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Abstract—This study aims to identify miRNAs and their potential targets involved in regulating the defense
response of cotton verticillium wilt in different resistant Gossypium hirsutum varieties. RNA libraries and
degradome libraries from control samples and infected roots of G. hirsutum (resistant cotton variety ‘Zhong-
mian-49’ and susceptible cotton variety ‘Junmian-1’) were constructed. High-throughput small RNA
sequencing was used to identify and analyze miRNAs from two different resistant G. hirsutum varieties under
different stress modes. Degradome sequencing was used to detect cleaved target genes. The real-time reverse
transcription-PCR (qRT-PCR) was used to verify the miRNAs and detect target genes related to growth,
development and resistance. A total of 69 known miRNAs and 330 novel miRNAs were identified in all
libraries. By comparing the expression levels of miRNAs in control samples and V. dahliae stress libraries, we
found that there are 23 differentially expressed miRNAs in ‘Zhongmian-49’, and 62 differentially expressed
miRNAs in ‘Junmian-1’. In addition, 615 degradation sites were identified in 615 target genes by degradome
analysis. Bioinformatics analysis further showed that genes might be involved in the regulation of many cellular
and molecular processes in the growth, development and resistance process of cotton. Finally, qRT-PCR fur-
ther confirmed 8 target genes with potential roles in cotton growth and resistance regulation. This study shows
that the resistant and susceptible varieties of G. hirsutum have different responses to V. dahliae inoculation at the
miRNA level, and that miRNA may contribute to the successful defence of the resistant cultivars.

Keywords: Verticillium dahliae, Gossypium hirsutum, high-throughput sequencing, degradome sequencing,
microRNA
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INTRODUCTION
Verticillium wilt is a severe vascular disease widely

distributed all over the world [1]. Verticillium dahliae is
the main pathogen of verticillium wilt and a devastat-
ing plant pathogenic fungus. V. dahliae has strong
pathogenicity and a wide range of hosts, and can sur-
vive in the soil as microsclerotia for decades [2]. Gos-
sypium hirsutum is also known as upland cotton, and it
accounts for more than 95 percent of the global cotton
crop. However, there is currently no fungicide that can
eradicate verticillium wilt of G. hirsutum after plants

have been affected [3–5]. Cotton is widely grown due
to the high economic value of its fiber [6]. Fungal
infection hinders the growth and production of cot-
ton. The study found that cotton fields with cotton ver-
ticillium wilt disease accounted for 58.2% of cotton
fields in Xinjiang (the main cotton production area), and
cotton fields with disease index above 5.0 accounted for
28.1% [7]. Therefore, the prevention and control of
G. hirsutum verticillium wilt is the key to increasing cot-
ton production.

With the deepening of research, there are more and
more small RNAs (sRNAs), including small interfer-
ing RNA (siRNAs) and microRNAs (miRNAs).
MiRNAs are a type of endogenous sRNA that primar-
ily regulates gene expression at the transcriptional and
post-transcriptional levels in plants and animals via
mRNA cleavage or translational repression, thereby

Abbreviations: GO—Gene Ontology; KEGG—Kyoto Encyclo-
pedia of Genes and Genomes; MAPK—mitogen-activated pro-
tein kinase; miRNAs – microRNAs; ncRNA – non-coding
RNA; rRNA—ribosomal RNA; sRNAs—small RNAs; siRNAs—
small interfering RNA; snRNA—small nuclear RNA; snoRNA—
small nucleolar RNA; tRNA—transfer RNA.
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regulating various life activities [8–10]. In plants,
miRNAs play a vital role in a variety of regulatory
pathways and participate in almost all developmental
processes, including leaf [11], f lower [12], stem [13]
and root development [14]. There is growing evidence
that miRNAs play a role in the regulation of abiotic
and biotic stress responses, as well as disease resistance
[15–18].

In this study, through high-throughput sequencing
analysis and degrading group sequencing to profile the
miRNA and its target mRNA in different resistant
G. hirsutum subjected to biological (V. dahliae) stress.
These findings reveal a putative miRNA-mediated
regulatory network that plays a key role in the response
of this important crop to biological stress.

MATERIALS AND METHODS

Plant materials and stress treatments. The cotton
samples were provided by the Economic Crop
Research Institute of Xinjiang Academy of Agricul-
tural Sciences. The G. hirsutum (including resistant
cotton variety ‘Zhongmian-49’ and susceptible cotton
variety ‘Junmian-1’) [19, 20] were delinted with con-
centrated sulfuric acid, sterilized with 10% sodium
hypochlorite for 3 minutes, and then washed with ster-
ile water 6 times and soaked in distilled water over-
night. The seeds were wrapped in sterile moist germi-
nation paper and placed in a 28°C constant tempera-
ture incubator to moisturize and cultivate until
germination. When the radicle was about 0.5 cm long,
the seeds were sown in paper cups filled with a mixture
of vermiculite: nutritional soil (3 : 2) in culture room
for 16 h/8 h at 28°C for day/night.

V. dahliae (V991) was provided by Huazhong Agri-
cultural University. The activated V. dahliae strains
were cultured to Czapek’s liquid medium with shaking
for 2–3 days (180 rpm, 26°C). Conidia were collected
by centrifugation and washed with sterile water. The
final concentration was adjusted to 1 × 107 cfu/mL
with sterile distilled water using a haemocytometer
(Marienfeld, Germany). The cotton seedlings were
inoculated according to the previously described
method [21]. Cotton seedlings grown for 3 weeks were
uprooted, and the roots were gently rinsed with sterile
distilled water. Then, the cotton roots were immersed
in the V. dahliae conidia suspension (5 mL per seed-
ling) for 2 minutes, and the seedlings were replanted in
paper cups filled with a mixture of vermiculite: nutri-
tional soil (3 : 2). The cotton roots were harvested 24,
48 and 72 h after inoculation, and then the harvested
cotton roots were stored in liquid nitrogen. The con-
trol plants were treated with distilled water and sam-
pled in the same way.

RNA isolation, library construction and sequencing.
Four small RNA libraries were constructed using total
RNA extracted from resistant cotton variety ‘Zhong-
mian-49’ (S01-S03: control samples; S04-S06: V. dahl-
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iae stress) and susceptible cotton variety ‘Junmian-1’
(S07-S09: control samples; S10-S12: V. dahliae stress)
roots. Total RNA was extracted using an RNA kit
(EASYspin Universal Plant RNA Kit AidLab, China)
based on the manufacturer’s instructions. The Nano-
Drop 2000 UV-Vis spectrophotometer (NanoDrop,
Wilmington, United States) was used to detect the
purity of RNA samples (OD260/280 is approximately
equal to 2.0; OD260/230 ≥ 1.8). Polyacrylamide gel
electrophoresis was used to separate the sRNA from
1.5 g of total RNA, and the 5'RNA adaptor and 3'RNA
adaptor were ligated using T4 RNA Ligase 1 and
T4 RNA Ligase 2 (truncated), respectively. The cDNA
was synthesized via reverse transcription, followed by
PCR amplification and PAGE gel separation of target
DNA fragments. After gel extraction, a small RNA
library was obtained.

Qubit 2.0 fluorometer (Qubit 2.0, Life Technolo-
gies, ThermoFisher Scientific, United States) was used
to detect the concentration of the library after the
library was constructed. The library concentration was
diluted to 1 ng/μL, and the size of the insert was mea-
sured using an Agilent 2100 bioanalyzer (Agilent Tech-
nologies, United States). Moreover, the effective con-
centration of the library was accurately quantified using
real-time reverse transcription-PCR (qRT-PCR)
method to ensure the quality of the library. After the
library was qualified, HiSeq 2500 (Illumina, United
States) was used for high-throughput sequencing.

Identification of conserved and novel miRNAs.
First, clean reads were obtained by filtering the origi-
nal readings of the small RNA library to remove low-
quality reads (Length < 18 nt or > 30 nt reads, reads
with 3'adaptor, and reads with N content ≥ 10%). To
obtain unannotated reads containing miRNA, clean
reads were aligned with the Silva, GtRNAdb, Rfam,
and Repbase databases to filter out ribosomal RNA
(rRNA), transfer RNA (tRNA), small nuclear RNA
(snRNA), small nucleolar RNA (snoRNA), and other
non-coding RNA (ncRNA). The miRDeep2 software
(http://www.mdc-berlin.de/rajewsky/miRDeep, the
last date of access: September 30, 2020) was used to ana-
lyze clean reads, identify miRNAs as known and novel
miRNAs and determine the expression of miRNAs.
Besides, according to the known miRNA, novel
miRNA and gene sequence information, the Target-
Finder software is used to predict the target gene.

Differential expression analysis. The expression
patterns of miRNAs were compared between two sam-
ples subjected to control samples and V. dahliae stress
to determine the differentially expressed miRNAs.
The Fold Change ≥ 2 was used as the threshold for
screening differentially expressed miRNAs.

The BLAST software (https://blast.ncbi.nlm.nih.
gov/Blast.cgi, the last date of access: September 30,
2020) was used to compare the predicted target gene
sequence with the NR (https://ftp.ncbi.nlm.nih.gov/
blast/db/FASTA/, the last date of access: September 30,
URNAL OF PLANT PHYSIOLOGY  Vol. 69:80  2022
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Table 1. Analysis of small RNA (sRNA) reads from four
sRNA libraries

Library name Raw_reads Clean_reads Q30, %

S01 12861556 12735436 95.13
S02 16778379 16260890 95.16
S03 11389659 11057946 94.94
S04 14810340 14657106 95.28
S05 15205293 14989800 95.13
S06 8197446 7949435 95.29
S07 16279205 16126959 94.02
S08 15216616 15095360 94.28
S09 15757202 15680758 93.98
S10 21928867 21708744 94.15
S11 23262211 22762574 93.83
S12 23251058 22979405 93.97
2020), Swiss-Prot (http://www.gpmaw.com/html/
swiss-prot.html, the last date of access: September 30,
2020), Gene Ontology (GO) (http://geneontology.org/,
the last date of access: September 30, 2020), COG
(http://www.ncbi.nlm.nih.gov/COG, the last date of
access: September 30, 2020), Kyoto Encyclopedia of
Genes and Genomes (KEGG) (https://www.kegg.jp,
the last date of access: September 30, 2020), KOG
(http://www.ncbi.nlm.nih.gov/KOG, the last date of
access: September 30, 2020), Pfam (http://pfam.
xfam.org, the last date of access: September 30, 2020)
database to obtain the annotation information of the
target gene. Then, GO hierarchical enrichment analy-
sis and KEGG pathway enrichment analysis were per-
formed on the target genes of differentially expressed
miRNAs.

Degradome analysis. Four degradation libraries
were constructed according to the methods described
previously [22]. In short, the mRNA was first captured
with Oligo (dT) magnetic beads, and then the 5'RNA
adaptor was connected to the cleavage product. The
purified ligation product was reverse transcribed into
cDNA, and then digested with enzyme MmeI and
amplified by PCR. The purified PCR products were
sequenced on Illumina Hiseq 2500 sequencing system.
Clean tags and cluster tags were obtained after jointing
and filtering the original tags. The cluster Tags were
compared with the genome (https://www.ncbi.nlm.
nih.gov/genome, the last date of access: September 30,
2020) and Rfam library (http://rfam.sanger.ac.uk, the
last date of access: September 30, 2020) to obtain the
statistical results of the comparison with the genome
and the annotation information of ncRNA. The
ncRNAs were annotated after cluster Tags were com-
pared with the genome and Rfam library. The unanno-
tated sequence would be used for degradation site anal-
ysis. The degradation site was detected by Cleaveland
software, and the condition was set to P value < 0.05.

QRT-PCR analysis. To validate the existence and
expression of the identified miRNAs and target genes,
8 target genes corresponding to 3 known miRNAs and
7 novel miRNAs were selected for qRT-PCR analysis.
TransScript II All-in-One First-Strand cDNA Syn-
thesis SuperMix for qPCR (One-Step gDNA
Removal) kit was used to reverse transcription of
miRNA into cDNA. The Histone-3 (Accession
NO. AF024716) was used as an internal reference. The
qRT-PCR reaction was performed using the Top
Green qRCR SuperMix (China Trans). The total vol-
ume of the reaction was 32.8 μL, including 2 μL Tem-
plate (diluted cDNA), 10 μL 2 × TransStart Top
Green qPCR SuperMix (TransGen, Beijing (Beijing,
China), 0.4 μL (10 μmol/μL) for each primer, and
20 μL ddH2O. The reaction conditions were 94°C for
2 minutes, and then 45 cycles, respectively, at 94°C for
5 s, 60°C for 15 s, and 72°C for 10 s. The 2–ΔΔCt method
was used to calculate relative gene expression levels.
RUSSIAN JOURNAL OF PLANT PHYSIOLOGY  Vol. 69
RESULTS

High-Throughput Sequencing of sRNAs in Cotton

In order to characterize the sRNA profiles of the two
cotton varieties under control samples and V. dahliae
stress, 12 sRNA libraries were constructed. A total of
194937832 reads were obtained (Table 1). Most read-
ings (>90%) are high-quality clean readings. As shown
in Table 1, a total of 33.83 million clean reads were
obtained, and at least 7.94 million clean reads were
retrieved for each sample. In all evaluation stages, the
size distribution of sRNAs is similar.

In the ‘Zhongmian-49’ samples, more than 80%
(30709303 total sRNAs) were common between con-
trol samples and V. dahliae stress (Fig. 1a), but only
11.65% of the unique sequences overlapped were the
same in control samples and V. dahliae stress (Fig. 1b).
In the ‘Junmian-1’ samples, only 79% (30033343 total
sRNAs) were common between control samples and
V. dahliae stress (Fig. 1c), but 12.96% of the unique
sequences overlapped were the same in control sam-
ples and V. dahliae stress (Fig. 1d). Therefore,most of
the expressed sRNAs were common between control
samples and V. dahliae stress,but the types of expressed
sRNAs (unique sequences) were significantly differ-
ent. The location of the sequenced sRNAs also pro-
vide evidence of sRNA expression.

Identification of Known and Novel miRNAs

A total of 69 known miRNAs and 330 novel miRNAs
were obtained by Illumina deep-sequencing method
from all libraries (Table 2). The length of known miR-
NAs and novel miRNAs were mostly concentrated at
21-nt, followed by 24-nt (Fig. 2). This size distribution
is consistent with what has been reported in other
organisms [23]. The first base at the 5'end of miRNAs
in plants has a strong preference for uracil (U), while
:80  2022
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Fig. 1. Sequence comparison between control samples and Verticillium dahliae stress. (a) Total clean reads in ‘Zhongmian-49’
(2739542 total sRNA). (b) The unique small RNA sequences in ‘Zhongmian-49’ (5105855 unique sRNA). (c) Total clean reads
in ‘Junmian-1’ (37835703 total sRNA). (d) The unique small RNA sequences in ‘Junmian-1’ (7728739 unique sRNA).

(a) (b)

(c) (d)

7.14% 81.18% 11.68% 35.15% 11.65% 53.20%

7.04% 79.38% 13.58% 31.82% 12.96% 55.22%

Control V. dahliae stress Control V. dahliae stress

Control V. dahliae stress Control V. dahliae stress
the first base at the 5' end of the 24-nt miRNAs sequence
has a clear preference for thymine (A) [24, 25], This sit-
uation also appeared in our research results. It can be
seen from Fig. 3 that the first base of most miRNAs
sequence was biased towards U, while the sequence of
24-nt and 25-nt miRNAs was more biased towards A.
The cutting site specificity of cytoplasmic Dicer
enzymes may be the reason for the bias of nucleotide
composition at different positions [26].

Differential Expression of miRNAs

We compared S01-S03 and S04-S06
(S01_S02_S03_vs_S04_S05_S06), as well as S07-S09
RUSSIAN JO

Table 2. Summary of differentially expressed miRNA

DEG_Set DEG_Number

S01_S02_S03_vs_S04_S05_S06 23
S01_S02_S03_vs_S07_S08_S09 85
S04_S05_S06_vs_S10_S11_S12 65
S07_S08_S09_vs_S10_S11_S12 62
and S10-S12 (S07_S08_S09_vs_S10_S11_S12), to
identify the differences in expression of known and
novel miRNAs in control samples and V. dahliae stress
(Table 3). S01_S02_S03_vs_S04_S05_S06 and
S07_S08_S09_vs_S10_S11_S12 ref lect the differ-
ences in responsiveness of the two cotton varieties
under V. dahliae stress conditions. As shown in
Table 2, there are 23 differentially expressed miRNAs
in S01_S02_S03_vs_S04_S05_S06. Among them,
10 miRNAs including 2 known miRNAs and 8 novel
miRNAs were up-regulated, while 13 miRNAs includ-
ing 4 known miRNAs and 9 novel miRNAs were
down-regulated. Meanwhile, 62 miRNAs were differ-
entially expressed in S07_S08_S09_vs_S10_S11_S12.
URNAL OF PLANT PHYSIOLOGY  Vol. 69:80  2022

Up_regulated Down_regulated

10 13
49 36
27 38
14 48
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Fig. 2. Size distribution (nucleotide length) of identified miRNAs. (1) Control samples in ‘Zhongmian-49’—known miRNAs;
(2) control samples in ‘Zhongmian-49’—novel miRNAs; (3) ‘Zhongmian-49’ after Verticillium dahliae stress—known miRNAs;
(4) ‘Zhongmian-49’ after V. dahliae stress—novel miRNAs; (5) control samples in ‘Junmian-1’—known miRNAs; (6) control
samples in ‘Junmian-1’—novel miRNAs; (7) ‘Junmian-1’ after V. dahliae stress—known miRNAs; (8) ‘Junmian-1’ after V. dahl-
iae stress—novel miRNAs.
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Among them, 5 known miRNAs and 9 novel miRNAs

were up-regulated, and 5 known miRNAs and

43 novel miRNAs were down-regulated. In addition,

two novel miRNAs (D05-25287 and 4734-44138) were

up-regulated in S01_S02_S03_vs_S04_S05_S06 and

S07_S08_S09_vs_S10_S11_S12. Six miRNAs includ-

ing 2 known miRNAs (miR7501 and miR7509) and

4 novel miRNAs (A03-3323, A05-5874, D05-25947

and 159474-48525) were all down-regulated in

S01_S02_S03_vs_S04_S05_S06 and S07_S08_S09_

vs_S10_S11_S12. Only one miRNAs (7264-45089)
RUSSIAN JOURNAL OF PLANT PHYSIOLOGY  Vol. 69
was up-regulated in S01_S02_S03_vs_S04_S05_S06
and down-regulated in S07_S08_S09_vs_S10_S11_S12.
In addition, further analysis revealed that microRNA
7264-45089 belongs to the MIR9560 family.

Identification of Target Genes
of Differentially Expressed miRNAs

In order to better understand the function of
miRNAs, The TargetFinder software was used to pre-
dict target genes. Among all 399 miRNAs, 45 miRNAs
:80  2022
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Table 3. Summary of miRNA and target gene number

Types All_miRNA miRNA_with_Target Target_gene

Known_miRNA 69 45 229

Novel_miRNA 330 214 731

Total 399 259 867

Table 4. Annotation of miRNA targets against different databases

Database Annotated_Number 300 ≤ Length < 1000 Length ≥ 1000

COG_Annotation 241 42 198

GO_Annotation 403 78 321

KEGG_Annotation 239 48 188

Swissprot_Annotation 602 109 487

nr_Annotation 815 165 628

All_Annotated 815 165 628
out of 69 known miRNAs predicted 229 target genes,
and 214 out of 330 novel miRNAs predicted 731 target
genes. Because plant miRNAs typically have strong
support for their target genes that perform critical
functions. The BLAST software was used to compare
the predicted target gene sequence with different data-
bases to obtain the annotation information of the tar-
get genes. Of the 867 predicted targets, 241 can be
annotated in the COG database, 403 can be annotated
in the GO database, and 239 can be annotated in the
KEGG database (Table 4). To clearly understand the
regulatory role of miRNAs in V. dahliae stress, the tar-
get genes of differentially expressed miRNAs in
S01_S02_S03_vs_S04_S05_S06 and S07_S08_S09_
vs_S10_S11_S12 were analyzed based on GO termi-
nology classification. As shown in Fig. 4, the five most
important biological processes in S01_S02_S03_
vs_S04_S05_S06 were “metabolic process”, “single-
organism process”, “cellular process”, “response to
stimulus” and “cellular component organization or
biogenesis”. In S07_S08_S09_vs_S10_S11_S12, the
order of the first four biological processes was the
same, followed by “biological regulation”. The main
cell components of S01_S02_S03_vs_S04_S05_S06
and S01_S02_S03_vs_S04_S05_S06 were “cell”,
“cell part” and “extracellular region”. Regarding
molecular functions, in S01_S02_S03_vs_S04_
S05_S06 and S01_S02_S03_vs_S04_S05_S06, all
genes were clustered into “catalytic activity”, “binding”,
“transporter activity” and “electronic carrier activity”.

Degradome Sequencing Analysis

Through the degradome sequencing method, a
total of 113.25M clean readings were obtained after fil-
tering. Among them, 6503350 (44.90%) readings
matched perfectly with the genome and Rfam library.
The cleaveland software 4.0 predicted the degradation
RUSSIAN JO
sites and cleavage products, and 615 degradation sites
were identified in 615 target genes. Based on the abun-
dance of degradation sites and the abundance of tran-
scripts, target genes were classified into category 0, 1,
2, 3, and 4. In this study, only categories 0 and 1 were
found to have raw read, of which category 0 had the
most raw read at the cleavage position.

Then 106 genes targeted by miRNAs were anno-
tated through GO analysis. The targets were classified
into 16 biological process, 66 molecular functions, and
24 cellular components (Supplementary Table S1).
“Metabolic process”, “cellular process” and “single-
organism process” were the most abundant among the
biological processes. For cell components, the most
common categories were “cell”, “cell part” and
“organelle”. Among molecular functions, the most
abundant molecular function categories were “catalytic
activity” and “binding”. Next, the KEGG Pathway
database was used to further classify target genes, and
the results show that target genes are expected to partic-
ipate in 77 pathways, including “Metabolic pathways”
and “Biosynthesis of secondary metabolites”.

Confirmation of Predicted miRNAs 
and Target Genes by qRT-PCR

Two novel miRNAs and two known miRNAs were
chosen for qRT-PCR analysis to validate the existence
and expression patterns of the predicted miRNAs in
control and Verticillium-inoculated cotton roots. The
qRT-PCR results for those miRNAs were basically
consistent with the sequencing data, confirming the
alterations in miRNA expression in response to
V. dahliae infection (Fig. 5).

Furthermore, 3 known and 7 novel miRNAs corre-
sponding to 8 target genes (evm.TU.Gh_A03G1932,
evm.TU.Gh_D06G1480, evm.TU.Gh_A06G1102,
evm.TU.Gh_A12G0659, evm.TU.Gh_D01G1421,
URNAL OF PLANT PHYSIOLOGY  Vol. 69:80  2022
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Fig. 4. GO function classification according to cellular component, molecular function and biological process of all miRNA tar-
gets between control samples and Verticillium dahliae stress. (a) ‘Zhongmian-49’; (b) ‘Junmian-1’.
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Fig. 5. Relative expression analysis of miRNAs by qRT-PCR analysis and high-throughput sequencing. (a) ghr-miR7484b,
(b) ghr-miR7501, (c) unconservative_A05_587, (d) unconservative_D05_25287. *P < 0.05, **P < 0.01.
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evm.TU.Gh_D10G0671, evm.TU.Gh_D10G2348
and evm.TU.Gh_D05G3876) related to growth,
development and resistance were also selected for
qRT-PCR analysis (Table 5). The qRT-PCR results of
these target genes were shown in the Fig. 6. After the two
cotton varieties were subjected to V. dahliae stress, the
expression levels of five differentially expressed miRNAs
target genes including evm.TU.Gh_A03G1932,
evm.TU.Gh_D06G1480, evm.TU.Gh_A06G1102,
evm.TU.Gh_A12G0659 and evm.TU.Gh_D01G1421
were lower than that in control samples.
Evm.TU.Gh_D10G0671 and evm.TU.Gh_D05G3876
were both expressed at higher levels in ‘Zhongmian-49’,
while evm.TU.Gh_D10G2348 had a higher expres-
sion level in ‘Junmian-1’.

DISCUSSION

V. dahliae is a soil-borne fungus that causes devas-
tating vascular dysfunction on more than 200 plant
species, including many economically important
RUSSIAN JO

Table 5. Eight candidate miRNA target genes involved in gro

miRNAID Target gene

ghr-miR3476-3p evm.TU.Gh_A03G

ghr-miR3476-3p evm.TU.Gh_D06G

ghr-miR7510a evm.TU.Gh_A06G

ghr-miR7510a evm.TU.Gh_A12G

ghr-miR7510a evm.TU.Gh_D01G

ghr-miR7510b evm.TU.Gh_D10G

unconservative_A11_14975 evm.TU.Gh_D10G

unconservative_A11_14977 evm.TU.Gh_D10G

unconservative_D11_36369 evm.TU.Gh_D10G

unconservative_D11_36371 evm.TU.Gh_D10G

unconservative_D11_36373 evm.TU.Gh_D10G

unconservative_scaffold242732_49007 evm.TU.Gh_D10G

unconservative_A01_642 evm.TU.Gh_D05G
crops such as cotton and tomatoes [27]. At present, no

cotton varieties have been discovered to be resistant to

verticillium wilt, however most Gossypium barbadense L.

(G. Barbadense) varieties exhibit substantial benefits in

verticillium wilt resistance [28, 29]. Zhang et al. used

G. hirsutum and G. barbadense as models to identify

miRNAs and their targets related to the regulation of

the defense response of Verticillium dahliae [23]. How-

ever, no studies have evaluated the miRNA functions

related to the regulation of the defense response of

Verticillium dahliae in G. hirsutum. Therefore, in this

study, two resistant G. hirsutum species ‘Junmian-1’ (a

susceptible cotton variety) and ‘Zhongmian-49’ (a

resistant cotton variety) were used as models to study

miRNA functions related to cotton verticillium wilt

defense response regulation. Four sRNA libraries and

four degradation group libraries were constructed

from cotton roots inoculated with simulation (control

group) and V. dahliae (experimental group). Thus, the

miRNA and its target genes that may be related to
URNAL OF PLANT PHYSIOLOGY  Vol. 69:80  2022

wth, development and resistance

 ID Annotation

1932 D-phenylhydantoinase

1480 LOB domain-containing protein

1102 TMV resistance protein

0659 Regulatory-associated protein of TOR 1

1421 plant cadmium resistance 2 -like protein

0671 ATP-dependent RNA helicase

2348 MAPK

2348 MAPK

2348 MAPK

2348 MAPK

2348 MAPK

2348 MAPK

3876 NPR1
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Fig. 6. QRT-PCR validation of 8 target genes. (a) ‘Zhong-
mian-49’; (b) ‘Junmian-1’. (1) Control samples in ‘Zhong-
mian-49’; (2) ‘Zhongmian-49’ after Verticillium dahliae
stress; (3) control samples in ‘Junmian-1’; (4) ‘Junmian-1’
after V. dahliae stress.
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V. dahliae stress in G. hirsutum were discovered
through analysis.

Through deep sequencing, 69 known miRNAs and
330 new miRNAs were detected in ‘Junmian-1’ and
‘Zhongmian-49’. Compared with previous studies,
there are significantly fewer miRNAs and more novel
miRNAs in this study, which may be caused by differ-
ent cotton varieties. In addition, 23 differentially
expressed miRNAs were detected in S01_S02_S03_
vs_S04_S05_S06, of which about 43.5% of miRNAs
were up-regulated and 56.5% of miRNAs were down-
regulated. A total of 62 differentially expressed miRNAs
were detected in S07_S08_S09_vs_S10_S11_S12,
22.6% of miRNAs were up-regulated, and 77.4% of
miRNAs were down-regulated. Through GO anno-
tation of the target genes of differentially expressed
miRNAs, it is found that the GO terms with the most
significant enrichment of genes in S01_S02_S03_
vs_S04_S05_S06 and S07_S08_S09_vs_S10_S11_S12
were basically similar. Differentially expressed miRNAs
target genes were mainly involved in cellular compo-
nents (“cell”, “cell part” and “extracellular region”),
biological processes (“metabolic process”, “cellular
process”, “single-organism process”, “response to
stimulus” and “cellular component organization or
biogenesis”) and molecular functions (catalytic activ-
ity, binding, transporter activity and electronic carrier
activity). This indicates that the interaction between
V. dahliae and cotton also requires the assistance of
genes related to these items. Although the GO entries
for target gene enrichment in the two varieties of cot-
ton are very similar, the number of target genes differs
greatly. The number of target genes in the susceptible
cotton variety ‘Junmian-1’ subjected to the V. dahliae
stress (129 target genes) was much larger than that of
the resistant cotton variety ‘Zhongmian-49’ subjected
to the V. dahliae stress (69 target genes). This may
partly explain why V. dahliae can cause disease in sus-
ceptible cotton.

In this study, degradome analysis revealed that dif-
ferent miRNAs can regulate the same target gene and
that one miRNA can detect multiple target genes at
the same time. There are a large number of differen-
tially expressed miRNAs involved in growth and
development and resistance between S01_S02_S03_
vs_S04_S05_S06 and S07_S08_S09_vs_S10_S11_S12.
The regulation of miRNAs and their targets were ana-
lyzed through a variety of biological information
annotated and analyzed. And from the identified tar-
get genes, 8 target genes related to growth, develop-
ment and resistance were selected for qRT-PCR. The
results showed that evm.TU.Gh_D10G0671 and
evm.TU.Gh_D05G3876 were expressed at higher lev-
els in the resistant variety ‘Zhongmian-49’ after
V. dahliae stress, and expressed at lower levels in the
susceptible variety ‘Junmian-1’ after V. dahliae stress.
The evm.TU.Gh_D10G2348 had a higher expression
level after V. dahliae stress in ‘Junmian-1’, while
‘Zhongmian-49’ showed a tendency to inhibit expres-
RUSSIAN JOURNAL OF PLANT PHYSIOLOGY  Vol. 69
sion level after V. dahliae stress. This may be caused by
‘Zhongmian-49’ is a kind of resistant cotton variety
and ‘Junmian-1’ is a kind of susceptible cotton variety.

The evm.TU.Gh_D10G2348, evm.TU.Gh_
D10G0671 and evm.TU.Gh_D05G3876 are members
of MAPK, ATP-dependent RNA helicase and NPR1,
respectively. Studies have shown that NPR1 plays a key
role in various defense networks [30]. It is reported
that the defense response mechanism mediated by
NPR1 by Fusarium graminearum in wheat [31], and
Botrytis cinerea, Sclerotinia sclerotiorum, Alternaria
radicina, Erysiphe heraclei, and Xanthomonas horto-
rum in carrots [32] were evolutionarily conserved.
Furthermore, the overexpression of NPR1 can confer
broad-spectrum resistance to pathogens of other
important crop species. In this study, evm.TU.Gh_
D05G3876 (a member of NPR1) was expressed at a
:80  2022
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higher level in ‘Zhongmian-49’, which indicates that
the drug-resistant variety ‘Zhongmian-49’ has certain
resistance to V. dahliae.

Mitogen-activated protein kinase (MAPK) is a
conserved serine/threonine protein kinase signaling
system ubiquitous in plants [33, 34]. MAPK plays an
important role in regulating plant growth and develop-
ment, conducting and responding to various biotic
and abiotic stress signals. For example, Arabidopsis
MPK4 is involved in the regulation of photosynthesis,
growth and immune defense of plants [33]. AtMPK12
is activated by auxin and regulates auxin response
genes, acting as a negative regulator in the auxin signal
transduction pathway [35]. Therefore, it can be con-
cluded that evm.TU.Gh_D10G2348 is involved in the
regulation of cotton disease resistance.

CONCLUSION

In conclusion, 12 sRNA libraries and 4 degradome
libraries were constructed from control samples and
V. dahliae stress susceptible cotton variety ‘Junmian-1’
and resistant cotton variety ‘Zhongmian-49’ for deep
sequencing in this study. A large number of miRNAs
were identified in both species, including 330 novel
miRNAs and 69 known miRNAs. In response to
V. dahliae inoculation, we identified 23 and 65 differ-
entially expressed miRNAs in the resistant cotton
variety ‘Zhongmian-49’ and susceptible cotton variety
‘Junmian-1’, respectively, and 62 differentially
expressed miRNAs when comparing the resistant cot-
ton variety ‘Zhongmian-49’ and susceptible cotton
variety ‘Junmian-1’. At the same time, 615 genes were
detected by degrading genome sequencing. The differ-
ential expression of miRNAs under V. dahliae stress
conditions between the two varieties suggests that the
miRNA machinery in the two G. hirsutum varieties
may be different. The results provide a foundation for
understanding the miRNA-dependent V. dahliae
stress response in G. hirsutum.
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