ISSN:

2676-7309

Plant Genetic Research

U

Lorestan University

Identification, Functional Prediction, and Expression Analysis of Long
Non-Coding RNAs in Lentil (Lens culinaris L.) Under Salt Stress

Saba Saeidi

| Ahmad Ismaili

| Seyed Sajad Sohrabi

Department of Plant Production and Genetic Engineering, Faculty of Agriculture, Lorestan
University, Khorramabad, Iran

*Corresponding author™: ismaili.a@lu.ac.ir

Article Info

ABSTRACT

Article type:
Research Article

Article history:

Received: June 15, 2025;

Received in revised form: October 18, 2025;
Accepted: October 28, 2025;

Available online: December 30, 2025

Keywords:

Salt stress,

Gene expression regulation,
Lentil,

LncRNA

Throughout evolution, plants have developed complex molecular mechanisms
to cope with biotic and abiotic stresses, many of which are driven by the
reprogramming of gene expression. Multiple genetic factors regulate the
molecular responses of plants to unfavorable environmental conditions,
among which long non-coding RNAs (IncRNAs) play a significant role.
LncRNAs play a pivotal role in regulating gene expression, epigenetic
modifications, and signaling pathways, significantly contributing to responses
against both biotic and abiotic stresses. In this study, for the first time, the
identification, functional determination, and expression analysis of LncRNAs
in lentil (Lens culinaris L.) under salt stress conditions were investigated.
LncRNAs were identified using the lentil transcriptome reference, which was
generated by assembling RNA sequencing data from the leaf and root tissues
of lentil under both stress and control conditions. After filtering protein-coding
sequences, several IncRNA sequences were identified using PLncPRO
software. The relative expression levels of the identified sequences were
measured, and the co-expression network with differentially expressed genes
(DEGs) was constructed. To validate the RNA-seq data, the expression of
selected IncRNAs was analyzed by qRT-PCR. The processing and refinement
of the expression profile of lentil under salt stress resulted in the identification
of 7677 IncRNA sequences, with 722 sequences being identified for the first
time in lentil. Gene expression analysis revealed that 90 sequences in leaf
tissue and 48 in root tissue showed increased expression under salt stress.
Functional analysis of the co-expressed genes indicated that these genes were
involved in biological processes such as translation, ion transport, and stress
response. Metabolic pathway enrichment analysis identified 18 significant
pathways, including S-adenosyl-L-methionine cycle, abscisic acid
biosynthesis, and cytosolic glycolysis. The qRT-PCR validation confirmed the
correlation of RNA-seq and gRT-PCR results with a 95% correlation
coefficient. In conclusion, the results of this study revealed that the identified
IncRNAs play a significant role in regulating key genes involved in essential
metabolic pathways in lentil's molecular response to salt stress. Identifying and
analyzing these IncRNAs in lentil can provide a better understanding of the
molecular mechanisms underlying these stress responses. Investigating the
interactions of these identified RNAs with other regulatory molecules, such as
ABA and protein-coding genes, could contribute to the development of
breeding strategies aimed at improving lentil’s tolerance to both biotic and
abiotic stresses.
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Introduction

Throughout evolution, plants have developed complex molecular mechanisms to cope with a
variety of biotic and abiotic stresses, which are primarily driven by the reprogramming of gene
expression. Stress conditions, such as drought, salinity, temperature extremes, and pathogen attacks,
induce a wide range of molecular responses, including the activation of stress-responsive genes and
the regulation of various physiological processes. Among the genetic factors that regulate these
responses, long non-coding RNAs (IncRNAs) have recently emerged as critical players. These
RNA molecules, which do not code for proteins, participate in diverse biological processes, such as
gene expression regulation, chromatin remodeling, epigenetic modifications, and signal
transduction. LncRNAs have been shown to influence plant responses to both biotic and abiotic
stresses, including salinity, by modulating gene expression and interacting with key regulatory
pathways. Despite their importance, the role of IncRNAs in lentil (Lens culinaris L.), particularly
under salt stress conditions, has not been thoroughly studied. In this research, we aimed to identify
and characterize IncRNAs in lentil under salt stress, and to explore their functional involvement in
stress-related processes.

Materials and Methods

In this study, for the first time, the identification, functional determination, and expression analysis
of specific IncRNAs in lentil (Lens culinaris L.) under salt stress conditions were investigated. To
achieve this, the expression profile of lentil under salt stress was constructed by RNA sequencing
(RNA-seq) data obtained from both stressed and control conditions, which included both leaf and
root tissues. After filtering protein-coding sequences using BLASTx results and setting a minimum
sequence length of 200 nucleotides for the remaining sequences, several candidate IncRNAs were
identified using the PLncPRO software, which is specifically designed for IncRNA prediction.
Subsequently, the relative expression levels of these identified sequences were measured, and their
co-expression network with differentially expressed genes (DEGs) under salt stress was
constructed. To validate the RNA-seq expression data, the expression levels of selected IncRNAs
were analyzed using qRT-PCR, following RNA extraction and cDNA synthesis. This comparative
approach allowed for the validation of the IncRNA expression patterns and their involvement in salt
stress response.

Results and Discussion

The results revealed that the expression profile of lentil under salt stress consisted of 36,680 contigs.
After removing non-target sequences and using the specific features of IncRNAs, 7,677 IncRNA
sequences were identified. A further comparison of these sequences with known IncRNAs from
various plant species showed that 772 sequences were newly identified in lentil. Gene expression
analysis indicated that among the identified IncRNAs, 90 sequences in leaf tissue showed increased
expression, while 7 sequences showed decreased expression. In the root tissue, 48 sequences
exhibited increased expression, and 57 sequences showed decreased expression in response to salt
stress. These findings suggest that IncRNAs play a role in modulating the expression of genes
involved in stress adaptation mechanisms. Functional analysis of the genes associated with the co-
expression of differentially expressed IncRNAs (DE-LncRNAs) and DEGs highlighted that these
genes were primarily involved in biological processes (BP) such as translation, stress response, and
ion transport. In terms of molecular functions (MF), key activities included protein binding, metal
ion binding, and regulatory roles in signal transduction. At the cellular component (CC) level, the
most significant localization of these genes was found in the nucleus and cytoplasm, where they
likely participate in regulating gene expression and maintaining cellular homeostasis under stress
conditions. Additionally, metabolic pathway enrichment analysis identified 18 significant
metabolic pathways that are enriched with DE-LncRNAs and their co-expressed genes; notably,
the S-adenosyl-L-methionine cycle, abscisic acid biosynthesis, and cytosolic glycolysis pathways
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were prominently involved. These pathways are essential for maintaining cellular functions during
stress and are known to be critical in managing osmotic stress and oxidative damage during salt
stress. This suggests that the salt stress response involves the activation of specific regulatory
networks, which operate similarly in both tissues. The validation of the expression of three selected
LncRNA sequences using qRT-PCR further confirmed the reliability of the RNA-seq data, with a
high degree of correlation (95%) between the results from RNA-seq and qRT-PCR. This validation
strengthens the evidence that the identified IncRNAs are indeed involved in the response of lentil
to salt stress.

Conclusion

In conclusion, the findings of this study provide new insights into the role of IncRNAs in the
molecular response of lentil to salt stress. The identified IncRNAs appear to regulate key genes
involved in important metabolic pathways related to stress adaptation, such as translation, ion
transport, and osmotic regulation. These findings suggest that IncRNAs are crucial for maintaining
cellular homeostasis and facilitating stress response mechanisms under salt stress conditions. Future
research should focus on exploring the interactions of these identified IncRNAs with other
regulatory molecules, such as abscisic acid (ABA), as well as protein-coding genes involved in
stress response pathways. This will contribute to the development of novel breeding strategies
aimed at enhancing the salt tolerance of lentil and other crops. Moreover, the integration of IncRNA-
based strategies with traditional breeding methods holds the potential to improve the tolerance of
lentil to both biotic and abiotic stresses, ultimately benefiting agricultural productivity.
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Table 2. Basic statistics of raw and cleaned reads from RNA sequencing of different lentil tissues under salt

stress
LY sl Sldas S sla il s slias Slla Sl Ao s
sk
Tissue 4;}»4 rl;- u“‘)" A.L.ZJ'.:'»J u;.»\f- AIé) Cowd 4:5) Cowd
Sample code Raw reads count Clean reads count Lost reads count Lost reads count
)l
47168052 42806973 4361079 9.25
Control 1
Y dals
_ 53627360 49125592 4501768 8.39
Sy Control 2
\ B e
Leaf S o 48876204 41102198 7774006 1591
Salt stress 1
S 46208922 38814091 7394831 16.00
Salt stress 2
)l
49730474 42512675 7217799 14.51
Control 1
Y dals
39545866 34235256 5310610 1343
g Control 2
Root \ Gosh i
00 S o 50120116 41777599 8342517 16.65
Salt stress 1
S 48307554 40683577 7623997 15.78
Salt stress 2
S 383584548 331057941 52526607 13.73
Total
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Table 3. Lentil transcriptome assembly parameters under salt stress

b S5 o3
Features Value
i ol 36680
Number of transcripts
('\:5):'\5}‘) Clssy O‘ijhu}s Jﬁb 200
Shortest transcript length (nt)
Longest transcript length (nt)
A M 47017751
Number of nucleotides
(4505 ) oot iy b (Sile 28183

Transcripts length mean (nt)
SLsS Y ) i Jsb L glacd g sl

17725
Number of transcripts longer than 1 kb
SLS Y Sl R dsb Lglacisis sl 15
Number of transcripts longer than 10 kb
ShoRils B Gl glaclsig,y sl 16861
Number of transcripts with open reading frames
NO90 (nt) 619
N70 (nt) 1220
N50 (nt) 1814
N30 (nt) 2598
N10 (nt) 4150
GC <l &
(42,2 6C sl 39.05
GC content (%)

LS LCRNA. (sls Lol 51 ealizul L o Lol LcRNAS 55 ¢ s
Table 4. Distribution of identified LncRNAs using plant IncRNA databases

ALS LncRNA oL sluas S sl
databases Number of plant LncRNA Number of sequences
N PR W WA W
T o 4755
Identified in one database
e&b 3 4> ol L.»L_.Z
i o 1403
Identified in two databases
L a3 el slulis
Y o 747
Identified in three databases
Ay
: 772
Novel
JS 7677
Total

¢
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Table 5. Frequency of identified LncRNAs in different plant species

LncRNA o305 oL

3 LS slaa S
< LncRNA database

Row Plant species PLncDB GreeNC CANTATAdbRNAcentral Ensembl

1 Ananas comosus 52201 3376 0 0 0
2 Aquilegia coerulea 3333 0 0 0 0
3 Arabidopsis lyrata 8901 4363 7593 0 0
4 Arabidopsis thaliana 13599 3008 4373 3887 3879
5 Arachis ipaensis 17088 0 0 0 0
6 Brachypodium distachyon 12821 5584 4945 0 0
7 Brassica napus 49250 0 12010 0 0
8 Brassica rapa 17519 0 8501 3 0
9 Capsella grandiflora 2746 1394 0 0 0
10 Capsella rubella 8012 1458 0 0 0
11 Capsicum annuum 35503 0 0 0 0
12 Cicer arietinum 8002 0 0 0 0
13 Citrus clementina 10943 2192 0 0 0
14 Citrus maxima 6959 0 0 0 0
15 Citrus sinensis 12405 2562 0 0 0
16 Coffea arabica 16424 0 0 0 0
17 Cucumis sativus 8753 1929 7348 0 0
18 Daucus carota 15096 0 0 0 0
19 Dunaliella salina 584 0 0 0 0
20 Durio zibethinus 4469 0 0 0 0
21 Elaeis guineensis 86852 0 0 0 0
22 Eutrema salsugineum 4366 1669 0 0 0
23 Fragaria vesca 12237 3503 0 0 0
24 Ganoderma lucidum 60 0 0 0 0
25 Glycine max 12577 6689 3096 44 0
26 Gossypium barbadense 32192 0 0 0 0
27 Gossypium raimondii 21101 4216 0 0 0
28 Hordeum vulgare 25884 0 7970 8 0
29 Lactuca sativa 13394 0 0 0 0
30 Linum usitatissimum 10451 2598 0 0 0
31 Lotus japonicus 2936 0 0 0 0
32 Malus domestica 33706 4126 10924 0 0
33 Manihot esculenta 18515 3468 9504 0 0
34 Medicago truncatula 17449 9676 3590 3871 0
35 Micromonas commoda 758 351 0 0 0
36 Micromonas pusilla 332 651 0 0 0
37 Musa acuminata 15546 4071 3001 1 0
38 Nicotiana benthamiana 48045 0 0 0 0
39 Nicotiana tabacum 31028 0 0 0 0
40 Oryza sativa 11565 5237 2788 14 0
41 Ostreococcus lucimarinus 83 501 0 0 0
42 Panax ginseng 23016 0 0 0 0
43 Panicum hallii 4212 0 0 0 0
44 Phaseolus vulgaris 7801 1946 0 0 0
45 Physcomitrella patens 19319 9690 1498 0 0
46 Pisum sativum 45729 0 0 0 0
47 Prunus persica 13022 3301 2902 0 0
48 Ricinus communis 5322 4198 0 0 0
49 Salvia miltiorrhiza 17834 0 0 0 0
50 Setaria italica 12425 3492 4208 0 0
51 Solanum lycopersicum 8741 3440 4716 560 0
52 Solanum tuberosum 16485 6680 5790 0 0
53 Sorghum bicolor 27623 5305 2600 0 0
54 Spirodela polyrhiza 3364 2111 0 0 0
55 Theobroma cacao 11340 4268 5256 0 0
56 Trifolium pratense 17733 0 10179 0 0
57 Triticum aestivum 43659 38820 0 7 0
58 Vigna radiata 20557 0 0 0 0
59 Vitis vinifera 16209 2526 4542 2 0
60 Zea mays 32397 18110 10761 3446 0

10
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Figure 1. Distribution of plant species with the highest genetic similarity to the lentil transcriptome under salt stress.
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Figure 2. Distribution of plant families with genetic similarity to the identified LncRNA sequences in lentil
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Figure 3. Heatmap of the expression of identified LncRNAs in the lentil expression profile under salt stress
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Figure 4. Distribution of expression changes in (A) transcripts and (B) identified IncRNAs in the lentil under salt

stress. UP, Down, L, and R represent up-regulation, down-regulation, leaf tissue, and root tissue, respectively.
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Figure 5. Protein-protein Interaction networks of DE-LncRNAs and DEGs identified under salt stress in lentil.

The triangular and circular shapes represent DE-LncRNAs and DEGs, respectively.
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Figure 6. Functional annotation of target genes of the identified IncRNAs in lentil under salt stress
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Table 6. Enriched metabolic pathways of target genes of identified IncRNAs in lentil under salt stress

s, Szl e FDR
Row Pathway
1 S-adenosyl-L-methionine cycle 2E-06
2 Methionine salvage pathway 9E-06
3 Arginine biosynthesis 1E-05
4 Brassinosteroid signaling 1E-05
5 Beta-alanine biosynthesis I 2E-05
6 Arginine biosynthesis II (acetyl cycle) 2E-05
7 Abscisic acid biosynthesis 2E-05
8 TCA cycle (plant) 2E-05
9 Mugineic acid biosynthesis 2E-05
10 Cytosolic glycolysis 2E-05
11 Abscisic acid homeostasis 3E-05
12 Calvin cycle 3E-05
13 Ethylene biosynthesis from methionine 3E-04
14 Calvin cycle 3E-04
15 Strigolactone signaling 4E-04
16 Polyisoprenoid biosynthesis 5E-04
17 Leucine biosynthesis 7E-04
18 Generation of superoxide radicals 1E-02
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Figure 7. Relative expression analysis of identified IncRNAs in lentil under salt stress using RNA-seq and qRT-
PCR methods. Error bars represent the standard error of the mean.
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