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Abstract
Key message Analysis of fiber quality lncRNAs and their target genes from a pair of Gossypium mustelinum near-
isogenic lines provide new prospects for improving the fiber quality of Upland cotton.
Abstract Long noncoding RNAs (lncRNAs) are an important part of genome transcription and play roles in a wide range 
of biological processes in plants. In this research, a pair of near-isogenic cotton lines, namely, a Gossypium mustelinum 
introgression line (IL9) with outstanding fiber quality and its recurrent Upland cotton parent (PD94042), were used as the 
experimental materials. Cotton fibers were selected for lncRNA sequencing at 17 and 21 days post-anthesis. A total of 2693 
differentially expressed genes were identified. In total, 5841 lncRNAs were ultimately screened, from which 163 differentially 
expressed lncRNAs were identified. Target genes of the lncRNAs were predicted by two different methods: cis and trans. 
Some of the target genes were related to cell components, membrane components, plant hormone signal transduction and 
catalytic metabolism, and the results indicated that there might also be important effects on the development of fiber. Four 
differentially expressed target genes related to fiber quality (Gomus.D05G015100, Gomus.A05G281300, Gomus.A12G023400 
and Gomus.A10G226800) were screened through gene function annotation, and the functions of these four genes were veri-
fied through virus-induced gene silencing (VIGS). Compared to the negative controls, plants in which any of these four 
genes were silenced showed significant reductions in fiber strength. In addition, the plants in which the Gomus.A12G023400 
gene was silenced showed a significant reduction in fiber uniformity, whereas the plants in which Gomus.A05G281300 was 
silenced showed a significant increase in fiber fineness as measured via micronaire. Our results showed that these genes play 
different roles during fiber development, impacting fiber quality.

Introduction

In addition to serving as one of the world’s major cash 
crops, cotton has also been suggested to be an ideal model 
for studying allopolyploid plants (Wendel et  al. 2012). 
Approximately 5–7 million years ago, diploid species differ-
entiation occurred between the A genome originating from 
Africa and the D genome originating from Mexico. After 
the A and D species hybridized approximately 1–2 million 

years ago, the new polyploid lineage ultimately gave rise to 
7 tetraploid cotton species: Gossypium hirsutum L. (AD1), 
Gossypium barbadense L. (AD2), Gossypium tomentosum 
Nutt. ex Seem. (AD3), Gossypium mustelinum Miers ex 
G.Watt (AD4), Gossypium darwinii G.Watt (AD5), Gos-
sypium ekmanianum Wittm. (AD6), and Gossypium stephen-
sii (AD7; Gallagher et al. 2017). The main cultivated cotton 
varieties are tetraploid G. hirsutum and G. barbadense, with 
the improved form of G. hirsutum (Upland cotton) account-
ing for over 95% of global cotton fiber production due to 
its high yield and wide adaptation. After domestication 
and improvement, the growth cycle of Upland cotton has 
gradually shifted from a perennial semiwild species to an 
annual cultivated species. During the process of domesti-
cation, cotton fibers have also changed from the original 
short and sparse brown fibers to the current long and dense 
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white fibers (Bao et al. 2019), with higher yields and easier 
production.

Cotton fiber quality traits are controlled by complex inter-
actions of multiple genes. The evaluation of cotton fiber 
quality is mainly based on fiber length, strength, micronaire 
value (an indirect measure of fineness), uniformity, and elon-
gation. Among these, fiber length and strength have been 
suggested to be the main characteristics determining fiber 
quality (Razzaq et al. 2022). Longer fibers, with low short 
fiber content, confer higher yarn count and strength and, in 
turn, higher textile quality. Higher fiber strength improves 
fabric strength, making the final product sturdy and dura-
ble. Current cotton varieties often suffer one or more defects 
in fiber quality that interfere with their processing and/or 
utility as textiles and are all inferior to synthetic fibers that 
lack the comforting texture of natural fibers. Therefore, it is 
extremely important to explore and identify candidate genes 
for excellent fiber quality and to breed cotton varieties with 
elite fiber quality.

The findings of previous research suggest that while the 
majority of genes in the genome are transcribed, a substan-
tial portion of the transcripts may not encode proteins (Knoll 
et al. 2015). Noncoding RNAs belong to a class of func-
tional RNAs with low protein-coding potential. According 
to their length, they can be divided into small noncoding 
RNAs (18–30 nt), medium-sized noncoding RNAs (31–200 
nt), and long noncoding RNAs (lncRNAs) (> 200 nt) (Zhang 
et al. 2019). lncRNAs can be divided into long noncoding 
natural antisense transcripts (lncNATs), long intergenic non-
coding RNAs (lincRNAs), overlapping lncRNAs, and long 
intron noncoding RNAs according to their genomic loca-
tion and composition. lncRNAs are RNA transcripts with 
a length of over 200 bases that does not have significant 
protein coding ability (Salih et al. 2019). In early studies on 
the topic, lncRNA was considered a byproduct of RNA poly-
merase II during transcription, and no biological function 
was known. However, an increasing number of lncRNAs 
have been revealed to be involved during developmental 
and pathological stages, indicating their important regula-
tory roles in diseases and development. lncRNAs regulate 
the expression of related genes through different modes 
of action so that they can participate in various biological 
activities, mainly those related to regulatory networks at the 
transcription, post-transcription, translation, and epigenetic 
levels (Kim and Sung 2012).

To date, an increasing number of lncRNAs have been 
identified in plants. Studies have shown that lncRNAs 
can affect important biological processes, such as flower-
ing, male and female differentiation, pollen development, 
gene silencing mechanisms, and abiotic stress tolerance. 
In research on the regulatory factors of grape responses to 
powdery and downy mildews, it was found that lncRNAs 
participated in the regulation of basic and specific defense 

responses, such as cell wall reinforcement, active oxygen 
metabolism, disease-related protein accumulation, plant 
hormone signal transduction, and secondary metabolism 
(Bhatia et al. 2021). Dong et al. (2022) reported a novel 
lncRNA, drought-induced intergenic lncRNA (DIR), which 
increases drought tolerance in cassava by modifying stress-
related gene expression. Zhang et al. (2022) identified 2743 
putative lncRNAs in rice under heat stress, of which 231 
were differentially expressed lncRNAs (DELs).

Previous studies have shown that lncRNAs have a signifi-
cant impact on cotton fiber development. Zou et al. (2016) 
systematically identified lncRNAs involved in fiber initia-
tion and elongation processes, and the results suggested that 
rapid and dynamic changes in lncRNAs may contribute to 
fiber development in cotton. Salih et al. (2019) identified two 
lncRNAs (LNC_001237 and LNC_017085) that were signif-
icantly downregulated during fiber development using cot-
ton mutants. Zheng et al. (2021) found that lnc-Ga13g0352 
was coexpressed with protein-coding genes during ovule and 
fiber development, and its lncRNA was verified to have dual 
functions in regulating target genes, both inhibiting and acti-
vating target gene transcription. Recently, it was found that 
lncRNA MSTRG 2723.1 was associated with fat metabolism 
pathways and regulated cotton fiber initiation and develop-
ment stages (Zou et al. 2022).

Although both G. mustelinum and G. hirsutum are tetra-
ploid cottons that can be traced to the same polyploid ances-
tor, G. mustelinum is in the polyploid clade most distant 
from G. hirsutum. Our previous research showed that G. 
mustelinum had some unique fiber property alleles that can 
be applied to improve fiber quality in Upland cotton. A G. 
mustelinum introgression line, IL9, with excellent fiber 
quality was selected by marker-assisted selection, form-
ing a pair of near isogenic lines with the recurrent Upland 
cotton parent PD94042 (Chen et al. 2021). In the current 
study, this pair of near-isogenic lines was used for lncRNA 
sequencing to explore candidate genes related to fiber qual-
ity. Cotton fibers at 17 and 21 days post-anthesis (dpa) were 
collected as samples, and RNA was extracted and used for 
lncRNA sequencing to identify lncRNAs and their target 
genes related to fiber quality and provide genetic resources 
for future cotton breeding.

Materials and methods

Library construction and sequencing

A Gossypium mustelinum introgressed line, IL9, with 
elite fiber quality and its recurrent Upland cotton parent, 
PD94042, were planted in the Botany Garden of Nantong 
University in 2021 and used in this experiment. The devel-
opment of the G. mustelinum introgressed line IL9 has been 
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described elsewhere (Chen et al. 2020), briefly involving 
crossing G. mustelinum acc. AD 4–8 with the G. hirsutum 
line PD94042 followed by three backcrosses to PD94042 
and marker-assisted selection from the  BC3F4:5 genera-
tion. The RNAprep Pure Plant Plus Kit (Polysaccharides 
& Polyphenolics-rich, Tiangen Biotech (Beijing) Co., LTD, 
China) was used to extract total RNA from cotton fibers 
at 17 and 21 dpa for lncRNA sequencing. Nanodrop was 
used to detect the purity of total RNA (OD260/280). An 
Agilent 2100 Bioanalyzer was used to measure the integrity 
of total RNA. Qubit was used for precise quantification of 
RNA concentration. Total RNA was sent for poly(A) + -type 
RNA-Seq library construction and high-throughput sequenc-
ing provided by Biomics (Beijing) Biotech Co., Ltd., China. 
The libraries were sequenced on an Illumina HiSeq2000 
sequencer with 100-bp paired-end reads.

Quality control of sequencing

To ensure the accuracy of the subsequent analysis, strict 
quality control was performed on the data to ensure that 
these reads had sufficiently high quality. The filtering 
method used on the raw reads was to remove the reads con-
taining adaptors and to remove low-quality reads, i.e., reads 
with a ratio of N greater than 10%, and reads with more than 
50% bases having Q-score ≤ 10. After the series of quality 
control measures mentioned above, high-quality clean reads 
were obtained. The quality score or Q-score is an integer 
mapping of the probability of base calling errors. The com-
monly used Phred base Q-score formula is:

Q-score =  − 10 ×   log10 P, where P is the probability of base 
calling errors.

The higher the base Q-score is, the more reliable and 
accurate the base recognition.

Read mapping and transcript assembly

Reference genome sequences of Upland cotton were 
obtained from the Joint Genome Institute database (https:// 
phyto zome- next. jgi. doe. gov/ info/ Ghirs utum_ v2_1). After-
ward, HISAT2 was used to perform sequence alignment 
between clean reads and the reference genome to obtain 
the position information on the reference genome or gene, 
as well as the unique sequence feature information of the 
sequencing samples. The aligned reads were then assembled 
into transcripts using StringTie (Kim et al. 2015) software 
for final quantitative analysis.

Identification of lncRNAs

By comparison with known mRNAs and utilizing the 
class_Code information from the results of gffcompare, 
candidate transcripts of long intergenic noncoding RNA 

(lincRNA), intronic lncRNA, and antisense lncRNA types 
were screened. lncRNA is a type of long-stranded noncoding 
RNA with a length of > 200 bp. LncRNAs can be divided 
into intergenic lncRNAs (referred to as lincRNAs), intronic 
lncRNAs, antisense lncRNAs, sense lncRNAs, bidirectional 
lncRNAs, and other types based on their positional rela-
tionship with coding sequences. Among these, lincRNAs 
accounted for the highest proportion, and the first three types 
of screening were mainly conducted at this point. We set a 
series of strict screening conditions based on the structural 
characteristics and noncoding functional characteristics of 
lncRNAs. Based on the StringTie and Scripture assembly 
results, we conducted the following screening steps. The 
screened lncRNAs were used as the final candidate lncRNA 
set for subsequent analysis. The screening mainly consisted 
of five parts. First, transcripts with a length of ≥ 200 bp and 
an exon count of ≥ 2 were selected. Second, the read cov-
erage of each transcript was calculated through StringTie, 
and transcripts with a minimum coverage ≥ 3 were selected. 
Third, transcripts of known nonlncRNA and nonmRNA 
types (rRNA, tRNA, snRNA, snoRNA, pre-miRNA, pseu-
dogenes, etc.) of the species were compared, and transcripts 
that were similar or identical to the aforementioned known 
transcripts were identified. Fourth, the coding potential was 
screened, transcripts with coding potential (CPC, CNCI, 
Pfam) were removed, coding potential screening was per-
formed, and coding potential calculator (CPC) analysis 
(Kong et al. 2007), coding–noncoding index (CNCI) anal-
ysis (Sun et al. 2013), and Pfam protein domain analysis 
(Finn et al. 2014) were performed to remove transcripts with 
coding potential. Finally, if there was small RNA informa-
tion for the species in miRbase, BLAST was performed to 
remove the small RNA precursor sequence.

Identification of DEGs and DELs

Transcriptome sequencing can be simulated as a random 
sampling process; that is, sequence fragments can be 
randomly selected independently from any nucleic acid 
sequence of a sample transcript. The number of fragments 
extracted from a gene (or transcript) follows a beta negative 
binomial distribution. Based on this mathematical model, 
the expression levels of transcripts and genes were quanti-
fied using HTSeq-count software by mapping the position 
information of reads on genes.

The number of fragments extracted from a transcript is 
related to the amount of sequencing data (or mapped data), 
transcript length, and transcript expression level. For the 
number of fragments to truly reflect the transcript expression 
level, it is necessary to normalize the number of mapped 
reads and the transcript length in the sample. Htseq-count, 
which uses fragments per kilobase of script per million 
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fragments mapped (FPKM) as an indicator to measure tran-
script or gene expression levels, was utilized.

DESeq2 was used for differential expression analysis 
between sample groups to identify a set of differentially 
expressed genes (DEGs) and differentially expressed lncR-
NAs (DELs) between any two biological conditions, with 
|Fold Change|≥ 1.5 and FDR < 0.05 being used as screening 
criteria. Fold change represents the ratio of expression levels 
between two samples (groups), whereas the false discovery 
rate (FDR) is determined by correcting for the p value of 
significant differences.

Predicting the target genes of the lncRNAs

Because lncRNA itself does not have a coding function, its 
principle of action is usually achieved by acting on protein 
coding target genes in two ways, namely cis and trans, and 
another approach is playing its role based on complementary 
pairing of lncRNA and mRNA. On the basis of this princi-
ple, we used the target gene prediction tool LncTar (McK-
enna et al. 2010) to predict the target genes of the lncRNAs. 
The basic principle of cis target gene prediction is that the 
function of lncRNAs is related to the protein-coding genes 
near their coordinates, so the protein-coding genes located 
approximately 100 kb upstream and downstream of lncR-
NAs are selected as their target genes. However, the predic-
tion of the trans effect on its related target gene prediction 
is different from that of the cis effect. The basic principle of 
its prediction is that the function of lncRNA is not related 
to the positional relationship between itself and the coding 
gene but is related to its coexpressed protein-coding genes. 
Its target genes can be predicted through correlation analysis 
or coexpression analysis of the expression of lncRNAs and 
protein-coding genes among samples.

Validation of the expression of DELs and their target 
genes

The relative quantities of lncRNAs and their target genes 
were determined using qRT-PCR analysis. Table S1 shows 
the information for all the primers. In addition, actin was 
used as an internal reference gene. qRT-PCR was performed 
with ChamQ SYBR qPCR Master Mix (Low ROX) from 
Vazyme Biotech Co., Ltd., according to the manufacturer’s 
protocol. Primer5 software was used to design qRT-PCR-
specific primers, using the Upland cotton actin gene as a 
control for normalization between samples. qRT-PCR was 
performed in an ABI 7500 real-time fluorescence quantita-
tive PCR instrument (Applied Biosystems, Singapore), and 
the relative expression of candidate genes was calculated 
using  2−ΔΔCt (Livak and Schmittgen 2001). GraphPad Prism 
v.9.0.0 software was used to visualize the graphing results.

Virus‑induced gene silencing (VIGS) experiment

The gene sequence of the target gene was uploaded to the 
SGN-VIGS Tool (http:// vigs. solge nomics. net/) for sequence 
analysis, the optimal 200–350 bp region was selected as the 
VIGS target gene fragment, the cDNA of the G. mustelinum 
introgression line IL9 was used as the amplification tem-
plate, and Primer5 software was used to design primers for 
the target gene (Table S2). If the amplification band showed 
a single target band, a Tiangen agarose gel DNA recovery kit 
(DP209-03) for gel recovery was used to recover the target 
segment.

Two suitable restriction endonuclease sites, Spe I and 
Asc  I, were selected by analyzing the pCLCrV vector 
(Fig. S1) using SnapGene software. The digested vector 
was purified by agarose gel electrophoresis to obtain the 
corresponding digested purified vector.

The recovered target fragment was ligated to the purified 
pCLCrV-A vector with a ClonExpress II One Step Clon-
ing Kit (www. vazyme. com, Vazyme Biotech Co., Ltd). 
The plasmid containing the VIGS fragment together with 
pCLCrV-A was transformed into Agrobacterium tumefa-
ciens LBA4404 according to the Agrobacterium tumefaciens 
transformation instructions.

In the VIGS protocol, pCLCrV::00 was used as the nega-
tive control, and pCLCrV::GhPDS was used as the positive 
control. The LBA4404 strain carrying the pCLCrV::Target 
gene, pCLCrV::00 (negative control) and pCLCrV::GhPDS 
(positive control) was mixed with the strain containing 
pCLCrV-B (helper vector) at a 1:1 ratio to achieve a final 
OD600 = 1.5. The needle of a sterile syringe was used to 
prick a small hole on the back of two fully unfolded cotyle-
dons of cotton material of IL9, and then, the Agrobacterium 
bacterial solution was injected into the same batch of cot-
ton plants accordingly. The treated plants were transferred 
to a growth chamber with a photoperiod of 16/8 h light/
dark, 28 °C light and 22 °C dark. The plants responded to 
infiltration at approximately 15 days after transfection. The 
GhPDS gene was silenced in the positive control, resulting 
in bleaching of the true leaves. To ensure that the target gene 
in the experimental group was silenced, the total RNAs of 
the negative control and experimental group leaves and 17 
and 21 dpa fibers were extracted for quantitative analysis, 
where the negative control plants were used as the reference.

Cotton fiber quality traits were tested for three biological 
replicates in the control group and the experimental group to 
investigate whether the target gene is related to fiber quality. 
Fifteen VIGS plants for each candidate gene and 15 con-
trol plants were used to collect cotton bolls. Cotton fiber 
ginned from 15 bolls was collected as a biological sample, 
and three biological samples for each gene and control were 
tested. Fiber quality traits, including upper-half mean length 
(mm), fiber strength (cN/tex), fiber uniformity index (%), 
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fiber micronaire, and fiber elongation (%), were measured by 
an HVI900 fiber quality tester at the Fiber Quality Supervis-
ing and Testing Center, Ministry of Agricultural and Rural 
Affairs, China.

Results

High‑throughput sequencing and DEG analysis

After confirming the validity and completeness of the 
sequenced raw data, screening and filtering were conducted, 
and various aspects of the high-quality clean data output 
were statistically analyzed and are described in Table 1.

The Q30 content in each sample was greater than 94%, 
whereas the Q20 content was greater than 98% (Table 1), 
indicating the high reliability and accuracy of our sequenc-
ing data. Among the data, the percentage of GC content 
was between 44 and 48%, which is within the 30–50% range 
typical of terrestrial plants. More than 85% of the clean 
reads were aligned to the reference genome (Table S3), and 
those corresponding to exon regions accounted for most 
of the total (Fig. S2). The intergenic region with incom-
plete genome annotation accounted for only a small part, 
which showed that the comparison results were reliable, and 
the accuracy of subsequent analysis and research was also 
ensured.

The number of DEGs among different samples is pre-
sented in a Venn diagram (Fig. 1). The number of DEGs 
between IL9–17 dpa and IL9–21 dpa was the highest, with 
a total of 1720 DEGs, of which 840 were upregulated and 
880 were downregulated. The number of DEGs between 
PD94042–17dpa and IL9–17dpa was the lowest, with a total 

of 66 DEGs, of which 55 were upregulated and 11 were 
downregulated.

Identification and characterization of lncRNAs

Due to the inherent structure of lncRNAs and their lack of 
coding ability, it was necessary to analyze the coding func-
tion of the transcripts in three databases, namely CNCI, 
CPC, and Pfam protein domains, after passing strict screen-
ing conditions. As shown in Fig. S3, we can observe some 
differences in the predicted results in different structural 
domains, perhaps due to the different calculation methods 
and relevant principles used by each software. Therefore, 
we selected the intersection of the results of these three 
databases and identified them as the lncRNA databases of 
17 and 21 dpa for Upland cotton fibers for the convenience 
of subsequent analysis, and 5841 lncRNAs were ultimately 
identified through rigorous screening.

The identified lncRNAs and mRNAs were compared and 
analyzed in terms of structure. Specifically, the following 
two aspects were analyzed. First, the length of lncRNA was 
mainly distributed in the 400–800 nt concentration (Fig. 2a, 
42%), with only a small portion distributed in ≥ 3000 nt 
(2%); in contrast, mRNA was concentrated at ≥ 3000 nt 
(accounting for 11%), while the remaining distribution was 
relatively balanced. The number of exons contained (Fig. 2b) 
was usually 2–3, accounting for 86% of the total number of 
lncRNAs, and the largest number of exons among all the 
lncRNAs was 10. However, there were relatively more genes 
containing a single exon in mRNA, accounting for 53% of 
the total number, and approximately 7% of the total lncR-
NAs had more than 10 exons.

Differential expression analysis was conducted on the 
identified lncRNAs, and a total of 163 DELs were identified 

Table 1  General information 
about the clean data of the 
sequenced samples

Note: SampleID: Sample name for sequencing; ReadSum: The total number of pair-end reads in clean data; 
BaseSum: Total base number of clean data; GC: GC content of clean data, which is the percentage of G 
and C bases in clean data to the total base; Q20 (%): The proportion of data with a base recognition accu-
racy of 99%; Q30 (%): The proportion of data with a base recognition accuracy of 99.9%

Sample ID Read sum Base sum GC (%) Q20 (%) Q30 (%)

PD-17–1 34,422,583 10,326,774,900 44.59 98.40 95.13
PD-17–2 37,685,740 11,305,722,000 44.25 98.36 95.02
PD-17–3 36,087,928 10,826,378,400 47.01 98.29 94.93
PD-21–1 35,241,348 10,572,404,400 44.77 98.38 95.10
PD-21–2 37,689,892 11,306,967,600 44.50 98.36 94.99
PD-21–3 40,236,469 12,070,940,700 44.54 98.35 95.01
IL9-17–1 33,353,557 10,006,067,100 44.42 98.35 94.99
IL9-17–2 36,279,293 10,883,787,900 43.80 98.36 94.96
IL9-17–3 34,634,917 10,390,475,100 43.80 98.38 95.05
IL9-21–1 40,553,895 12,166,168,500 44.13 98.30 94.86
IL9-21–2 35,466,917 10,640,075,100 44.51 98.36 95.04
IL9-21–3 37,416,885 11,225,065,500 44.19 98.32 94.89
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(Fig. 3), consistent with the trend in the mRNA results. The 
highest number of differences was found between IL9–17dpa 
and IL9–21dpa, with a total number of 120, whereas the 
lowest number of 8 was found between PD94042–17dpa and 
IL9–17dpa.

Among the DELs, four lncRNAs related to fiber develop-
ment were selected for expression validation, and the results 
are shown in Fig. 4. The relative expression levels of these 
four lncRNAs in cotton fibers at 17 and 21 dpa were basi-
cally consistent with the sequencing results, indicating that 
our sequencing results are accurate and reliable and have 
potential functions during fiber development.

Functional analysis of DEGs

To further analyze the potential functions of the DEGs, 
relevant Gene Ontology (GO) annotation analyses were 
conducted. The GO annotation system is a directed acy-
clic graph that contains three main branches, namely the 
biological process, molecular function, and cell component 
branches. The GO classification for the DEGs is shown in 
Fig. S4. The GO enrichment regions of the DEGs were rela-
tively similar among different groups, e.g., the metabolic 
process and cellular process branches accounted for the most 
in all four groups (Fig. S4).

The Kyoto Encyclopedia of Genes and Genomes (KEGG) 
database was used as the main public database of pathways 
(Kanehisa et al. 2004), providing not only all possible meta-
bolic pathways but also comprehensive annotations of the 

enzymes catalyzing each step of the reaction, including 
amino acid sequences and links to the Protein Data Bank 
(PDB).

In this research, it was found that 787, 37, 113, and 286 
DEGs were associated with different pathways in IL9–17dpa 
and IL9–21dpa, PD94042–17dpa and IL9–17dpa, 
PD94042–21dpa and IL9–21dpa, and PD94042–17dpa and 
PD94042–21dpa, respectively. Twenty significantly corre-
lated pathways were selected and plotted as KEGG enrich-
ment scatter plots (Fig. S5).

In the IL9–17dpa and IL9–21dpa group, 34 DEGs were 
related to phenylpropane biosynthesis, and 33 and 26 genes 
were related to glycolysis and glucose metabolism, respec-
tively. In the PD94042–17dpa and IL9–17dpa group, there 
were four DEGs associated with starch and sucrose metab-
olism and flavonoid biosynthesis. In the PD94042–21dpa 
and IL9–21dpa group, as well as the PD94042–17dpa and 
PD94042–21dpa group, there were also significant correla-
tions between DEGs and phenylpropane biosynthesis and 
starch and sucrose metabolism processes.

Prediction of fiber development‑related lncRNA 
target genes and their functional annotation

The GO annotation for target genes of cis differentially 
expressed lncRNAs is shown in Fig. S6. In the IL9–17dpa 
and IL9–21dpa group, metabolic processes, cellular pro-
cesses, and biological regulation were mainly enriched in 
terms of biological processes, with 281, 268, and 110 genes, 

Fig. 1  Venn diagram for differentially expressed genes
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respectively, related to these three aspects, accounting for 
72.1% of the total number.

In terms of cellular components, a total of 568 target 
genes of cis DELs were associated with cells and cell 
parts, accounting for 37%; 519 target genes of cis DELs 
were enriched in membrane parts, accounting for 34.4%. 

In terms of molecular function, there were many target 
genes of cis DELs concentrated and distributed in both 
catalytic activity and binding, with 314 genes related to 
binding and 290 genes related to catalytic activity. The 
classification and enrichment distribution among the other 

Fig. 2  Basic feature analysis of lncRNAs. a Comparison of length between lncRNA and mRNA; b Comparison of the number of exons between 
lncRNA and mRNA
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three groups were relatively consistent with those of the 
IL9–17dpa and IL9–21dpa group.

Through the KEGG analysis, it was found that 364, 
83, and 99 genes were enriched in the IL9–17dpa and 
IL9–21dpa, PD94042–21dpa and IL9–21dpa, and 
PD94042–17dpa and PD94042–21dpa groups, respec-
tively. However, there were fewer differentially expressed 
genes between the PD94042–17dpa and IL9–17dpa group, 
and there was no significant metabolic pathway or other 
gene enrichment. Therefore, the gene enrichment of 

the other three groups was plotted in a scatter diagram 
(Fig. S7).

The GO annotation for target genes of trans differentially 
expressed lncRNAs is shown in Fig. S8. The distribution 
trend of the target genes was consistent with the distribution 
trend of all genes in the IL9–17dpa and IL9–21dpa group, 
being relatively balanced across the biological processes, 
molecular function, and cell component branches. Among 
the remaining three groups, there was a significant differ-
ence in the distribution trend for target genes compared 

Fig. 3  Venn diagram for differentially expressed lncRNAs

Fig. 4  Expression analysis of differentially expressed lncRNAs related to fiber development. Note: The asterisk above the bar chart indicates sta-
tistically significant differences (***P < 0.001, ****P < 0.0001)
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to that of all genes. For example, in the PD94042–17dpa 
and IL9–17dpa group, target genes were concentrated in 
metabolic processes, cellular processes, biological regula-
tion, response to stimulus, localization, cellular component 
organization or biogenesis, and developmental processes 
within the biological processes category. In terms of cell 
components, the DEGs were mainly distributed in the mem-
brane, cell, cell part, membrane part, organelle, and cell 
junction but not in other parts. In terms of molecular func-
tion, binding, catalytic activity, transporter activity, and tran-
scriptional regulator activity were the only ones that were 
enriched. The distribution within the PD94042–21 dpa and 
IL9–21 dpa group was relatively consistent with that in the 
PD94042–17 dpa and IL9–17 dpa group, while it was dif-
ferent from that in the PD94042–17 dpa and PD94042–21 
dpa group.

Through the KEGG (Fig. S9) analysis, it was found that 
the trans and cis enrichment differences were mainly con-
centrated between the IL9–17dpa and IL9–21dpa group and 
the PD94042–17dpa and IL9–17dpa group. Many target 
genes were identified through different methods and princi-
ples. To further clarify how they play roles in the process of 
fiber development, the relevant gene annotation information 
from different online databases (https:// phyto zome- next. jgi. 

doe. gov/; NCBI: https:// www. ncbi. nlm. nih. gov/) combined 
with the sequencing data was used to compare and analyze 
the differentially expressed target genes, and finally, the tar-
get genes related to fiber development were identified for 
subsequent verification.

Functional verification of four candidate genes 
by VIGS

To further identify the association between target genes of 
DELs and cotton fiber development, we performed colocali-
zation analysis of DEL target genes and DEGs to narrow 
down the important candidate genes. A total of 103 DEGs 
were found to be DEL target genes (Fig. 5). The results of 
the GO functional annotation analysis showed that these 
genes were not significantly enriched in any biological or 
molecular pathway, so we selected three candidate genes 
(Gohir.D05G014550, Gohir.A10G205300, and Gohir.
A12G022400) related to fiber development based on the 
relevant annotation information, plus another target gene 
related to fiber development, although it was not among the 
DEGs (Gohir.A05G263300). A total of four candidate genes 
were selected for functional validation, and their functional 
annotations are shown in Table 2.

Fig. 5  Colocalization analysis 
between target genes of the 
lncRNA and DEGs

Table 2  Functional annotation 
information for the target genes

lncRNA Target genes in Gos-
sypium hirsutum

Homologous genes in 
Gossypium mustelinum

Functional annotation

XLOC_057472 Gohir.D05G014550 Gomus.D05G015100 Pyrophosphate-energized vacuolar mem-
brane proton pump

XLOC_030245 Gohir.A10G205300 Gomus.A10G226800 Auxin response factor
XLOC_036712 Gohir.A12G022400 Gomus.A12G023400 Phosphoglycerate dehydrogenase activity
XLOC_022539 Gohir.A05G263300 Gomus.A05G281300 Ubiquitin–protein transferase activity

https://phytozome-next.jgi.doe.gov/
https://phytozome-next.jgi.doe.gov/
https://www.ncbi.nlm.nih.gov/
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The homologous G. mustelinum gene sequences for the 
relevant target genes were used to carry out qRT-PCR verifi-
cation. The expression of these four target genes was signifi-
cantly up- or downregulated to varying degrees (Fig. 6), and 
the transcriptome data showed the same expression trend.

To determine whether the target genes of the iden-
tified lncRNAs affect fiber quality, four target genes, 
namely Gohir.A05G263300, Gohir.A10G205300, Gohir.
D05G014550, and Gohir.A12G022400, with annotation 
information and verified by qRT-PCR, were selected, and 
their homologous genes in G. mustelinum, namely Gomus.
A05G281300, Gomus.A10G226800, Gomus.D05G015100, 
and Gomus.A12G023400, were used to construct VIGS vec-
tors for the subsequent experiments. The target fragments 
were amplified by PCR, and then, the purified target frag-
ments were ligated to the pCLCrV vector. Primers with Spe I 
and Asc I restriction endonuclease sites were used for colony 
PCR identification. After colony PCR identification, target 
fragments of approximately 272, 271, 278, and 270 bp in 
size were obtained (Fig. S10). After successful validation, 
the colonies were expanded and cultured and then sent for 
sequencing. The sequencing results validated that the recom-
binant plasmid was successfully transferred into Agrobacte-
rium tumefaciens.

After 15 days of treatment with VIGS, infection occurred 
in the Upland cotton seedlings. As shown in Fig. 7, the 
negative control showed only a slight wilting state. In the 
positive control, the synthesis of chlorophyll was disrupted, 
resulting in photobleaching in the plants with the silenced 
phytoene desaturase (PDS) gene, such that their true leaves 
were bleached (Fig. 7), which demonstrated that the VIGS 
was successful. After confirming the successful injection of 
the bacterial solution, to ensure that the normal growth and 

development of the cotton plants would not later be affected, 
the plants were moved into large pots with a diameter of 
21 cm (Fig. S11).

After the albino phenotype was observed in 
pCLCrV::GhPDS, total RNA was extracted from the 
leaves and from the fibers at 17 dpa and 21 dpa of the 
silenced plants, including pCLCrV::Gomus.D05G015100, 
pCLCrV::Gomus.A05G281300 ,  pCLCrV::Gomus.
A10G226800, and pCLCrV::Gomus.A12G023400. After 
reverse transcription, qRT-PCR experiments were per-
formed using the same primers listed in Table S2. As shown 
in Fig. 8, the expression level of the target genes showed a 
significant decrease compared to the negative control in both 
leaves and cotton fibers. The results indicated that VIGS 
infection was successful and correct and that the target gene 
was effectively silenced.

After 5–6 months of growth of VIGS plants, mature cot-
ton fibers were collected, with three biological replicates for 
each candidate gene, and fiber quality traits were measured 
for each fiber sample (Table 3). The gene-silenced plants 
showed different fiber quality compared to the negative 
controls. The fiber strength values of gene-silenced plants 
for all the four target genes were significantly lower than 
those of the negative control group, with the gene Gomus.
A12G023400 having the lowest fiber strength of 31.0 cN/tex. 
Regarding the two other important fiber traits, fiber length 
and fiber elongation, there were no significant differences 
between the gene-silenced plants and the negative control. 
However, the negative control group had a fiber uniform-
ity index of 89.2%, whereas the Gomus.A12G023400 gene-
silenced plants had a fiber uniformity index of 85.8%, which 
was significantly lower than that of the negative control 
group. In terms of the fiber micronaire value, the measured 

Fig. 6  Expression analysis for target genes of lncRNAs related to fiber development. Note: The asterisks above the bar indicate significant differ-
ences (***P < 0.001, ***P < 0.0001).
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value of the Gomus.A05G281300 gene-silenced plants was 
4.3, which was significantly higher than that of the negative 
control group.

Discussion

With the rapid development of omics sequencing technol-
ogy, lncRNAs have been investigated in many plant spe-
cies. For example, 238 lncRNAs related to drought stress 
have been identified in rice (Li et al. 2019a, b), and 17,674 
lncRNAs related to flowering and fruiting during growth 
and development have been identified in tomato (Wang et al. 
2021a, b). lncRNAs have been found to play multiple regula-
tory roles in transcription, posttranscription, translation and 
chromatin modification and are involved in transcriptional 
interference, alternative splicing, protein modification and 

DNA methylation regulation (Jia et al. 2023). In plants, 
lncRNAs have been found to play roles in developmental 
regulation, reproductive development, immunity, and abiotic 
or biotic stress responses (Seo et al. 2017; Yatusevich et al. 
2017). GhDAN1 gene silencing resulted in higher drought 
tolerance and increased glutathione and proline levels in 
roots (Tao et al. 2021). There has been a large-scale discov-
ery of lncRNAs during the cotton fiber development stage 
using publicly available RNA-seq data from different cotton 
varieties and chain-specific RNA-seq data from the ovules or 
fibers of Upland cotton, which identified tens of thousands of 
lncRNAs (Wang et al. 2015). Based on coexpression analy-
sis, several lncRNAs with potential functions in cotton fiber 
initiation and elongation were also identified (Wang et al. 
2015). In this study, we systematically identified and ana-
lyzed lncRNAs in cotton fibers to discover novel lncRNAs 
and their target genes related to fiber development. These 
data can provide new data resources for the functional study 
of lncRNAs regulating cotton fiber development.

In this research, we conducted a comprehensive analysis 
of mRNA, lncRNA, and target genes with sequencing data. 
A total of 2693 DEGs were identified from mRNA analysis, 
among which a higher number of upregulated genes were 
found in the comparison of different cotton lines at the same 
period, indicating the possibility of genes with a positive 
response to fiber development in IL9 during fiber develop-
ment. When compared at different stages of the same line, 
it was found that there were more downregulated genes, 
indicating that many genes may have a certain degree of 
influence in the early stage of fiber development. In the GO 
classification of the DEGs, less than 30% of the genes were 
unannotated, while the remaining genes were annotated and 
were mainly concentrated in cellular processes, cell part, 
cell junction, biological regulation, metabolic processes, and 
catalytic activity.

In the lncRNA analysis, a total of 163 DELs were identi-
fied, with more upregulated lncRNAs than downregulated 
lncRNAs in the IL9–17 dpa and IL9–21dpa group and 
more downregulated lncRNAs in the PD94042–17 dpa and 
PD94042–21 dpa group. The number of DELs between 
PD94042 and IL9 at 17 dpa was much lower than that 
between PD94042 and IL9 at 21 dpa, indicating that lncR-
NAs play a significant role in different cotton lines and fiber 
development processes at different stages.

lncRNAs are key regulatory factors in studying gene 
expression at both the genetic and epigenetic levels (Kae-
lik et al. 2019). They can act not only as cis-acting factors 
around RNA synthesis sites but also as trans-acting factors 
and play a role at a distance from the synthesis site (Suksam-
ran et al. 2020). In this research, on the basis of the GO clas-
sification and KEGG enrichment analysis of the target genes, 
the target genes predicted by cis action were mainly con-
centrated in the terms cell, cell part, membrane, membrane 

Fig. 7  Leaf color phenotype of VIGS plants at the seedling stage. 
Note: The first column in the figure is pCLCrV::00 (negative control, 
empty vector); the second column is pCLCrV::GhPDS (positive con-
trol with the GhPDS gene silenced), with leaves of all the positive 
controls showing albinism; the third column represents the experi-
mental group, and the target genes in the A–E group are Gomus.
A05G281300, Gomus.D05G015100, Gomus.A10G226800, and 
Gomus.A12G023400, respectively
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Fig. 8  Gene expression validation of VIGS plants. Note: a Leaf; b 17 dpa cotton fiber; c 21 dpa cotton fiber. The asterisk above the bar chart 
indicates statistically significant differences (**P < 0.01, ***P < 0.001)

Table 3  Fiber quality 
performance of the VIGS plants

Note: The fiber quality of the plants with silenced genes was compared with that of the pCLCrV::00 plants. 
* P < 0.05, **P < 0.01

Silenced genes Upper half mean 
length (mm)

Fiber 
strength (cN/
tex)

Fiber uniform-
ity index (%)

Fiber micronaire Fiber 
elongation 
(%)

pCLCrv::00 30.8 36.6 89.2 3.7 7.7
Gomus.D05G015100 31.5 33.6* 86.3 3.7 7.4
Gomus.A05G281300 29.8 33.1** 87.3 4.3* 7.0
Gomus.A12G023400 31.4 31.0** 85.8* 3.4 7.1
Gomus.A10G226800 31.2 33.3** 86.8 4.1 7.4
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part, catalytic activity and binding, while the target genes 
predicted by trans action were not only concentrated in these 
terms but also were concentrated in plant hormone signal 
transduction.

Among these target genes, Gohir.A10G205300 belongs 
to the ARF (auxin response factor) gene family, and auxin 
response factors belong to a group of plant transcription fac-
tors that are composed of the conserved N-terminal DNA 
binding domain (DBD), the most conserved C-terminal 
dimerization domain (CTD), and the nonconserved middle 
region (MR) (Guilfoyle and Hagen 2007). The MR region 
is considered to have the function of inhibiting or activat-
ing structural domains (Tiwari et al. 2003). Previous stud-
ies have reported that Arabidopsis contains 23 ARF genes 
(Okushima et al. 2005), while rice contains 25 ARF genes 
(Wang et al. 2007). It has been reported that ARF2 nega-
tively regulates plant growth in Arabidopsis (Wang et al. 
2011; Schruff et al. 2006) and tomato (Breitel et al. 2016), 
but the function of transcription factors varies depending on 
the tissue and is more diverse in polyploid species. It also 
has a certain impact on the development of cotton fiber cells. 
Auxin-dependent cell expansion is key to the formation of 
cotton fiber cells, which determines the yield and quality of 
cotton fibers (Zeng et al. 2019). Zhang et al. (2021) found 
that in Upland cotton, most ARF genes are expressed in 
multiple cotton tissues, with GhARF2b negatively regulat-
ing cotton fiber elongation. By precise regulation of auxin 
synthesis genes, synchronous improvement of cotton fiber 
quality and yield can be achieved (Zeng et al. 2019).

Gohir.D05G014550  belongs to the H_PPase 
 (H+-pyrophosphate) gene family. Pyrophosphate is produced 
by nearly 200 different metabolic reactions and is a byproduct 
of macromolecular synthesis. It is released during the pro-
duction process of DNA, RNA, proteins, and polysaccharides 
and can be used as a phosphate donor or energy donor for 
each other under limited ATP levels (Wimmer et al. 2021). 
 H+-PPases and PPsPase1/PECP2 play important roles in the 
early development and dynamic balance of pyrophosphate 
in Arabidopsis (Tojo et al. 2023), and they can also enhance 
the low nitrogen stress tolerance of transgenic Arabidopsis 
and wheat by interacting with receptor-like protein kinases 
(Zhang et al. 2023). By introducing the single gene ZmVPP1, 
which encodes vacuolar  H+-pyrophosphatase, into maize, 
the drought resistance of maize can be improved (Liu et al. 
2023). In cotton, overexpression of the Arabidopsis vacu-
olar pyrophosphatase gene (AVP1) can improve drought and 
salt tolerance, and under dryland conditions, overexpression 
of AVP1 in cotton results in a fiber yield increase of at least 
20% compared to the wild type (Zhang et al. 2011). Under salt 
stress, adjusting the application amount of potassium fertilizer 
can affect the activities of  H+-PPase and H-ATPase, thereby 
affecting the metabolism of osmotic fluid during cotton fiber 

development and ultimately affecting cotton fiber elongation 
(Yu et al. 2023).

In this study, four genes related to cotton fiber quality devel-
opment were identified by sequencing and analysis of lncR-
NAs, and these candidate genes were verified by VIGS func-
tional verification. The results of the gene expression analysis 
showed that in both the leaves and fibers, the gene expression 
levels of gene-silenced cotton lines significantly decreased 
compared to negative controls, indicating that VIGS effec-
tively silenced the related candidate genes. After the relevant 
genes were silenced, the fiber quality phenotype of each plant 
was tested. The results showed that gene-silenced plants for 
all the four target genes had significantly lower fiber strength 
than the negative control plants, indicating that these four 
genes had positive effects on improving cotton fiber strength. 
In terms of fiber uniformity, the Gomus.A12G023400 gene-
silenced line was significantly lower than that of the negative 
control, indicating a positive response of this gene in improv-
ing fiber uniformity. Similarly, in fiber micronaire, the Gomus.
A05G281300 gene-silenced line was significantly higher than 
that of the negative control, indicating that the gene had a 
positive regulatory effect on reducing micronaire value and 
improving fiber quality. The silencing of the candidate genes 
revealed different mechanisms for regulating fiber develop-
ment and fiber quality formation, and these four genes can be 
used to breed cotton lines with improved fiber quality.
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