.78% of
M-81E-salt, 5.14% of Roma-CK, and 4.65% of Roma-salt), and
intergenic regions (1.14% of M-81E-CK, 1.18% of M-81E-salt,
1.22% of Roma-CK, and 1.25% of Roma-salt) (Figure 1A).
The results revealed that lncRNAs in sweet sorghum are
predominantly derived from exon transcripts.

After calculating the expression level of each gene (FPKM),
714 genes were identified as differentially expressed between
M-81E-CK and M-81E-salt [log2(fold-change) ≤−1 or ≥1,
p < 0.05]. Among these DEGs, 293 and 421 were up-regulated
and down-regulated, respectively. Additionally, 1,331 genes
were differentially expressed between Roma-CK and Roma-
salt, of which 623 were up-regulated and 708 were down-
regulated (Figure 1B).

A Venn diagram of the DEGs indicated that 228 genes in M-
81E and 588 genes in Roma were uniquely up-regulated, whereas
47 up-regulated genes were co-expressed in M-81E and Roma.
Among the down-regulated genes, 331 were M-81E-specific, 611
were Roma-specific, and 97 were co-expressed in both M-81E and
Roma. Moreover, 31 genes were down-regulated in Roma but up-
regulated in M-81E, whereas 13 genes were down-regulated in
M-81E but up-regulated in Roma (Figure 1C).

The DEGs between the control and NaCl-treated plants
were functionally annotated based on a gene ontology (GO)
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FIGURE 1 | Unique reads mapped to various genomic regions, and identification and characterization of DEGs in M-81E and Roma between salt stress and control
samples. (A) Unique reads mapped to various genomic regions. (B) Numbers of DEGs. (C) Venn diagram showing DEGs typically expressed in M-81E and Roma
samples.

analysis (Supplementary Figure S1). In M-81E, 21,754 genes
were assigned 900 Level-2 GO terms, of which 11 DEGs with a
specific GO term were related to salt-stress responses. In Roma,
21,754 genes were assigned to 1,324 Level-2 GO terms, of which
31 DEGs with a specific GO term were associated with salt-
stress responses. In the biological process category, the “biological
process” and “regulation of transcription, DNA-templated” terms
were the most prominent in M-81E and Roma. The most highly
enriched terms in the cellular component category for M-81E and
Roma were “nuclear” and “plasma membrane.” In the molecular
function category, “molecular function” and “ATP binding”
were the most represented GO terms in M-81E, but “molecular
function” and “protein binding” were the most represented
GO terms in Roma (Supplementary Figure S1). These results
implied that salt stress may affect plants by changing the plasma
membrane structure and function.

Identification and Characterization of
lncRNAs
After an analysis of all transcripts from the RNA-seq data as well
as the functional annotation and filtration, 2,176 unique lncRNAs
were identified for the M-81E and Roma samples. These lncRNAs
were evenly distributed on the 10 sweet sorghum chromosomes
(Figure 2A). Moreover, we compared the distribution of the
transcript length and number, exon number and expression levels
of lncRNAs and mRNAs (Supplementary Figure S2). The mRNA
transcripts were not only longer than the lncRNA transcripts, and
they were but also more abundant and expressed at higher level.
The lncRNAs were mostly enriched in segments with transcripts
shorter than 300 nt and mostly comprised one exon. These results
differ from those of a previous study (Yang et al., 2019), likely
because of the apparent species specificity of these sweet sorghum
lncRNAs. Additionally, the lncRNA open reading frames were
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FIGURE 2 | Identification and characterization of DELs. (A) Distribution of lncRNA on the chromosomes. (B) Unique reads mapped to various genomic regions. I, a
transfrag falling entirely within a reference intron; j, potentially novel isoform (fragment) with at least one splice junction shared with a reference transcript; o, generic
exonic overlap with a reference transcript; u, unknown, intergenic transcript; x, exonic overlap with reference on the opposite strand. (C) Number of DELs identified
in M-81E-CK vs M-81E-salt and Roma-CK vs Roma-salt. Among them, the blue points indicate the DELs (–1 > log2(fc) > 1), the green points indicate the
downward adjustment of DELs (log2(fc) < –1, P ≤ 0.05), and the red points indicate the upward adjustment of DELs(log2(fc) > 1, P ≤ 0.05).

less abundant and shorter than the mRNA open reading frames
(Supplementary Figure S3).

On the basis of the genomic locations of lncRNAs in M-
81E, 7% of the lncRNAs had an exonic overlap with a reference
sequence on the opposite strand (x); 7% of the lncRNAs were
transfrags entirely within a reference intron (i); 3% of the
lncRNAs were potentially novel isoforms (fragments) with at least
one splice junction shared with a reference transcript (j); 2%
of the lncRNAs had a generic exonic overlap with a reference
transcript (o); and 81% of the lncRNAs were unknown and
intergenic transcripts (u). In Roma, 8% of the lncRNAs had
an exonic overlap with a reference sequence on the opposite
strand (x); 8% of the lncRNAs were transfrags entirely within a
reference intron (i); 3% of the lncRNAs were potentially novel
isoforms (fragments) with at least one splice junction shared with
a reference transcript (j); 2% of the lncRNAs had a generic exonic
overlap with a reference transcript (o); and 79% of the lncRNAs
were unknown and intergenic transcripts (u) (Figure 2B).

Of these 2,176 lncRNAs, 126 DELs [log2(fold-change)≤−1 or
≥1, p < 0.05] were identified by comparing the M-81E-salt and
M-81E-CK samples. These DELs included 71 up-regulated and
55 down-regulated lncRNAs (Figure 2C). A total of 133 DELs
[log2(fold-change) ≤−1 or ≥1, p < 0.05] were identified in the
Roma samples, including 68 up-regulated and 65 down-regulated
lncRNAs (Figure 2C).

Analysis of lncRNA-Related ceRNA Networks in
Sweet Sorghum Roots and a Functional Enrichment
Analysis of Related DEGs
Previous studies proved that lncRNAs can function as ceRNAs
and regulate gene expression at the post-transcriptional level
(Zhang et al., 2018; He et al., 2019). Additionally, lncRNAs
serve as target mimics that interact with miRNAs thereby
preventing miRNAs from completely degrading their targets
(Wu et al., 2013; Deng et al., 2018; Meng et al., 2018). To
assess the regulatory patterns of non-coding RNA-related ceRNA
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interactions in sweet sorghum roots, lncRNA-miRNA-mRNA
pairs were predicted in the treated and control of M-81E
and Roma samples. Cytoscape4 was then used to construct a
putative network of interactions. Consequently, 672 lncRNA-
miRNA-mRNA interactions were predicted in the global ceRNA
network, of which 477 and 195 were predicted in M-81E and
Roma, respectively (Supplementary Figure S4). Furthermore,
13 lncRNAs were involved in the 672 lncRNA-miRNA-mRNA
regulatory networks, of which seven were in M-81E and
six were in Roma.

To further elucidate how the DELs confer salt tolerance
to sweet sorghum, we functionally characterized the genes
regulated by the 13 lncRNAs based on a GO analysis
(Figure 3). In the biological process category, addition to
“transcriptional regulation,” the protein-encoding genes in M-
81E were enriched with other terms, including “redox process”
and “defense reaction,” whereas in Roma, the terms “defense
reaction” and “protein phosphorylation” were enriched. In the
cellular component category, besides the term “nucleus” and
“cytoplasm” were the most enriched terms in M-81E, whereas,
“plasma membrane” was the most enriched term in Roma. In
the molecular function category, “protein binding” and “ATP
binding” were the most enriched GO terms in M-81E and Roma.

After a colocalization and expression analysis with Cytoscape
and the construction of a network of interactions, five DELs
(three in M-81E and two in Roma) were detected from
among the 13 lncRNAs possibly related to salt responses.
The five DELs (lncRNA13472, lncRNA11310, lncRNA2846,
lncRNA26929, and lncRNA14798) were identified as
modulators of miRNAs that regulate five miRNAs and
14 target genes (Figures 4A,B). LncRNA13472 might
compete with SORBI_3010G218400 for the binding to
sbi-MIR169b-p3. Moreover, lncRNA11310 might compete
with SORBI_3001G158100, SORBI_3001G223100, SORBI_
3002G237000, SORBI_3002G302000, SORBI_3003G327000,
and SORBI_3009G182800 for the binding to sbi-MIR5567-p3-
2ss16CT17TC. Additionally, lncRNA2846 might compete with
SORBI_3001G158100, SORBI_3001G223100, SORBI_3002G237
000, SORBI_3002G302000, SORBI_3003G327000, SORBI_3004
G116300, SORBI_3004G302400, SORBI_3006G123500, SORBI_
3007G046900, SORBI_3009G182800, SORBI_3009G208000, and
SORBI_3010G081800 for the binding to sbi-MIR5567-p5-2.
In contrast, lncRNA26929 might compete with SORBI_3003
G327000, SORBI_3001G158100, and SORBI_3001G223100
for the binding to sbi-MIR5567-p5-2ss17CT18TC, whereas,
lncRNA14798 might compete with SORBI_3009G042700 for the
binding to PC-3p-270284-34.

The expression levels of the five DELs differed between
M-81E and Roma. Although lncRNA13472 expression was
up-regulated in both M-81E and Roma, its expression level
was higher in M-81E than in Roma. The expression of
lncRNA11310, lncRNA2846, and lncRNA26929 increased in M-
81E and decreased in Roma. The lncRNA14798 expression level
was unchanged in M-81E, but decreased in Roma (Figure 4C).

4http://www.cytoscape.org/

To demonstrate how the ceRNA network helps regulate
the salt tolerance of sweet sorghum roots, we performed
a functional enrichment analysis of the 14 target proteins
based on GO annotations. The results revealed that the
protein-encoding genes were mainly enriched with stress-related
terms, including “regulation of transcription,” “response to salt
stress,” “nucleus,” “protein binding,” and “transport activity”
(Figure 5). These findings suggested that in response to salt
stress, lncRNAs may function as ceRNAs and compete with
miRNAs as binding partners for mRNA, which may regulate
the metabolism of several protein-encoding genes involved in
important biological processes.

qRT-PCR Validation of Differentially
Expressed Transcripts From RNA-seq
To verify the putative relationships among the 5 DELs,
5 miRNAs, and 14 DEGs, their expression levels were
examined by qRT-PCR. The qRT-PCR data revealed that
in M-81E, the expression levels of 3 DELs (lncRNA13472,
lncRNA11310, and lncRNA2846), 3 miRNAs (sbi-MIR169b-p3,
sbi-MIR5567-p3-2ss16CT17TC, and sbi-MIR5567-p5-2), and
10 DEGs (SORBI_3010G218400, SORBI_3001G158100, SORBI_
3001G223100, SORBI_3002G302000, SORBI_3003G327000,
SORBI_3009G182800, SORBI_3004G116300, SORBI_3004G302
400, SORBI_3006G123500, SORBI_3007G046900, and SORBI_
3010G081800) were up-regulated. In contrast the expression
levels of two DEGs (SORBI_3002G237000 and SORBI_3009
G208000) were down-regulated. Similarly, in Roma, the
expression levels of two miRNAs (sbi-MIR5567-p5-2ss17
CT18TC and PC-3p-270284-34) and two DEGs (SORBI_
3003G327000 and SORBI_3001G158100) were up-regulated,
whereas the expression levels of two DELs (lncNRA26929
and lncNRA14798), and two DEGs (SORBI_3001G223100 and
SORBI_3001G042700) were down-regulated. The qRT-PCR
results were consistent with the RNA-seq data, which confirmed
the reliability of the RNA-seq analysis (Figure 6).

DISCUSSION

Salt stress induces ion toxicity, osmotic stress and oxidative
stress, which can adversely affect plant metabolism and growth
(Kumar et al., 2018; Liang et al., 2018). Plants respond and
adapt to highly saline environments at the transcriptional and
post-transcriptional levels (Tariq and Paszkowski, 2004; Feller
et al., 2011). The regulation at the transcriptional level is mainly
mediated by transcription factors, DNA methylation, histone
modifications and other processes that activate or inhibit the
expression of specific gene (Zhang et al., 2016). At the post-
transcriptional level, the regulation is mainly achieved via the
alternative splicing of RNA, as well as RNA methylation and
multiple RNA–RNA interactions (Wassenegger et al., 1994; Zhu
et al., 2007; Bardou et al., 2014). We previously confirmed that a
high-salt treatment inhibits Roma roots growth starting at 24 h,
but inhibits M-81E roots growth starting at 36 h. Under saline
conditions, many functional genes are differentially expressed
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FIGURE 3 | Gene ontology enrichment of 13 lncRNAs as ceRNA regulated protein-coding genes in M-81E (A) and Roma (B). The y-axis represents the number of
genes and the x-axis represents the GO functional group.
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FIGURE 4 | A ceRNA network enriched in salt response pathways in M-81E (A) and Roma (B). Pink, yellow, and blue nodes represent lncRNAs, miRNAs, and
mRNAs, respectively. Green edges represent miRNA-target interactions, while pink edges represent a competitive relationship. (C) Expression level of five unknown
lncRNAs in M-81E and Roma.

between M-81E and Roma (Yang et al., 2018). These functional
genes are important for the salt tolerance of sweet sorghum, but it
is unknown whether other regulatory pathways are also involved?

Recent studies have indicated lncRNAs can regulate
physiological metabolism as well as growth and development by
contributing to the regulation of histone modifications, nucleic
acid structural modifications, nucleic acid methylations and
RNA–RNA interactions (Matsui and Seki, 2019; Qin and Xiong,
2019). In cotton, lncRNAs are active in salt-stress responses
(Deng et al., 2018). However, this study focused on cis-acting
regulation in which lncRNAs function as ubiquitous regulators.
Wang et al. (2015) described the differences in the number
of lncRNAs in the roots and leaves of Medicago truncatula in
response to salt stress. Specifically, they detected considerably
more lncRNAs in roots than in leaves, suggesting that lncRNAs
are especially active in plant roots. Furthermore, lncRNAs are
relatively enriched in ceRNAs and may be one of the major
sources of ceRNAs (Li et al., 2019). There is limited available
information regarding the regulatory functions of lncRNAs in
salt-stressed sweet sorghum. In the present study, we performed
an RNA-seq analysis of M-81E and Roma roots treated with
NaCl to explore how lncRNAs function as ceRNAs during sweet
sorghum responses to salt stress.

After annotating, characterizing, and analyzing the RNA-
seq data, we predicted the ceRNA relationships of the DELs,
and identified 477 and 195 lncRNA-miRNA-mRNA relationships
in M-81E and Roma, respectively (Supplementary Figure S2).
These results imply that the competitive interaction of lncRNAs
in the ceRNA network may be a new regulatory factor in response
to salt stress. We detected substantially more interactions
in M-81E than in Roma, suggesting that M-81E has more
precise and complex ceRNA regulatory mechanisms that mediate
responses salinity.

The expression levels of five lncRNAs varied between M-81E
and Roma (Figure 4), further suggesting that there are more
complex networks in M-81E. These lncRNAs were predicted
to compete with 14 DEGs for the binding to five miRNAs
(Figures 4A,B). Notably, sbi-MIR5567 was detected as a
sorghum-specific miRNA (Zhang et al., 2011). The homologs of
sbi-MIR5567 (sbi-MIR5567-p3-2ss16CT17TC, sbi-MIR5567-p5-
2, and sbi-MIR5567-p5-2ss17CT18TC) detected in this study also
have important functions in both M-81E and Roma. How they
participate in the complex ceRNA regulatory networks under
salt stress condition remains unknown and will need to be
determined in further studies.

The lncRNA-miRNA-mRNA relationships and the roles of the
14 DEGs were analyzed in greater detail. The miRNAs target
many transcription factors, signaling factors, and transporter-
encoding genes involved in salt-stress responses (Zhang et al.,
2013). Compared with that of Roma, the ceRNA regulatory
network in M-81E involves more pathways. These DELs
participate in sweet sorghum responses to high salinity primarily
by regulating ion transport, protein modifications, transcription,
and material synthesis and transport (Figure 7). The DEGs
mainly encode proton pumps, transport proteins, specific
enzymes, and transcription factors (Supplementary Tables 3–5).
Among these DEGs, SORBI_3010G218400 encodes the catalytic
subunit A of the V-type proton ATPase (VHA-A). Earlier
investigations revealed that V-ATPase is an ATP-dependent
proton pump that is involved in the transmembrane transport
of protons and contributes to salt-stress responses (Powell
et al., 2000; Vera-Estrella et al., 2005). In the current study,
the SORBI_3010G218400 expression level increased in M-81E,
which likely helps establish a transmembrane proton gradient.
The expression of sbi-MIR169b can be down-regulated under
drought conditions (Maor, 2017). However, we observed that
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FIGURE 5 | Gene ontology enrichment of five lncRNAs as ceRNA regulated protein-coding genes in M-81E (A) and in Roma (B). The results summarize the three
main categories: biological processes, molecular functions, and cellular components. The y-axis represents the number of genes and the x-axis represents the GO
functional group.
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FIGURE 6 | Quantitative RT-PCR analysis and RNA-seq results of ceRNA regulatory networks in M-81E (A) and Roma (B). Three biological replicates were prepared
for each of these samples. Actin is the endogenous reference gene for lncRNAs and mRNAs, and U6 is the endogenous reference gene for miRNAs. The y-axis
shows the relative expression levels analyzed by qRT-PCR. Based on three biological replicates, each repeated three times, the standard deviation of the relative
expression levels (n = 3) is indicated by error bars. Significant differences between each RNA and internal reference were also assessed separately (p < 0.05). **
indicates p < 0.01, * indicates p < 0.05, and ns indicates p > 0.05.
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FIGURE 7 | A hypothetical model for ceRNA regulatory networks in M-81E (A) and Roma (B). Pink, yellow, and blue nodes represent lncRNAs, miRNAs, and
mRNAs, respectively. Blue edges represent miRNA-target interactions, pink edges represent a competitive relationship.

its expression level was up-regulated (Figure 6A). On the basis
of our data, we predict that SORBI_3010G218400 competes
with lncRNA13472 for the binding to sbi-MIR169b-p3. The up-
regulated expression of SORBI_3010G218400 and sbi-MIR169b-
p3 will promote the binding of lncRNA13472 to sbi-MIR169b,
which is consistent with our results (Figure 6A).

Analyses of protein modifications, transcription, and material
synthesis and transport in M-81E produced similar results.
Both SORBI_3001G158100 and SORBI_3007G046900 encode
BTB/POZ and MATH domain-containing protein 1 (BPM1).
In the cytoplasm, this protein may serve as a substrate-specific
adapter, bind to the E3 ubiquitin-protein ligase complex,
and mediate the ubiquitination of target proteins for the
subsequent degradation by the 26S proteasome (Chen et al.,
2013). Members of the BPM family regulate ABA responses
and can control the opening and closing of stomata, making
them crucial for plant development and stress responses (Chen
et al., 2013). Additionally, SORBI_3006G123500 is an important
antioxidant gene (Moskovitz et al., 1997; Oh et al., 2005)
encoding methionine sulfoxide reductase A2-1 (MSRA2-1),
which participates in oxidative-stress responses and is induced
by salt stress in plants. Moreover, SORBI_3004G116300 encodes
Bcl-2-associated athanogene (BAG6), which selectively promotes
the proteasomal degradation of mislocalized proteins via
ubiquitination (Leznicki and High, 2012). Kang et al. (2006)
confirmed that AtBAG6 is a stress-regulated calmodulin-binding
protein associated with programmed cell death in plants. The
SORBI_3003G327000 and SORBI_3009G182800 genes encode
basic leucine zipper 23 (bZIP23). Previous studies on Arabidopsis
thaliana indicated that bZIP proteins are involved in plant
responses to drought and high salinity as well as the ABA-
dependent signal transduction pathway (Uno et al., 2000; Kang
et al., 2002). The SORBI_3004G302400 and SORBI_3010G081800

genes encode NAC domain-containing protein 7 (NAC007) and
bZIP transcription factor 23 (bZIP TF 23), respectively. These
transcription factors bind to the DNA-binding domain to induce
or inhibit target gene expression, thereby improving the salt
tolerance and drought resistance of plants (Hu et al., 2006; Hsieh
et al., 2010). The SORBI_3002G302000 gene encodes xyloglucan
endotransglucosylase/hydrolase protein 31 (XTH31), which is
produced mainly in the roots. This enzyme catalyzes xyloglucan
endohydrolysis and/or endotransglycosylation, reassembles
xyloglucan polymers, and regulates root hair development in
A. thaliana (Vissenberg et al., 2001; Cho and Cosgrove, 2002),
whereas it responds to drought stress in maize (Wu et al., 2001).
The SORBI_3001G223100 gene encodes NRT1/PTR FAMILY
5.2 (NPF5.2), which is a transporter of diverse substances,
including nitrates, chlorides, and phytohormones (Xin et al.,
2011; Corratgé-Faillie and Lacombe, 2017). Furthermore, BPM1,
bZIP23, XTH31, and NPF5.2 can bind to two miRNAs competing
with two lncRNAs. The target genes have a non-negligible role
in the sweet sorghum response to salt stress. Accordingly, the
regulated regulatory lncRNAs and miRNAs also have important
function under saline condition.

In this study, the miRNA binding by the above-mentioned
genes and the competitor lncRNAs increased, but the lncRNAs
and mRNAs were more highly expressed than the miRNAs in
M-81E (Supplementary Tables 3, 4). Therefore, we speculate
that the mRNA expression levels in M-81E may be induced by
high-salt environments to prevent damages due to salt stress.
However, the increase in mRNA expression is accompanied by
an increase in the abundance of miRNAs that will bind to and
degrade target genes to maintain the original homeostasis. In
M-81E, the competitive binding of miRNAs increases because
of the up-regulated expression of lncRNAs to maintain the
differential expression of specific genes responsive to salt stress.
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This indirectly enhances the salt tolerance of M-81E.
However, the specific underlying mode of action remains to
be characterized.

The SORBI_3009G208000 and SORBI_3002G237000 expres-
sion levels were down-regulated under salt stress conditions,
whereas the expression of the corresponding lncRNAs and
miRNAs was up-regulated. We speculate that the degradation
of miRNAs for target genes may be exacerbated by salt-
induced damages, and plants respond to salt stress by up-
regulating lncRNA expression to decrease mRNA degradation.
The SORBI_3009G208000 gene encodes the important heat shock
transcription factor (HSF) A4d. A recent study demonstrated that
HSF interactions with HSPs help mediate plant stress resistance
(Fragkostefanakis et al., 2019). In addition to heat stress, plant
HSFs are also responsive to drought, oxidative, and biotic stresses
(Scharf et al., 2012). Moreover, SORBI_3002G237000 encodes
fasciclin-like arabinogalactan protein 1 (FLA1), which is involved
in salt-stress responses (Shi et al., 2003). The expression levels of
most wheat genes encoding FLAs are down-regulated following
an exposure to abiotic stresses (Faik et al., 2006), which is
consistent with our results. The exact roles for these two genes
in salt-stressed sweet sorghum remain to be investigated.

Unlike in M-81E, the predicted lncRNA expression levels
decreased in Roma, whereas the expression of miRNA
was up-regulated. These findings suggest saline conditions
increase the degradation of mRNAs in Roma. Furthermore,
SORBI_3009G042700 encodes a sodium/hydrogen exchanger
2-like protein (NHX2), which is a Na+, and K+/H+ antiporter
mainly localized to the tonoplast membrane. As an ion
transporter related to homeostasis, NHX2 regulates the
intracellular ion homeostasis and decreases ionic toxicity in
plants due to salt stress (Ueda et al., 2018). An earlier study
proved that NHX2 confers stress tolerance by participating
in the regulation of K+ homeostasis, intracellular pH, and
stomatal opening and closing (Barragán et al., 2012). Under
salt stress conditions, lncRNA14798 expression was down-
regulated in Roma, but the PC-3p-270284-34 expression level
was up-regulated. The PC-3p-270284-34 will bind to and degrade
SORBI_3009G042700, thereby decreasing the abundance of the
encoded protein. This may help to explain why Roma is more
sensitive to salt stress than M-81E.

CONCLUSION

In conclusion, our data revealed five unknown lncRNAs in
M-81E and Roma under salt stress conditions. These DELs
function as ceRNAs that affect the salt tolerance of sweet sorghum
by regulating the transcription of genes encoding proton pumps,
transporters, important enzymes, and transcription factors. The
salt-tolerant M-81E has more precise and complex ceRNA
regulatory mechanisms that control salt-stress responses than
the salt-sensitive Roma. Our results may be important for
clarifying the salt-tolerance mechanism regulated by non-
coding RNAs in crops.
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