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Abstract
Background  Cotton is globally important crop. Verticillium wilt (VW), caused by Verticillium dahliae, is the most 
destructive disease in cotton, reducing yield and fiber quality by over 50% of cotton acreage. Breeding resistant 
cotton cultivars has proven to be an efficient strategy for improving the resistance of cotton to V. dahliae. However, 
the lack of understanding of the genetic basis of VW resistance may hinder the progress in deploying elite cultivars 
with proven resistance.

Results  We planted the VW-resistant Gossypium hirsutum cultivar Zhongzhimian No.2 (ZZM2) in an artificial 
greenhouse and disease nursery. ZZM2 cotton was subsequently subjected to transcriptome sequencing after Vd991 
inoculation (6, 12, 24, 48, and 72 h post-inoculation). Several differentially expressed genes (DEGs) were identified in 
response to V. dahliae infection, mainly involved in resistance processes, such as flavonoid and terpenoid quinone 
biosynthesis, plant hormone signaling, MAPK signaling, phenylpropanoid biosynthesis, and pyruvate metabolism. 
Compared to the susceptible cultivar Junmian No.1 (J1), oxidoreductase activity and reactive oxygen species (ROS) 
production were significantly increased in ZZM2. Furthermore, gene silencing of cytochrome c oxidase subunit 1 
(COX1), which is involved in the oxidation-reduction process in ZZM2, compromised its resistance to V. dahliae, 
suggesting that COX1 contributes to VW resistance in ZZM2.

Conclusions  Our data demonstrate that the G. hirsutum cultivar ZZM2 responds to V. dahliae inoculation through 
resistance-related processes, especially the oxidation-reduction process. This enhances our understanding of the 
mechanisms regulating the ZZM2 defense against VW.

Transcriptome analysis of Gossypium hirsutum 
cultivar Zhongzhimian No.2 uncovers the 
gene regulatory networks involved in defense 
against Verticillium dahliae
Xi-Yue Ma1†, Xiao-Han Zhou1,2†, Bin-Bin Liu1, Ye-Jing Zhang1, He Zhu3,4, Yue Li4, Zi-Sheng Wang4, Xiao-Feng Dai1,3, 
Jie-Yin Chen1,3, Zhen-Qi Su2* and Ran Li1,3*

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12870-024-05165-7&domain=pdf&date_stamp=2024-5-24


Page 2 of 16Ma et al. BMC Plant Biology          (2024) 24:457 

Background
Cotton is one of the most important economic crops 
worldwide for the significant economic value of its tex-
tile fiber, feed, foodstuff, oil, and biofuel products. VW 
caused by V. dahliae is the most devastating vascular dis-
ease of cotton, which can affect more than 50% of cotton 
acreage and significantly reduces yield and fiber quality 
[1]. It is difficult to control this pathogen with fungicides 
because V. dahliae resides in vascular tissues and is 
transmitted in cotton plants [2]. Breeding resistant cot-
ton cultivars is considered an optimal method to prevent 
and control VW. However, it is challenging to produce 
VW-resistant cotton germplasm by improving genetic 
resistance because of the complex resistance mechanism 
of cotton to VW. For instance, terpenoid aldehydes and 
phenylpropanoids, reactive oxygen species, salicylic acid, 
jasmonic acid, ethylene, and brassinosteroids signaling 
pathways are involved in cotton resistance to VW [3, 4]. 
Therefore, it is crucial to reveal the genetic basis of VW 
resistance in cotton germplasm. With the rapid devel-
opment of next-generation sequencing, the high-quality 
diploid and allotetraploid Gossypium species genomes 
were assembled, improving our understanding of cotton 
properties and facilitating efficient analysis by associating 
mapping [5]. In addition, a large number of genes anno-
tated from the cotton genome, which were involved in 
resistance against VW, have been identified via biotech-
nology, various omics, high-throughput sequencing tech-
nologies, and genome-wide association studies (GWAS). 
For instance, lysin motif (LysM)-containing proteins were 
identified from diploid G. raimondii and G. arboreum, 
tetraploid G. hirsutum acc. TM-1, and G. barbadense acc. 
3–79, respectively [6]; ascorbate peroxidase members 
mediated oxidoreductive metabolism for VW resistance 
was uncovered by comparative proteomic analysis [7]; 
single nucleotide polymorphisms (SNPs) related to cot-
ton VW resistance were detected using specific-locus 
amplified fragment sequencing (SLAF-seq) and the locus 
of CG02 was detected as an important gene for resistance 
against V. dahliae in cotton [8]; L-type lectin-domain 
containing receptor kinase (GhLecRKs-V.9) and non-
specific lipid transfer protein GhnsLTPsA10 were identi-
fied to play important roles in VW resistance via GWAS 
[9, 10]; and hundreds of microRNAs (miRNAs) were 
identified and miR477 regulated VW resistance in cotton 
by directly cleaving GhCBP60A [11].

Plants are often exposed to various pathogens in 
the course of their existence, and they possess effi-
cient defense mechanisms to protect themselves from 
disease. Pathogen-associated molecular patterns 

(PAMP)-triggered immunity (PTI) and effector-triggered 
immunity (ETI) defense responses are triggered by differ-
ent pathogenic molecules. PTI is the first response based 
on the recognition of PAMPs leading to the production of 
ROS, the activation of mitogen-activated protein kinases 
(MAPKs), the deposition of callose in the cell wall, and 
the expression of pathogenesis-related proteins [12–15]. 
ETI is triggered by effectors secreted from pathogens 
which are recognized by the components of immune 
mechanisms in the host, such as nucleotide-binding 
leucine-rich repeat (NB-LRR) proteins, and this recogni-
tion activates the plant immune response [16]. Therefore, 
identifying plant resistance genes provides a basis for not 
only investigating disease resistance mechanisms but 
also deploying candidate genes to develop disease-resis-
tant crop varieties. Several genes have been identified 
that contribute to cotton defense response against VW, 
and the functional mechanism has been revealed. For 
example, acetylation of Calmodulin protein 7 GhCaM7 
could enhance the cotton resistance to V. dahliae [17]; 
4-coumarate-CoA ligase 3 (Gh4CL3) acts as a positive 
regulator for cotton resistance against V. dahliae by pro-
moting jasmonic acid (JA) signaling mediated enhanced 
cell wall rigidity and metabolic flux [18]; transmembrane 
protein 214 GbTMEM214s are a kind of transmembrane 
protein which is induced by V. dahliae inoculation, and 
GbTMEM214s-silenced lines significantly decreased the 
resistance to VW [19]; Oxo-phytodienoic acid reductase 
GhOPR9 interacted with sucrose galactosyltransferase 
GhRFS6 and regulated cotton resistance to VW through 
the regulation of the JA pathway [20, 21]; germin-like 
protein GhABP19 played important roles in the regula-
tion of resistance to VW by exerting SOD activity and its 
ability to activate the JA pathway [22]; U-box E3 ligase 
GhPUB17 was inhibited by antifungal protein GhCyP3 
with antifungal activity and served as a negative regula-
tor involved in cotton resistance to V. dahilae [23]; tran-
scription factor GhMYB4 acted as a negative regulator 
in lignin biosynthesis resulting in alteration of cell wall 
integrity and activation of cotton defense response [24].

Although a large number of VW-resistance-related 
genes have been discovered and their resistance mecha-
nisms in cotton have been identified, the mechanism by 
which cotton cultivars are resistant is still poorly under-
stood, including G. hirsutum cultivar Zhongzhimian 
No.2 (ZZM2). ZZM2 exhibits outstanding character-
istics including cotton bollworm resistance, Fusarium 
wilt resistance, VW resistance, high yield, good stability, 
adaptability, and is the most widely planted VW-resis-
tant cultivar in China [1, 25]. However, the mechanism 
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underlying this resistance to VW has not been clearly 
defined. Previously, we sequenced the entire genome of 
ZZM2 and predicted the function of secreted proteins 
in ZZM2 in disease resistance against VW [26]. In the 
present study, we validated the ZZM2 resistance to VW 
of and conducted transcriptome sequencing to identify 
the genes expressed by ZZM2 in response to V. dahliae 
strain Vd991, thereby elucidating the regulatory gene 
networks involved in defense against VW. Several dif-
ferentially expressed genes (DEGs) were identified in 
response to V. dahliae inoculation at 6, 12, 24, 48, and 
72  h post-inoculation (hpi). Functional enrichment of 
DEGs was strongly associated with resistance-related 
functions, including flavonoid and terpenoid quinone 
biosynthesis, plant hormone signaling, MAPK signaling, 
phenylpropanoid biosynthesis, and pyruvate metabo-
lism. Furthermore, the expression of DEGs in ZZM2 was 
enriched in oxidoreductase activity, in contrast to that in 
the susceptible cultivar J1. Reactive oxygen species (ROS) 
production in ZZM2 was significantly higher than that in 
J1. Furthermore, gene silencing of cytochrome c oxidase 
subunit 1 (COX1) is involved in the oxidation-reduction 
process in ZZM2, which displays increased susceptibility 
to V. dahliae, suggesting that COX1 confers VW resis-
tance in ZZM2. Our findings demonstrate that the G. 
hirsutum cultivar ZZM2 responds to V. dahliae via resis-
tance-related processes, notably the oxidation-reduction, 
thereby enhancing our understanding of response mech-
anisms to V. dahliae.

Materials and methods
Plant growth conditions and fungal pathogen inoculations
The resistant G. hirsutum cultivar (cv.) Zhongzhim-
ian No.2 (ZZM2) and susceptible G. hirsutum cultivar 
(cv.) Junmian No.1 (J1) was grown and maintained in a 
greenhouse at 28 ℃ under 16 h light/8 h dark photope-
riod. Moreover, ZZM2 and J1 were planted at the disease 
nursery in Xinxiang, located in central of China (35o18’ 
north latitude, 113o52’ east longitude). 3-weeks-old cot-
ton was used for V. dahliae inoculation. The highly viru-
lent V. dahliae strain Vd991 was cultured and adjusted to 
107 conidia/ml for inoculating cotton seedlings. Roots of 
the seedlings were immersed in the conidial suspension 
for 10 min and then planted into soil [26].

Pathogenicity assays
Pathogenicity was assessed 3 weeks after inoculation, and 
vascular discoloration in shoots was assessed visually at 
4 weeks after inoculation. Twenty cotton seedlings were 
inoculated for pathogenicity accession, and three repli-
cates were detected for pathogenicity assay. The statistics 
comprising of five grades (0, 1, 2, 3 and 4) were used for 
assigning infected plants. Grade 0 indicates that the plant 
is healthy and has no disease symptoms, grade 1 to grade 

4 represent the typical yellowing and wilting observed in 
0–25%, 25-50%, 50-75% and 75-100% of leaves investi-
gated plants respectively. The disease index (DI) of Ver-
ticillium wilt was calculated according to the following 
formula:

	
DI =

∑
(n × number of plants at leveln)

4 × the number of total plants × 100

Fungal biomass quantification was performed by ampli-
fication of V. dahliae elongation factor VdEF-1α normal-
ized by the cotton GhUbiquitin gene through quantitative 
PCR (qPCR). Primers are listed in Table S1.

Verticillium Dahliae recovery assay
Stem fragments of 2  cm were sectioned from the first 
node of the stem base to the one above for both ZZM2 
and J1 at 14 days post inoculation (dpi) [27]. The surfaces 
of stem fragment were sterilized with 70% ethanol for 
20–30 s and then immersed in 0.1% corrosive sublimate 
(HgCl2 solution) for 1  min. After that stem fragments 
were washed with 0.1% HgCl2 solution (one time) and 
with sterilized distilled water (five times). From sterilized 
stem 3–4  mm sized sliced were cut in cross sectional, 
placed on PDA medium and incubated in dark at 25 ℃ 
for 5 days. Plant susceptibility to infection was defined 
according to the number of stem sections from which the 
fungus grew. Twenty cotton seedlings were inoculated 
for pathogenicity accession, and three replicates were 
detected for pathogenicity assay.

RNA extraction, library construction and RNA sequencing 
analysis
The root of 3-weeks-old seedlings of the resistance cot-
ton cv. ZZM2 was dipped in 107 conidia/ml suspension 
of Vd991 for 10 min and then planted into soil. The roots 
were sampled at 6  h post inoculation (hpi), 12 hpi, 24 
hpi, 48 hpi and 72 hpi, and the roots without inoculation 
were sampled as 0 hpi. All samples were immediately fro-
zen in liquid nitrogen and stored at -80 ℃ until further 
use. Total RNA samples were extracted using an RNA 
Purification Kit (Tiangen, Beijing, China) and prepared 
for sequencing with three biological replicates for each 
sample. Genomic DNA was removed by DNase treat-
ment and rRNA was removed by Ribo-zeroTM rRNA 
Removal Kit (Epicenter, USA). Strand-specific sequenc-
ing was performed on an Illumina HiSeq X-Ten by BGI 
(BGI-genomics, Shenzhen), which generated 125  bp 
paired-end reads. Raw data were processed through in-
house perl scripts to obtain clean reads. The clean reads 
were obtained by removing the adapter and low-quality 
reads (quality score > Q20). Over 15 GB of clean data 
were generated from each sample. The clean reads were 
mapped onto the reference genome of G. hirsutum cv. 
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Zhongzhimian No.2 (GenBank: JAMQUR000000000) 
using Tophat2 (v2.0.9) [28] and Bowtie 2 (v2.2.9) [29] 
(Table S2).

Identification of differentially expressed genes (DEGs)
A total of six groups were selected for sequencing, 
including Vd991 inoculated cv. ZZM2 at 6 hpi, 12 hpi, 24 
hpi, 48 hpi, and 72 hpi as the treatment group and non-
inoculated (0 hpi) as the control. Fragments Per Kilobase 
of the transcript per Million mapped reads (FPKM) was 
used to determine expression values. Cuffdiff (v2.1.1) was 
used to calculate the FPKM of genes in each sample [30]. 
The fold-change in gene expression value was calculated 
by FPKM treat/FPKM control. Transcripts were identi-
fied as differentially expressed (DEGs) between treat-
ment and control with parameters of fold change > 2 and 
a p-value < 0.05 (Table S3).

Functional annotation
The DEGs were analyzed using Gene Ontology (GO) 
analysis by WEGO website database and Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) analysis [31] using 
the KEGG Orthology (KO)-Based Annotation System 
(KOBAS) to explore their biological roles. GO analysis 
was in three terms, including cellular component, molec-
ular functional and biological function with the signifi-
cant enrichment tested by the Pearson chi-square test 
(P < 0.05) from the WEGO tool.

Reverse transcription and quantitative PCR (RT-qPCR)
The seedlings of resistant cv. Zhongzhimian No.2 and 
susceptible cv. Junmian No.1 were inoculated with Vd991 
as described above. The roots of cotton at 6 hpi, 12 hpi, 
24 hpi, 48 hpi, 72 hpi, and non-inoculated were collected 
for RNA extraction. RNA aliquots of 2  µg were used 
for cDNA synthesis by the TranScript One-Step gDNA 
Removal and cDNA Synthesis SuperMix kit (Trans, Bei-
jing, China). Quantitative PCR (qPCR) was performed 
using a qPCR SYBR premix Ex TaqII kit (TaKaRa, Tokyo, 
Japan). The relative quantification of RT-qPCR was mea-
sured by 2−∆∆Ct analysis method. The mRNA expression 
levels were normalized using cotton gene GhUbiqui-
tin. Three biological replicates were performed for each 
experiment, with three technical replicates. The genes 
related to the redox process were detected. The specific 
primers used are listed in Table S1.

Measurement of H2O2 content and detection of ROS 
accumulation
3-weeks-old cotton was used for inoculation with Vd991, 
5 × 106 conidia/ml. The content of H2O2 was detected in 
cotton roots at 3 dpi, 5 dpi, and 7 dpi, respectively, using 
a Micro Hydrogen Peroxide Assay Kit (BC3590, Solar-
bio, Beijing, China), described by Lu et al. [7]. The roots 

without Vd991 inoculation (0 dpi) were used as the con-
trol. ROS accumulation was detected in cotton stems at 7 
dpi and 14 dpi using 303-diaminobenzidine (DAB) solu-
tion as described by Li et al. [32]. The stems treated with 
sterile water were used as the mock. Twenty cotton seed-
lings were inoculated for pathogenicity accession, and 
three replicates were detected for pathogenicity assay.

Virus-induced gene silencing (VIGS) assays in cotton
For the VIGS assays, approximately 500 bp fragments of 
COX1 were amplified from cv. ZZM2 genomic DNA [33]. 
Fragments were separately integrated into pTRV2 vector 
and introduced into A. tumefaciens GV3101. Agrobac-
terium strains harboring the recombinant plasmid were 
combined with strains harboring the pTRV1 vector in a 
1:1 ratio and co-infiltrated into cotyledons of two-week-
old cv. ZZM2 seedlings [33]. The silencing efficiency for 
COX1 was determined by RT-qPCR, which compared 
gene expression in TRV2:COX1-infiltration plants with 
gene expression in TRV2:00-infiltration plants. The 
expression of COX1 was normalized using cotton gene 
GhUbiquitin. Primers are listed in Table S1.

Statistical analysis
Results of gene expression and fungal biomass assays 
were analyzed using SPSS (version 20.0) software. Sig-
nificant differences were detected by pairwise t-test and 
shown by the probabilities associated with the test (* 
indicated P < 0.05, ** indicated P < 0.01).

Results
G. hirsutum cultivar ZZN2 exhibits VW resistance
G. hirsutum cultivar ZZM2 was bred by introducing Bt 
genes into the cotton cultivar Zhongzhi 372 and showed 
characteristics of cotton bollworm resistance, Fusarium 
wilt resistance, VW resistance, high yield, good yield 
stability, and adaptability. The ZZM2 plants were high, 
their branches were long and flat, their stems were thick 
and strong, and they were full of fluff. The leaves were 
medium in size and relatively flat, and the bolls were 
comparatively large, nearly round, and easily opened to 
discharge batting (Fig.  1A). Regional experiments were 
conducted in the Yellow River Basin in 2005 and involved 
several cotton varieties, along with ZZM2. The disease 
index of ZZM2 was lower than that of other cultivars 
(Fig. 1B). To verify the resistance of ZZM2 to V. dahliae, 
disease symptoms were confirmed in a disease nursery in 
Liaoyang in 2022. The disease index of ZZM2 was 17.5, 
and the disease index of susceptible G. hirsutum culti-
var J1 was 65.0, thus ZZM2 showed a significantly resis-
tant phenotype compared with J1 (Fig. 1C). In addition, 
seedlings of both ZZM2 and J1 cultivars planted in a 
greenhouse for three weeks were inoculated with Vd991. 
ZZM2 seedlings showed a highly resistant phenotype 
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Fig. 1  Characteristic analysis of G. hirsutum cv. Zhongzhimian No.2 (ZZM2) in Verticillium wilt resistance. (A) Phenotype of ZZM2 at the boll opening 
stage. (B) Disease index of Verticillium wilt among 13 varieties experienced in Yellow River basin in 2005. (C) Disease symptoms of resistant ZZM2 and 
susceptible G. hirsutum cultivar Junmian No.1 (J1) in disease nursery of Liaoyang city at July 2023. (D) Disease symptoms and stem vascular discoloration 
of ZZM2 and J1 cotton following inoculation with Verticillium dahliae strain Vd991 and treatment with water as mock/control. The severity of cotton wilt-
ing as shown in the corresponding pictures recorded at 14 days post inoculation (dpi). (E) Disease index of ZZM2 and J1 cotton were determined at 14 
dpi after Vd991 inoculation. Disease grade 0, 1, 2, 3, and 4 showed the disease range from asymptomatic to lethal. (F) Fungal biomass of ZZM2 and J1 
was detected by quantitative PCR analysis. 15 inoculated plants were used for detection and the Verticillium EF-1α gene was used as a reference gene. 
(G) V. dahliae recovery assay. Number of stem sections from which fungus grew described extent of fungal colonization. Photos were taken at 7 days after 
plating. Three biological replicates were conducted for analysis
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against Vd991 compared to J1 21 days post-inoculation 
(Fig. 1D). The disease index of ZZM2 was lower than that 
of J1 (Fig. 1E), and fungal biomass of ZZM2 was relatively 
lower than that of J1 which is nearly 90% (Fig. 1F). Colo-
nies thrived from ZZM2 stems, while there was minimal 
growth observed from J1 stems in fungal recovery assays 
(Fig. 1G). Thus, the assays revealed that fewer fragments 
of ZZM2 were infected with Vd991 compared to J1. 
Overall, ZZM2 is a cotton cultivar that has resistance to 
V. dahliae infection.

Identification of DEGs in ZZM2 during V. dahliae infection 
by RNA-seq
As the cotton cultivar ZZM2 showed a significant V. 
dahliae-resistant phenotype, RNA-seq was performed to 

identify the genetic network in the response to V. dahliae 
infection. Seedlings of ZZM2 were inoculated with V. 
dahliae isolate Vd991, and root samples were collected 
at 0 hpi (without inoculation), 6 hpi, 12 hpi, 24 hpi, 48 
hpi, and 72 hpi. DEGs were identified at 6, 12, 24, 48, and 
72 hpi and compared to those at 0 h. Thousands of DEGs 
were identified at each stage (Fig. 2A). The number of up-
regulated DEGs was lower than that of down-regulated 
DEGs at 6, 12, and 24 hpi, whereas the number of up-
regulated DEGs was higher than that of down-regulated 
DEGs at 48 and 72 hpi (Fig.  2A). The number of DEGs 
at 48 hpi was the highest among all stages, with 15,038 
genes responsive to V. dahliae infection (Fig. 2A). More-
over, a Venn diagram illustrates that 4313 DEGs continu-
ally responded to V. dahliae infection, whereas 913, 681, 

Fig. 2  Analysis of differentially expressed genes (DEGs) in G. hirsutum cv. Zhongzhimian No.2 (ZZM2) during Verticillium dahliae inoculation. (A) Statistic 
of the number of DEGs which up- and down-regulated at 6 hpi, 12 hpi, 24 hpi, 48 hpi, and 72 hpi after V. dahliae inoculation. (B) The Venn diagram of 
the DEGs indicated unique and common DEGs in stage of 6 hpi, 12 hpi, 24 hpi, 48 hpi, and 72 hpi. (C) Statistic of 4313 co-expressed DEGs among five 
comparisons. The number showed the number of up- and down-regulated DEGs respectively, and the percentage indicated the proportion of these 4313 
co-expressed DEGs to whole DEGs at correspondent time stage. (D) Statistic of specific DEGs at five comparisons respectively. The number showed the 
number of up- and down-regulated DEGs respectively, and the percentage indicated the proportion of these 4313 co-expressed DEGs to whole DEGs at 
correspondent time stage
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586, 3151, and 1150 DEGs were differentially expressed 
at 6, 12, 24, 48, and 72 hpi, respectively (Fig. 2B). Among 
4313 DEGs, the number of down-regulated DEGs was 
approximately twice as many as the number of up-regu-
lated DEGs, and 4313 DEGs accounted for 28.68% of all 
DEGs identified at 48 hpi, which was the lowest percent-
age among all stages (Fig. 2C). In addition, the number of 
specific DEGs at each stage was lower than that of consti-
tutively expressed DEGs, accounting for 10% of the num-
ber of DEGs at the corresponding stage (Fig.  2D). 3151 
genes were specifically differentially expressed at 48 hpi, 
with 20.95% of all DEGs identified at 48 hpi (Fig.  2D). 
Therefore, many genes were differentially expressed in 
response to V. dahliae infection. These genes were con-
tinually and uniquely expressed during V. dahliae infec-
tion, and 48 hpi after V. dahliae infection is an important 
stage at which ZZM2 responds to V. dahliae.

Functional analysis of DEGs in ZZM2 response to V. dahliae 
infection
The DEGs expressed in response to V. dahliae infection 
were related to several biological processes, such as stress 
response. The functional characteristics of DEGs iden-
tified at 6, 12, 24, 48, and 72 hpi were predicted using 
GO and KEGG. A total of 73 categories were enriched 
according to GO annotation, including kinase activity, 
regulation of biological and metabolic processes, and 
stress response (P < 0.05) (Table S4). Moreover, 16 cat-
egories were significantly enriched in DEGs responses 
to V. dahliae infection (Fig. 3A). A portion of the DEGs 
was relevant to resistance, as previously reported, such 
as genes for oxidoreductase activity, response to stress, 
and oxidation-reduction processes (Fig. 3A). In addition, 
KEGG network analysis showed that 137 pathways were 
matched by DEGs response to V. dahliae infection (Table 
S5). Among these pathways, several DEGs were highly 
enriched for starch and sucrose metabolism, ascorbate 
and aldarate metabolism, flavonoid biosynthesis, per-
oxisomes, and terpenoid-quinone biosynthesis (Fig. 3B). 
Terpenoid quinone is a vital compound involved in the 
stress response of plants. Thus, the ubiquinone and 
other terpenoid-quinone biosynthesis pathways were 
further predicted by DEGs at each stage after V. dahliae 
inoculation. The results showed that synthesis of α-, β-, 
γ-, and δ-tocopherol was only matched by DEGs at 6 
hpi, and production of 2-methyl-6-1,4-benzoquinol was 
only related to DEGs at 24 hpi (Fig.  3C), while synthe-
sis of 6-geranylgeranyl-2,3-dimethylbenzene-1,4-diol, 
plastoquinol-9, and 2,3-dimethyl-5’-phytylquinol genes 
were differentially expressed at 24 hpi, 48 hpi, and 72 hpi 
instead of 6 hpi (Fig.  3C). Taken together, the function 
of the gene that respond to V. dahliae inoculation coor-
dinates with the response to stress, redox reactions, and 
biosynthesis of resistance-related compounds.

Functional analysis of continuously expressed DEGs in 
ZZM2 response to V. dahliae infection
To further distinguish and analyze the function of genes 
in response to V. dahliae infection, DEGs were divided 
into two groups as shown in the Venn diagram in Fig. 2B. 
One group continuously expressed (co-expressed) 
DEGs at 6, 12, 24, 48, and 72 hpi, including 4313 genes, 
whereas the other group specifically expressed DEGs at 
6, 12, 24, 48, and 72 hpi, encompassing 913, 681, 586, 
3151, and 1150 genes, respectively. The co-expressed 
DEGs indicated that these genes responded steadily to 
V. dahliae infection by altering their expression levels. 
The expression levels of these 4313 genes at each of the 
five stages were hierarchically clustered using FPKM 
values (Fig.  4A). The expression patterns of 4313 genes 
were consistent among the five stages and could be clas-
sified into two groups: steadily up-regulated and steadily 
down-regulated (Fig.  4A). KEGG analysis showed that 
4313 genes matched 101 pathway accessions (Table S6). 
Of these pathway accessions, 1552 co-expressed genes 
matched in the biosynthesis of secondary metabolites, 
297 genes matched in phenylpropanoid biosynthesis, 
and 100 genes matched in pyruvate metabolism, which 
shares defense-related functions (Fig.  4B). In addition, 
GO analysis showed that the enrichment of co-expressed 
DEGs was high for transferase activity, binding, oxida-
tion reduction, and phosphorus metabolism (P < 0.05) 
(Table S7 and Fig. 4C). Transferase function and activity 
in stress response have been reported to be involved in 
resistance and were further analyzed. Nine items involved 
in transferase activity (GO:0016740), transfer of glycosyl 
groups (GO:0016757), transfer of phosphorus-contain-
ing groups (GO:0016772), transfer of sulfur-containing 
groups (GO:0016782), and ubiquitin-like protein trans-
ferase activity (GO:0019787) were significantly enriched 
in the co-expressed DEGs (P < 0.05) (Fig.  4D). Further-
more, transferring glycosyl (GO:0016757) and phos-
phorus-containing groups (GO:0016772) occupied a 
large proportion of transferase activity (> 70%), whereas 
ubiquitin-like protein transferase activity (GO:0019787) 
was more enriched by co-expressed DEGs (7.08%) 
than by coding genes in the entire genome (3.46%) 
(Fig.  4D). Response to stress (GO:0006950), defense 
response (GO:00006952), and response to oxidative 
stress (GO:0006979) were significantly enriched in the 
co-expressed DEGs, accounting for 32.78% and 50.81%, 
respectively (P < 0.05) (Fig.  4E). As for the catalytic 
activity of proteins (GO:0140096), co-expressed DEGs 
were significantly enriched in protein kinase activity 
(GO:0004672) and ubiquitin-like protein transferase 
activity (GO:0019787) (Fig.  4F). Protein kinase activity 
accounted for the majority of this (75.94%), whereas the 
proportion of ubiquitin-like protein transferase activity 
enriched by co-expressed DEGs was higher than that of 
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the coding genes in the whole genome (Fig. 4F). Together, 
these results show that the continuous function of the 
ZZM2 defense against V. dahliae stimulates transferase 
and catalytic activity.

Functional analysis of specific-expressed DEGs in ZZM2 
response to V. dahliae infection
KEGG and GO analyses were performed to survey 
specific DEGs on the potential function of ZZM2 in 
defense against V. dahliae at different time points, at 6 
(913), 12 (681), 24 (586), 48 (3151), and 72 hpi (1150). 
KEGG analysis matched specific DEGs at each stage to 
136 pathway accessions (Table S8). Pathways matched 

by specific DEGs differed at each stage (Table S8 and 
Fig. 5A). Among these pathway accessions, peroxisomes, 
tricarboxylic acid cycle (TCA cycle), and fructose and 
mannose metabolism were matched by genes from all 
time points (Fig. 5A). Similar results were obtained from 
the GO analysis, with a total of 39 predicted functional 
items, and only two were enriched by specific DEGs in all 
five time points: oxidoreductase activity and oxidation-
reduction process (P < 0.05) (Table S9 and Fig.  5B). The 
expression levels of genes involved in oxidoreductase 
activity and oxidation-reduction at each time point were 
hierarchically clustered using FPKM values (Fig.  5C). 
Additionally, several GO annotations were enriched for 

Fig. 3  Functional annotation of the DEGs in cotton cv. Zhongzhimian No.2 (ZZM2) during Verticillium dahliae inoculation. (A) Gene ontology (GO) an-
notation predicted DEGs at 6 hpi, 12 hpi, 24 hpi, 48 hpi, and 72 hpi respectively versus the predicted protein-coding genes from the whole genome. 
Columns represented the percentage of enriched in the items, and the significant enrichment was determined by a Pearson chi-square test at P < 0.05. 
(B) The potential pathways were predicted by the KEGG using DEGs at 6 hpi, 12 hpi, 24 hpi, 48 hpi, and 72 hpi respectively compared with the predicted 
protein-coding genes from the whole genome. Numbers represented the percentage of enriched in the pathway. (C) Enrichment of DEGs in the pathway 
of ubiquinone and other terpenoid-quinone biosynthesis
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Fig. 4 (See legend on next page.)
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genes at specific time points. For example, DEGs at 6 hpi 
were enriched in intracellular organelles, functions of 
ribosomes, localization, and cellular component biogen-
esis; DEGs at 12 hpi were enriched in cellular response 
to stimuli and cell communication; and DEGs at 48 hpi 
were enriched in hydrolase, transferase, lyase, and isom-
erase activity, photosynthesis and biosynthetic processes, 
cell wall organization or biogenesis, and cellular homeo-
stasis (Fig.  5B). The expression levels of these genes at 
48 hpi were hierarchically clustered using FPKM values 
(Fig.  5D). ZZM2’s defense against V. dahliae relies on 
different genes at different time points, and 48 hpi is an 
important time point for the ZZM2 response to V. dahl-
iae inoculation.

ZZM2 regulated the function of the redox process to 
defend against V. dahliae
Functional analysis showed that DEGs that responded 
to V. dahliae strain Vd991 infection were mainly 
enriched in functions related to redox processes, includ-
ing peroxisomes, oxidoreductase activity, and oxida-
tion-reduction process. In particular, oxidoreductase 
activity (GO:0016491) and oxidation-reduction process 
(GO:0055114) were both significantly enriched in co-
expressed and specific DEGs at each time point (Figs. 4C 
and 5B). Thus, genes involved in oxidoreductase activ-
ity (GO:0016491) and oxidation-reduction process 
(GO:0055114) were selected for further study. A total of 
329 co-expressed DEGs and 488 specific-expressed DEGs 
were identified (Table S10). To further examine the role 
of these genes in ZZM2, 30 genes were enriched in oxi-
doreductase activity (GO:0016491) and oxidation-reduc-
tion process (GO:0055114), and their expression patterns 
were significantly up- or down-regulated in ZZM2. Most 
genes were up-regulated in the resistant cultivar ZZM2 
but were down-regulated or had no change in the suscep-
tible cultivar J1 (Fig. 6A). Meanwhile, several genes were 
down-regulated in the resistant cultivar ZZM2 but were 
up-regulated or had no change in the susceptible culti-
var J1 (Fig.  6A). The results showed that the expression 
of genes was regulated by Vd991 infection, and that these 
genes play a role in VW resistance via the redox process. 
Furthermore, H2O2 was detected in the cotton roots after 
Vd991 infection at 3, 5, and 7 dpi. The results showed 

that the H2O2 content in ZZM2 was higher than that in 
J1 at 3 dpi, and that the H2O2 content in J1 increased and 
was higher than that in ZZM2 at 5 dpi (Fig. 6B). In addi-
tion, ROS were detected by DAB staining at 7 and 14 dpi, 
and the results showed that ZZM2 was protected against 
Vd991 infection by increasing ROS levels (Fig.  6C). 
Therefore, the redox process plays an important role in 
ZZM2 in the defense against V. dahliae.

Silencing of COX1 repressed ZZM2 resistance to V. dahliae 
infection
The expression of A13G92054 was significantly up-regu-
lated in the resistant cultivar ZZM2, whereas no signifi-
cant change was observed in the susceptible cultivar J1 
(Fig.  6A). Therefore, A13G92054 (COX1) was selected 
for further analysis. The COX1 gene encodes cytochrome 
c oxidase and was up-regulated in ZZM2 cells after V. 
dahliae inoculation. Furthermore, we performed tobacco 
rattle virus (TRV)-based virus-induced gene silencing 
(VIGS) to assess the function of the COX1 gene in ZZM2. 
The ratio of COX1 silencing was quantified by RT-qPCR, 
and the results indicated that COX1 expression was sig-
nificantly decreased with more than 50% silencing ratio 
(Fig.  7A). COX1-silenced cotton, wild-type ZZM2, and 
control groups injected with TRV2::00 were challenged 
with Vd991. Stronger symptoms of VW were observed 
when COX1 was silenced compared to those in the wild-
type and control groups (Fig.  7D). The fungal biomass 
of COX1-silenced cotton tissue was significantly higher 
than that of wild-type tissues (Fig. 7B). In addition, fun-
gal recovery showed that colonies thrived from COX1-
silenced cotton tissues, while there was minimal growth 
observed from wild-type tissues (Fig. 7C).Results showed 
that COX1-silenced cotton tissues were more infected 
than the wild-type. Together, silencing the cytochrome 
c oxidase COX1 significantly reduced ZZM2 VW resis-
tance via a redox process.

Discussion
G. hirsutum accounts for over 95% of cultivated cotton 
worldwide, and the used cultivars are typically suscep-
tible to VW [34]. However, G. hirsutum cultivar ZZM2 
possesses high yield and VW resistance. Therefore, iden-
tifying the mechanism of ZZM2 defense against VW is 

(See figure on previous page.)
Fig. 4  Functional annotation of the co-expressed DEGs in cotton cv. Zhongzhimian No.2 (ZZM2) during Verticillium dahliae inoculation. (A) Heatmap 
represented the time course expression profiles of 4313 co-expressed DEGs annotated in ZZM2 at 6 hpi, 12 hpi, 24 hpi, 48 hpi, and 72 hpi, which was 
performed by FPKM values of all genes. (B) The potential pathways were predicted by the KEGG database 4313 co-expressed DEGs versus the predicted 
protein-coding genes from the whole genome. (C) Gene ontology (GO) annotation predicted 4313 co-expressed DEGs versus the predicted protein-
coding genes from the whole genome, and significant enrichment was determined by a Pearson chi-square test at P < 0.05. (D) Function of transferase 
activity involved in 4313 co-expressed DEGs versus the predicted protein-coding genes from the whole genome. Asterisk * indicate significant differences 
P < 0.05 by a Pearson chi-square test. (E) Function of response to stress involved in 4313 co-expressed DEGs versus the predicted protein-coding genes 
from the whole genome. Asterisk * indicate significant differences P < 0.05 by a Pearson chi-square test. (F) Function of catalytic activity which acting on 
a protein involved in 4313 co-expressed DEGs versus the predicted protein-coding genes from the whole genome. Asterisk * indicate significant differ-
ences P < 0.05 by a Pearson chi-square test
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vital for breeding VW-resistant cotton cultivars. We 
previously assembled the whole genome of ZZM2 and 
showed that its secretome plays an important role in 
VW resistance [1, 26]. In this study, we constructed a 
gene network for ZZM2 in response to V. dahliae infec-
tion. Many DEGs in ZZM2 were identified during V. 

dahliae infection (Fig. 2). DEGs were identified as hydro-
lases, transferases, oxidoreductases, and genes involved 
in the biosynthesis of resistance-related compounds, 
such as starch and sucrose metabolism, and terpenoid-
quinone biosynthesis (Fig.  3). Furthermore, these DEGs 
were divided into continuously expressed DEGs, which 

Fig. 5  Functional annotation of the specific DEGs in cotton cv. Zhongzhimian No.2 (ZZM2) during Verticillium dahliae inoculation. (A) The potential 
pathways were predicted by the KEGG database specific DEGs at 6 hpi, 12 hpi, 24 hpi, 48 hpi, and 72 hpi respectively versus the predicted protein-coding 
genes from the whole genome. (B) Gene ontology (GO) annotation predicted specific DEGs at 6 hpi, 12 hpi, 24 hpi, 48 hpi, and 72 hpi respectively, and 
significant enrichment was determined by a Pearson chi-square test at P < 0.05. The number showed the number of DEGs enriched in the item, including 
the blue letters represented the number of DEGs only enriched at 6 hpi, the orange letters indicated the number of DEGs only enriched at 12 hpi, and the 
green letters showed the number of DEGs only enriched at 48 hpi. The bold letters mean the function items which were enriched at all of time stages. 
(C) Heatmap represented the time course expression profiles of specific DEGs annotated in ZZM2 at 6 hpi, 12 hpi, 24 hpi, 48 hpi, and 72 hpi respectively, 
involved in oxidoreductase activity and oxidation-reduction process, which was performed by FPKM values of all genes. (D) Heatmap represented the 12 
function items, which only enriched at specific DEGs at 48 hpi, expression profiles performed by FPKM values of all genes
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indicated a sustained response to V. dahliae, and DEGs 
specifically-expressed at each time point. These DEGs 
were predicted to play a role in the oxidation-reduction 
process and to act as oxidoreductases activity (Figs. 4 and 
5). Genes related to the redox process were differentially 
expressed in ZZM2 after V. dahliae infection, and COX1 
silencing significantly reduced VW resistance in ZZM2 
(Figs.  6 and 7). In addition, the H2O2 content in cotton 
roots was higher in ZZM2 than in the susceptible cultivar 
J1 after Vd991 infection (Fig. 6).

G. hirsutum cultivar ZZM2 showed excellent VW 
resistance and was used as a VW control in the regional 
experiments. ZZM2 was primarily used to identify the 
mechanism of action of VW resistance in cotton, and 
several genes have been shown to play important roles 
in VW resistance. These include the TIR-NBS-LRR gene 
GhDSC1 [35], ribosomal protein GhRPS6 [36], respira-
tory burst oxidase homolog protein D GhRbohD [37], 

DUF668 (domain of unknown function 668) gene fam-
ily [38], GhmiR395, and GhmiR165 [39]. Nevertheless, 
the molecular function, mechanism and gene regulatory 
network of ZZM2 defense against VW remain unclear. A 
previous study showed that V. dahliae enters the xylem 
vessels of the root after 48  h and then spreads to the 
neighboring xylem to sporulate [2]. Initial sporulation 
in the roots results in the rapid accumulation of fungal 
biomass, and plant defense responses can repress fun-
gal proliferation and eliminate the fungus [2]. Thus, we 
identified DEGs in ZZM2 in response to V. dahliae infec-
tion from 6 to 72 hpi. Thousands of DEGs were identified 
at each time point and the maximum number of DEGs 
was observed at 48 hpi (Fig.  2A). The results showed 
that ZZM2 triggered a strong response at 48  h, which 
was identified as the critical time point. A total of 4313 
DEGs were continuously expressed at all time points, 
and several DEGs were specifically expressed at 6, 12, 

Fig. 6  Function of redox process in cv. Zhongzhimian No.2 (ZZM2) to defense against Verticillium dahliae. (A) Expression patterns of 30 genes involved in 
oxidoreductase activity (GO:0016491) and oxidation-reduction process (GO:0055114) in resistant ZZM2 and susceptible J1 after inoculation with V. dahliae 
strain Vd991, detecting at 6 hpi, 12 hpi, 24 hpi, 48 hpi, and 72 hpi. (B) The content of H2O2 determined in roots of resistant ZZM2 and susceptible J1 after 
Vd991 inoculation at 3 days post inoculation (dpi), 5 dpi, and 7 dpi. (C) Detection of ROS-inducing activities in stems of resistant ZZM2 and susceptible J1 
after Vd991 inoculation at 7 dpi and 14 dpi
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24, 48, and 72 hpi (Fig. 2B). Therefore, ZZM2 stimulated 
resistance mechanisms as soon as V. dahliae infection 
occurred, particularly 48  h after inoculation, with the 
highest number of DEGs against V. dahliae infection. 
Notably, several VW resistance genes were identified in 
the DEGs, including GhDSC1, GhRPS6, and GhRbohD. 
In addition, functional characterization predicted using 
these DEGs showed significant enrichment in defense 
responses (oxidoreductase activity, response to stress), 
cell wall strengthening (starch and sucrose metabolism), 
and the corresponding components involved in resis-
tance (ascorbate and aldarate metabolism, flavonoid, and 
terpenoid quinone biosynthesis) (Fig. 3). For deep func-
tional characterization analysis, the DEGs were divided 
into continuously- and specifically-expressed genes, indi-
cating genes that were expressed steadily and genes that 
were expressed at specific time points, respectively. Con-
tinuously expressed DEGs were significantly enriched in 
genes involved in defense response (transferase activity, 
catalytic activity, and oxidoreductase activity), regula-
tion of metabolic process (biosynthesis of secondary 
metabolites), and resistance-related process (plant hor-
mone signaling, MAPK signaling, phenylpropanoid bio-
synthesis, and pyruvate metabolism) (Fig.  4). However, 
the functional characterization of specific DEGs showed 
apparent differences. For example, the specific DEGs 

at 6 hpi were mainly enriched in cellular components 
(intracellular organelles, structure of ribosome, cellular 
localization, and component biogenesis); DEGs specifi-
cally expressed at 12 hpi were primarily enriched in cel-
lular response to stimulus and cell communication; DEGs 
specifically expressed at 24 hpi were highly enriched in 
energy metabolism (TCA cycle, photosynthesis, peroxi-
some); DEGs specifically expressed at 48 hpi were mainly 
enriched in kinase activity (hydrolase activity, transferase 
activity, lyase activity, and isomerase activity) (Fig. 5).

Two types of defense responses are triggered by the 
detection of different molecules secreted by pathogens: 
PTI and ETI. PTI induces ROS production, MAPK acti-
vation, callose deposition in the cell wall, and synthe-
sis of pathogenesis-related proteins [12–14]. ROS are 
important signaling molecules that play significant roles 
in plant development, signal transduction, and environ-
mental stress responses [40, 41]. H2O2 is the major form 
of ROS in plants and is mainly produced in peroxisomes, 
chloroplasts, and mitochondria [42]. In addition, the 
high H2O2 content in the apoplast, which is the extracel-
lular space between the plasma membrane and cell wall, 
is toxic to plant cells [43]. ROS have a series of func-
tions during plant defense against pathogens, including 
activation of defense gene expression, accumulation of 
phytoalexins, and internalization of pattern recognition 

Fig. 7  Silencing of the gene of cytochrome c oxidase (COX1) repressed the cv. Zhongzhimian No.2 (ZZM2) resistance to Verticillium dahliae. (A) The 
silencing efficiency of COX1 was determined by RTqPCR analysis. The cotton GhUbiquitin gene was used as an endogenous control. The relative gene 
expression level in ZZM2 without infiltration were assigned a value of 1. Error bars indicate ± SD of three biological replicates, with each measured in 
triplicate. Asterisk ** indicate significant differences (P < 0.01). (B) The fungal biomass of silencing COX1 in ZZM2 and infiltrating with empty vector pTRV2 
(TRV2:00) detected by amplification of V. dahliae elongation factor VdEF-1α normalized by the cotton 18 S gene through quantitative PCR (qPCR). The 
fungal biomass of wildtype (WT) ZZM2 was assigned a value of 1. Error bars indicate ± SD of three biological replicates, with each measured in triplicate. 
Asterisk ** indicate significant differences (P < 0.01). (C) V. dahliae recovery assay. Number of stem sections from which fungus grew described extent of 
fungal colonization. Photos were taken at 7 days after plating. Three biological replicates were conducted for analysis. (D) Silencing of COX1 in ZZM2 by 
virusinduced gene silencing (VIGS) repressed ZZM2 resistance to V. dahliae. 3weeksold ZZM2 plants were used for VIGS, and seedlings infiltrated after 14 
days were inoculated with V. dahliae. Experiments consisted of three replicates of 12 plants each arranged in a complete random block design. The Ver-
ticillium wilt phenotypes of wilting leaves and vascular discoloration were photographed 3–4 weeks after inoculation. Infiltration with the empty vector 
pTRV2 (TRV2:00) served as a control
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receptors [44]. Moreover, ROS influence the produc-
tion and signaling of phytohormones, and H2O2 func-
tions in ABA signaling, which can activate MAPK and 
antioxidant enzymes [44]. In addition, ROS scavenging 
is important for VW resistance in cotton [7, 45]. In our 
study on the predicted function of genes in the ZZM2 
response to V. dahliae, we observed that oxidoreductase 
activity (GO:0016491) and oxidation-reduction process 
genes (GO:0055114) were significantly enriched in all 
groups of DEGs (Figs. 3A and 4C, and 5B). In addition, 
the expression of genes involved in oxidoreductase activ-
ity and the oxidation-reduction process was associated 
with VW resistance because of the opposite expression 
patterns between ZZM2 and J1 (Fig.  6A). Furthermore, 
the levels of H2O2 and ROS were higher in the resistant 
cultivar ZZM2 than in the susceptible cultivar J1 (Fig. 6B 
and C). Overall, these results suggest that the defense 
of cotton ZZM2 against VW is primarily based on ROS 
accumulation.

Many genes have been found to function as important 
regulators of VW resistance in cotton via high-through-
put sequencing and bioinformatics analyses, such as 
comparative proteomic analysis [7], small RNA sequenc-
ing (sRNA-seq) [11], specific-locus amplified fragment 
sequencing (SLAF-seq) [8], and genome-wide associa-
tion studies (GWAS) [10, 17]. Transcriptome sequenc-
ing is suitable for revealing the molecular mechanisms 
of particular biological processes because it focuses on 
gene expression and transcriptional regulation and has 
been widely used to identify vital signaling pathways or 
resistance-related genes in response to VW in cotton. In 
this study, we predicted several candidate genes for VW 
resistance in the redox process based on bioinformat-
ics-driven approaches using transcriptome sequencing 
of the VW-resistant cotton cultivar ZZM2 and the sus-
ceptible cultivar J1 (Fig. 6). The expression of COX1 was 
significantly up-regulated in the resistant cultivar ZZM2, 
whereas no significant changes were observed in the sus-
ceptible cultivar J1. In addition, COX1 silencing in ZZM2 
repressed the resistance to V. dahliae (Fig. 7). Neverthe-
less, the functional mechanism of COX1 needs to be elu-
cidated in future studies and the VW-resistant functional 
mechanism of ZZM2 requires further research.

Conclusions
In conclusion, our study confirmed the VW resistance 
of ZZM2, and conducted transcriptome sequencing to 
discover the DEGs in ZZM2 response to V. dahliae to 
reveal the gene regulatory networks of ZZM2 in defense 
against VW. The functional enrichment of DEGs related 
to resistance, such as biological process of flavonoid and 
terpenoid quinone biosynthesis, plant hormone signal, 
MAPK signaling, phenylpropanoid biosynthesis, pyru-
vate metabolism, and oxidation-reduction process. The 

expression of DEGs in ZZM2 enriched in oxidoreductase 
activity and oxidation-reduction process was opposite 
to those observed in the susceptible cultivar J1, and the 
production of ROS in ZZM2 was also significantly higher 
than in J1. Furthermore, gene silencing of COX1 involved 
in oxidation-reduction process in ZZM2 increased sus-
ceptibility to V. dahliae. Overall, our findings demon-
strated that the G. hirsutum cultivar Zhongzhimian No.2 
response to V. dahliae via resistant related processes, 
especially the oxidation-reduction process. This contrib-
utes to a deeper understanding of the mechanisms regu-
lating cultivar ZZM2 defense against VW.
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