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Abstract
Verticillium wilt is one of the most important diseases affecting cotton production in China. The fungus, Verticillium
dahliae, has a wide host range and a high degree of genetic variability. No resistance resources have been found in
the available planting resources, thus presenting difficulties and challenges for our study. The long-term production practice shows that selection of disease-resistant varieties is the most economical and effective measure to
control Verticillium wilt of cotton to reduce the yield loss and quality decline of cotton. In this paper, we summarized
the genetic mapping population, the analysis method of genetic localization, the discovery, mining and cloning of
disease-resistant quantitative trait loci/markers, and the analysis of their genetic functions, so as to provide information for the molecular breeding approach of disease-resistant cotton.
Keywords: Cotton Verticillium wilt, Genetic mapping, QTL
Introduction
Cotton is considered to be a major cash crop in the
world and one of the largest raw materials available
in agricultural industry. Cotton is also an important
source of vegetable protein and edible oil. China is the
world’s second largest cotton producer following India,
with a vast and high-yielding cotton planting area. Cotton production plays a vital role in the development of
economy and society. Verticillium wilt is currently one
of the most common diseases seriously effect cotton
yield and quality (Song et al. 2020). It is a soil-borne
fungal disease of the cotton vascular system caused
primarily by Verticillium dahliae (V. dahliae) infection
(Fradin and Thomma 2006). Because V. dahliae has
a broad host range and the durable nature of its soilborne microsclerotia, it can easily survive in the changing environment and host (Li et al. 2017b). Verticillium
wilt severity is influenced by many factors, such as the
*Correspondence: lfzhu@mail.hzau.edu.cn; xjnxh2004130@126.com
1
Key Laboratory of Oasis Ecology Agricultural of Xinjiang Bingtuan,
Agricultural College, Shihezi University, Shihezi 832003, Xinjiang, China
Full list of author information is available at the end of the article

host resistance genes, the pathogenicity of the pathogen, and the ability of the fungus to detect resistance
mechanisms. Furthermore, isolates of V. dahliae can
be characterized as defoliating or nondefoliating based
on symptoms of cotton, or as race 1 or race 2 based on
the responses of different cultivars. After investigating
the frequency and distribution of races and defoliation
phenotypes of cotton-associated V. dahliae, it was find
that 97.2% of isolates genotyped as defoliating were also
characterized as race 2, while 90.8% of isolates genotyped as nondefoliating were also genotyped as race 1
(Hu et al. 2015). The representative 74 V. dahliae isolates from 28 different cotton regions in three major
cotton-production areas in China were identified for
their pathotypes, races, vegetative compatibility groups
(VCGs) and genetic diversity by specific polymerase
chain reaction. Of 74 isolates, 60 (81%) were defoliating pathotype strains, especially in Yellow River/Yantze
River Valley region. Seventy isolates belonged to race
2, whereas no race 1 specific fragment was amplified
(Zhang et al. 2019a, b). Eighty-five V. dahliae isolates
were obtained from wilted cotton plants collected from
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eight counties in Xinjiang, 42% of the V. dahliae isolates were defoliating pathotype, but the percentage
varied widely among locations (Wagner et al. 2021).
The results offered a better understanding of the epidemiology of Verticillium wilt in China. V. dahliae
infection is complicated and involves a number of signaling pathways and biochemical substances (Fradin and
Thomma 2006). As a result, there is no consensus on
genetic mechanisms of cotton Verticillium wilt resistance across the world.
The long-term cotton production practice shows that
mining and cloning resistant genes is an effective measure to control Verticillium wilt. Only the Gossypium
barbadense has a higher resistance toward Verticillium
wilt, but cultivating it on a large scale is difficult and
obtaining a new breed with high resistance character by
cross-breeding with the G. barbadense poses a major
challenge (Cai et al. 2009). With the development of
molecular biology and genetics of plant disease resistance, it is possible to carry out molecular breeding for
disease resistance. However, a better understanding
of the mechanisms of resistance are still required for
improved plant resistance to Verticillium wilt. It is necessary to identify factors in the regulatory mechanism
which provide the candidate genes for molecular breeding of cotton disease resistance. This paper will review
the previous findings on cotton resistance to Verticillium wilt and integrate with the recent use of plant biotechnology in cotton resistance to Verticillium wilt to
discuss the progress and ways forward on Verticillium
wilt resistance.
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Genetic mapping based on different mapping
populations
A population in genetics generally refers to a species of
an organism, a variety that contains variation or a group
of varieties or even a specific generation of hybrids
between individuals. Any genetic study will be incomplete without one or more populations with diverse
genotypes. The main factors for effective and efficient
quantitative trait loci (QTL) mapping are the selection of
suitable mapping parents and the creation of appropriate population forms. Different mapping populations and
molecular markers have been used in recent years to find
QTLs with different genetic effects on 26 pairs of cotton chromosomes (Fig. 1). Possible candidate genes have
been predicted in this field, and functional verification of
some resistance genes has been performed.
The parental mapping population

The most commonly used genetic map is the parental
mapping population. According to their characteristics,
they can be divided into temporary groups and permanent groups. The transient population includes F
 2 population, Backcross lines (BC). F2 population refers to the
population obtained by random pollination of hybrid offspring at the beginning of F3 generation, and BC refers
to the offspring crosses with either parent, continuous
hybridization with one of the parents by multiple hybrids
from the first generation onwards. Their most prominent feature is the rich genetic variation information in
the offspring separation. The parental mapping population involves the choice of two parents with genetic

Fig. 1 Distribution of cotton Verticillium wilt resistance-related QTLs on 26 pairs of chromosomes
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differences to cross, in order to obtain more isolated
chromosome regions which were suitable for the construction of genetic linkage map. The permanent group
consists of Recombinant inbred lines (RIL), Double haploids (DH), Near-isogenic lines (NIL), Chromosome
segment substitution lines (CSSLs). RIL is produced by
multi-generation self-crossing of individuals in F2 population, and every line in the population is homozygous.
NIL refers to a group of lines with the same or similar
genetic background, but with differences in a particular
trait or its genetic basis. DH is the diploid individual produced by artificial doubling of a diploid haploid gamete
or by parthenogenetic/male development of a tetraploid
gamete. CSSL is an overlapping chromosomal substitution population established in a recipient parent covering
the entire genome of the donor parent, with one parent
as the recipient and the other as the donor. The characteristics of permanent isolated populations are that multiple phenotypes can be identified at multiple points and
at the same time, which improves the mapping accuracy.
Zhang et al. (2015) constructed an RIL population containing 146 lines and carried out a 4-year repeated identification of resistance to Verticillium wilt. A total of 10
resistance QTLs, 28 QTLs clusters, and 13 hot regions
were identified for Verticillium wilt. Shi et al. (2016) constructed a BC population using high resistance Hai1 and
high susceptibility CCRI36 as parents, a total of 48 QTLs
related to Verticillium wilt resistance were identified with
37 QTLs showed additive effects. Rashid et al. (2021)
selected 300 CSSLs from crossing Hai1 and CCRI36 and
identified 40 QTLs related to Verticillium wilt which can
explain 1.05%∼10.52% of the phenotypic variation. The
results of this study establish a foundation for fine mapping and cloning of the resistance gene in the future.
Due to the limited number of recombination times of
the parent mapping population, the low accuracy of the
mapping and the genetic background of the parent population, the identification of the same mapped QTL loci or
candidate genes in different populations is not highly efficient (Broman 2012).
Artificially constructed multi‑parental mapping population

At present, mapping population that were artificially
constructed include Nested association mapping (NAM)
population, Random-open-parent association mapping
(ROAM) population and Multi-parent advanced generation inter-cross (MAGIC) population. Since the first
two populations have not been involved in Verticillium
wilt resistance studies in cotton, only the MAGIC population will be focused on. MAGIC population was constructed by polymerization and hybridization of multiple
parents. The characteristics of this types of population is
that it contains multiple parents, can carry more alleles,
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has no population structure, and can control the population size according to the needs of breeders.
MAGIC populations have been constructed in multiple
crops including rice (Raghavan et al. 2017), wheat (Thepot et al. 2015), corn (Giraud et al. 2017), barley (Sannemann et al. 2015), faba beans (Sallam and Martsch 2015),
sorghum (Ongom and Ejeta 2018) and other crops were
mainly used for genetic analysis of agronomic traits. In
the study of cotton phenotype, Islam et al. (2016) constructed a population containing 547 lines with 11 parents and polymerized hybridization for the first time,
and analyzed the fiber quality traits of upland cotton. Relatively few studies have been conducted on mapping Verticillium wilt resistance loci in cotton based on
multi-parent mapping. Zhang et al. (2020) constructed
a MAGIC population containing 550 lines by a random
mating of 11 G. hirsutum parents for five generations,
followed by six generations of selfing, and identified 25
resistance related QTLs based on genome-wide association analysis of Verticillium wilt resistance in two replicated greenhouse tests.
Natural population

Natural populations are mainly derived from germplasm
resources including bred varieties, landraces, wild species, genetic research materials etc., which can well represent the genetic characteristics of a species in a specific
region or time period. Natural populations are rich in
allelic variation and phenotypic variation, with high
detection efficiency and relatively complete locus detection of controlling traits. The rich recombination information accumulated greatly improves the positioning
accuracy even at the level of a single gene. Multiple alleles
can be located in natural populations without the need of
constructing a mapping population, which saves time and
effort. In recent years, with the development of wholegenome sequencing, and large numbers of SNP markers,
association analysis methods were used to detect genetic
loci for natural populations.
Li et al. (2017b) used 299 germplasm resources and
SNP polymorphism markers to perform a genomic
association analysis of three environments. A total of
17 QTLs related to Verticillium wilt resistance were
identified and 22 candidate genes were predicted.
Gong et al. (2018) performed a genome-wide association study (GWAS) in 215 Chinese Gossypium
arboreum accessions inoculated as seedlings with V.
dahliae and identified 309 candidate loci involved in
wilt resistance. The research newly-identified cluster of glutathione S-transferase genes GaGSTF9 was
a positive regulator of Verticillium wilt. Resistance of
376 US G. hirsutum accessions to V. dahliae (defoliating pathotype) and virulent Fusarium oxysporum
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f. sp. vasinfectum race 4 (FOV4) was evaluated in
four and two independent replicated greenhouse
tests, respectively. A total of 15 and 13 QTL for Verticillium wilt and FOV4 resistances were anchored
by 30 and 56 SNPs, respectively. Two QTL clusters
on c16 (chr.16) and c19 (chr.19) were observed for
both Verticillium wilt and FOV4 resistance, suggesting that these genomic regions may harbor genes in
response to both diseases (Abdelraheem et al. 2020).
Combining transcriptome, gene expression and functional validation analyses, Zhang et al. (2021) newly
identified a Dt11 genomic region conferring strong
Verticillium wilt resistance, and firstly revealed a
GhLecRK-V.9 gene cluster playing a crucial role in
Verticillium wilt resistance. Ma et al. (2021) generated
two high-quality genomes of G. hirsutum cv. NDM8
and Gossypium barbadense acc. Pima 90 and identified large-scale structural variations in the two species
and 1 081 G. hirsutum accessions. They discovered
that in many structural variations those for fiber quality and Verticillium wilt resistance are located mainly
in the D-subgenome and those for yield mainly in the
A-subgenome.
According to the genetic effects of disease-resistant
QTLs in different populations, it is not difficult to find
that the targeted population gradually shifts from the
initial temporary segregation population to the permanent genetic one because the main agronomic traits
in crop research are quantitative traits controlled by
multiple genes. Genetic analysis is difficult to exclude
QTLs or interactions between genes and to accurately
study the interactions between QTLs.
Although the predecessors used different mapping
populations and genetic markers to locate the QTLs
related to Verticillium wilt resistance on the 26 pairs of
chromosomes in cotton (Fig. 1), none has been applied
to breeding practice. The main reasons are insufficient
discovery of disease-resistant QTLs, a large amount of
genetic information in a scattered state, excessive genetic
distance from the target gene, and insufficient positioning accuracy (Palanga et al. 2017). In recent years, the
completion of whole-genome sequencing of cotton
based on natural mutation populations, multiple parent populations and the development of new molecular
markers have laid the foundation for the use of molecular markers to assist cotton breeding against Verticillium
wilt (Additional file 1: Table S1).

Method on genetic mapping for quantitative traits
After using the mapping population to obtain a genetic
linkage map, we need to associate the phenotypic data
with the QTL for analysis and locate the sites or markers linked to the target traits on the chromosomes. The
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main positioning methods are Single-marker analysis
(SMA), Interval mapping (IM), Composite interval mapping (CIM), and Mixed-model based composite interval
mapping (MCIM). The most commonly used models for
genetic mapping of Verticillium wilt in cotton are CIM
and MCIM.
The proposal of these methods provides a useful tool
for the analysis of various complex genetic models. The
genetic assumption of the CIM method was based on
the mixed linear model in which the quantitative traits
are controlled by multiple genes. It regards the population mean and the various genetic effects of QTL as fixed
effects. It considers the effects of environment, QTL,
environment and molecular markers as random ones.
The combination of effect value estimation and positioning analysis can analyze the interaction effect between
QTL and the environment but also improve the accuracy
and the efficiency of mapping. Association analysis was
conducted with the Genome-wide efficient mixed-model
association (GEMMA) software package (Zhou and Stephens 2012). CottonSNP70K chip was used to identify
the Verticillium wilt resistance QTLs by CIM method
(Palanga et al. 2017). A total of 85 630 cotton Verticillium wilt resistance trait-associated SNPs were used for
GWAS with a compressed mixed linear model (Li et al.
2017b). Approximately 3 100 SSR markers were selected
to identify Verticillium wilt resistance by CIM (Zhao
et al. 2018). For mixed-linear-model analysis, Zhang
et al. (2021) used the following equation: y = Xα + Sβ
+ Kμ + e, identified D11 genomic region associated with
cotton Verticillium wilt resistance.
In summary, QTL mapping methods range from single
marker to multiple markers, and from single trait to complex traits. The genetic effects of multiple traits are considered together, and the methods are becoming more
and more accurate. Since the environment has a great
influence on quantitative traits and directly affects the
effect of QTL positioning, the positioning analysis starts
from the marker itself and considers the principle of
interaction with the environment to achieve more effective and practical applications.

Genetic analysis methods for quantitative trait loci
Crops have many agronomic traits which can be divided
into qualitative traits and quantitative traits. Qualitative traits are characterized by discontinuous variation,
they are easy to identify, stable phenotype, controlled by
one or a few pairs of genes and relatively easy to study.
However, quantitative traits show continuous variation,
then are generally controlled by multiple minor genes
and have complex signal network regulation pathways.
Quantitative traits are easily affected by the genotype,
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environment and the interaction of environment. Their
phenotypic variation is rich and the research is relatively
difficult. Primary breeding targets of G. hirsutum such as
yield, maturity, Verticillium wilt resistance and fiber quality are all quantitative traits. The current genetic methods used to analyze quantitative traits mainly include
QTL mapping based on linkage balance and association
analysis based on linkage disequilibrium (LD).
Linkage analysis

Linkage analysis refers to linkage mapping or linkage
QTL mapping. It requires the construction of segregating population with statistical exchange values and
recombination status. The segregating populations used
in linkage analysis are constructed based on the parents.
The derived populations of the parents have undergone a
certain reorganization which effectively breaks the linkage to a certain extent. It has advantages in preliminary
positioning and fine positioning but also has some shortcomings. Due to the limited number of recombination,
the positioning accuracy is low; the allelic variation only
comes from two donor parents, the detection efficiency
is low, the genes or loci found are limited and the whole
genome cannot be covered. The detected loci are affected
by the genetic background of the parents. The repeatability of points among different groups is not high and
unstable.
Association analysis

Association analysis also known as LD mapping is a
method of associating target traits with related markers
based on LD. According to the LD decay, the candidate
interval and even the candidate gene of the target trait
can be locked (Gaut and Long 2003). Using this method,
alleles closely related to phenotypic variation can be
directly identified and the target traits can be quickly and
finely mapped. Association analysis was first applied to
the study of human genetics and its application to plants
has only recently begun. Thornsberry et al. (2001) successfully introduced association analysis into plants for
the first time. The application of the association analysis
in the study of cotton quantitative traits started late compared with QTL linkage mapping (Abdurakhmonov et al.
2008). So far, there are few reports on cotton Verticillium
wilt resistance using association analysis.
Genome-wide association analysis based on LD uses
the phenotypic variation of natural populations to overcome the limitations of parents and obtain QTL maps
with higher resolution which has become a powerful tool
for plant genetic map construction (Ma et al. 2018). With
the development of a large number of SNP markers and
the rapid development of bioinformatics, the association
analysis method has become one of the latest research
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hotspots in international plant genomics (Dehghan
2018). At the same time, the QTL location method based
on association analysis has formed a relatively complete
technical system. This method has been widely used in
the location of some quantitative traits in corn (Li et al.
2019a), soybean (Wang et al. 2018a), wheat (Juliana et al.
2019), sorghum (Tao et al. 2020), rice (Takatsuji and
Hayashi 2017), cotton (Li et al. 2019b) and other crops.
In cotton, it was first used in the research of yield and
fiber quality related traits (Abdurakhmonov et al. 2008);
recently, it has shown obvious advantages in the research
of the fine positioning of cotton resistance-related molecular markers and the genetic mechanism of some complex quantitative traits.
Linkage analysis and association analysis both play an
important role in quantitative trait research. They have
obvious complementarity in the accuracy and breadth
of QTL mapping, the amount of information provided
and statistical analysis methods. Linkage analysis can
initially locate loci controlling target traits. The location
of the locus and association analysis can quickly locate
the target gene and provide a large amount of information for a specific candidate gene to verify its function.
Combining the advantages of linkage analysis and association analysis, dissecting quantitative traits vertically
and horizontally will speed up the identification, isolation and cloning of quantitative trait genes and provide
a better understanding of the genetic and molecular biological basis of quantitative traits and the basis of crop
quantitative traits. Genetic improvement provides new
opportunities.

Inheritance of resistance to Verticillium wilt
in cotton and cloning of disease resistance genes
Pathogenicity of Verticillium dahliae and inheritance
of resistance to Verticillium wilt in cotton

There are many factors involved in the inheritance of cotton resistance to Verticillium wilt due to the differences
in the disease resistance of the parent materials, the
pathogenicity of V. dahliae, the identification method,
the identification environment, the amount of inoculation, the classification index and the statistical method of
the disease rating, etc. The results of the researches are
different and there is no unified conclusion. In an environment with controlled conditions, in a greenhouse
or culture room and inoculated with a single strain, the
resistance of cotton to Verticillium wilt is controlled by a
single gene or a few major genes (Bolek et al. 2005).
The polyketo synthase gene VdPKS1 was found to form
melanin-deficient albino sclerotia without affecting fungal colonization in host tissues but significantly reducing
disease severity. Melanin synthesis mediated by VdPKS1
inhibits ethylene biosynthesis and affects the expression
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of a series of genes associated with micronucleus formation and pathogenesis. The results indicated that VdPKS1
had important significance for virulence and development of V. dahliae (Zhang et al. 2017b). In this study,
they found an effector molecule VdSCP7 with a special
mechanism of action. The virulence of VdSCP7 knockout mutant was significantly enhanced in cotton hosts,
indicating that there may be a potential resistance gene
in cotton hosts to recognize VdSCP7 in the fungus, and
activate plant immunity (Zhang et al. 2017a). VdRGS1
gene in V. dahliae Vd8 was knocked-out by Agrobacterium-mediated method and complement mutant
function and phenotype analysis showed that VdRGS1
regulated the spore formation and mycelium growth of
microsclerotia of V. dahliae, and played an important
role in host infection of V. dahliae (Xu et al. 2018). As
the first line of defense of plants, reactive oxygen species (ROS) on the one hand initiates the transmission of
immune signals, and on the other hand directly inhibits
the growth of pathogenic fungi. These findings suggest
that soil-borne pathogenic fungi respond to host ROS
stress through chromatin remodeling, and repair fungal
DNA damage caused by ROS, which further advances the
understanding of the pathogenic mechanism of V. dahliae and provides an experimental basis for the study of
chromatin remodeling complexes of other pathogenic
fungus (Wang et al. 2020a, b).
However, the resistance of G. hirsutum to V. dahliae
in the field or multi-pathogen environment is expressed
as a quantitative trait inheritance (Wang et al. 2008). In
response to the latter conclusion, many studies have been
carried out around the world where the disease resistance breeding based on molecular markers provides a
new perspective for the analysis of cotton Verticillium
wilt resistance inheritance.
Mining and cloning of genes as related to the resistance
to Verticillium wilt in cotton

When pathogens invade the plant, the plant will activate
its own immune system and regulate the expression of
many genes at the transcriptional level to participate in
the plant disease-resistance response.
The earliest researchers cloned tomato genes Ve1 and
Ve2 that are resistant to V. dahliae and encode cell surface receptor-like protein (Kawchuk et al. 2001). After
the Ve1 gene was transformed into tobacco and cotton,
respectively, it was found that the transgenic plants had
increased the resistance to V. dahliae ‘V991’ (Fradin et al.
2009). Further studies have shown that Ve1-mediated
resistance to V. dahliae is race-specific, and Ve1 can only
recognize the non-toxic protein Ave1 in the physiological
race1 (non-defoliating pathotype) of V. dahliae (Castroverde et al. 2016).
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Plant hormones, as signal substances, not only regulate
plant growth, development, morphogenesis, reproduction, but also participate in plant response to biological
or abiotic stress. Cotton transcription factor GbWRKY1
can directly regulate the jasmonic acid (JA) signal pathway and negatively regulate the expression of JAZ1.
Overexpression of GbWRKY1 in cotton and Arabidopsis
attenuates the resistance of transgenic plants to Verticillium wilt (Li et al. 2014). The cotton GhSSN gene encodes
cytochrome P450 oxidases, and cotton seedlings show
constitutive JA synthesis and activation of signal pathways after inhibiting the expression of this gene (Sun
et al. 2014). GbERF1 and GbERF2 cloned from G. barbadense induced the express of ethylene signaling pathway related genes. GbERF1-like has similar expression
characteristics to GbERF1 and GbERF2. Overexpression of this gene in cotton and Arabidopsis can speed up
the expression of genes related to lignin synthesis and
enhance resistance to Verticillium wilt (Guo et al. 2016).
A new cotton germplasm with high resistance to Verticillium wilt was successfully developed in response to salicylic acid (SA) and JA signaling pathways by extracellular
induction and expression of antifungal protein GAFP4.
Transgenic plants of GAD, a gene responsible for GABA
synthesis in A thaliana, are more susceptible to disease
when they lack GABA and overaccumulation of GABA
inhibits plant growth (Wang et al. 2020a, b). Overexpression of the GbMPK3 gene isolated from the root system
of G. barbadense increased the resistance of cotton to
Verticillium wilt and activated the SA signaling pathway, which played a major role in the defense response
of cotton against Verticillium wilt (Long et al. 2020).
The APETALA2/ ETHYLENE RESPONSIVE FACTOR
gene GhTINY2 overexpression in cotton and A. thaliana
enhanced tolerance to V. dahliae, while knockdown of
expression increased the susceptibility of cotton to the
pathogen. GhTINY2 was found to promote SA accumulation and SA signaling transduction by directly activating expression of WRKY51 (Xiao et al. 2021b).
Plants can produce many primary and secondary
metabolites to maintain normal growth and development
and resist environmental stress. To elucidate the function
of G. hirsutum DIR genes in lignification, GhDIR1 encoding putative dirigent proteins that was preferentially
accumulated in cotton hypocotyls, overexpression of
GhDIR1 gene resulted in an increase in lignin content
in transgenic cotton plants. Compared with that of wild
type, the transgenic cotton plants displayed more tolerance to the infection of V. dahliae (Shi et al. 2012). In
the study of the upstream regulatory factors and regulation modes of gossypol metabolism, the expression of
GbFPS, GbCAD1 and WRKY1 in cotton plants was upregulated by SA and methyl jasmonate (MeJA), which
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are plant hormones related to disease resistance (Gao
et al. 2013). The tomato Ve homologous gene Gbvdr3
overexpression level in cotton, the content of hydrogen
peroxide and callose increased, the expression level of
disease course related genes increased, which could significantly improve the resistance of plants to verticillium
wilt (Chen et al. 2016). GhLac1 gene cloned from cotton
protoplasts can promote lignin synthesis and enhance
broad-spectrum resistance of cotton. Inhibition of
GhLac1 expression can promote the synthesis of secondary flavonoid metabolites and JA of cotton and enhance
the resistance of transgenic materials to V. dahliae and
cotton bollworm (Hu et al. 2019). Tryptophan synthesisrelated genes GbTSA1 and GbTSB1 may be involved in
the broad-spectrum response of plant disease resistance
signal pathways or immune regulation to fungal infection (Xu et al. 2014). Further studies showed that the
suppression of the expression of GbTSA1 and GbTRP1
genes related to tryptophan synthesis could significantly
activate the immune response and enhance the resistance
of cotton to Verticillium wilt (Miao et al. 2019). G. hirsutum ribosomal protein L18A gene GhARPL18A-6 was
highly induced in G. hirsutum after inoculation with V.
dahliae. Knock-down of GhARPL18A-6 increased lignin
deposition, an enhanced ROS burst, and phenylpropanoid biosynthesis defense response pathways all contributed to a decrease in colonization by V. dahliae (Zhang
et al. 2019b). GhMYB4, a negative regulator of lignin synthesis identified in cotton, reduces lignin deposition and
enhances resistance to V. dahliae (Xiao et al. 2021a).
The mining of cotton Verticillium wilt resistance genes
and the verification of their functions helped for the
analysis of the molecular mechanism of cotton disease
resistance, the mining of resistant germplasm resources
and the selection and breeding of new disease-resistant
varieties. The following figure shows the functional genes
of resistance to Verticillium wilt in cotton and the major
signal regulation networks they involved (Fig. 2).

Functional verification of disease resistance genes
Gene editing technology

Gene editing technology uses artificial engineered and
modified nucleases (ZFN) to modify the genome and
its transcription products of organisms to achieve the
purpose of changing the target genes, regulatory element sequences, expression levels or functions (Komor
et al. 2016). In recent years, new technologies represented by the Clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR associated Protein
9 (CRICPR/Cas9) system have been widely used in the
genetic improvement of crops.
Some of the main agronomic traits of crops are determined by point mutations or single base changes in a
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certain gene. Wheat belongs to allopolyploid crop and
its gene family is large, so it is difficult to use traditional
breeding for crop improvement. A mutant with three
TaMLO homologous genes knocked out simultaneously was obtained by using CRICPR/Cas9 technique.
The mutant showed resistance to wheat powdery mildew (Wang et al. 2014). The tagasr7 mutant significantly
increased the grain weight and tadep1 mutant significantly decreased the plant height (Zhang et al. 2016).
For the first time, a single base editing system based on
gene editing was used to replace the base of nrT1.1b and
DELLA family SLR1 to improve nitrogen use efficiency
in rice (Li et al. 2017a). Maize ARGOS8 gene is a negative regulator of ethylene response in plants. By using
CRICPR/Cas9 editing technique, ARGOS8 promoter
was replaced with GOS2 promoter to reduce the effect
of drought stress on grain yield of the mutant plant (Shi
et al. 2017). The knockout of ZmNC1/ZmHKT1 QTL
for salt tolerance in maize increased the tolerance to salt
stress (Zhang et al. 2018b).
CRISPR/Cas9 knockout of two GhARG homologous
genes in upland cotton inhibited arginase activity but
activated nitric oxide synthase activity, which induced
arginine synthesis of more nitric oxide (NO) and promoted lateral root formation (Wang et al. 2017). After
the endogenous gene GhCLA1 was edited by CRISPR/
Cas9, 75% of the T
 0 plants showed albino seedling phenotype (Wang et al. 2018b). The transgene free mutants
created based on genome editing technology have high
resistance to cotton Verticillium wilt and provide excellent germplasm resources for improving cotton Verticillium wilt resistance. Meanwhile, this study also elucidates
for the first time the rules and identification methods of
cotton genes edited simultaneously in two subgroups A
and D (Zhang et al. 2018c). GhBE3 gene editing system
was developed in cotton to produce single base mutation and improve the efficiency of transgenic plants (Qin
et al. 2020). Temperature-sensitive CRISPR/LbCpf1
(LbCas12a)—mediated genome editing system creates
homozygous, gossypol free, transgene free cotton materials, providing new germplasm resources for cotton
molecular breeding (Li et al. 2021).
Because gene editing technology has the advantages
of simple operation, high efficiency and low cost, it has
great potential and broad application prospects in crop
genetic research. Although its application in cotton is
currently limited, its successful examples in major crops
such as wheat, rice and corn provide theoretical foundation and technical support for its later application in cotton disease resistance breeding.
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Fig. 2 Functional genes related to cotton resistance to Verticillium wilt

Virus‑induced gene silencing technology

Virus-induced gene silencing (VIGS) is a natural mechanism for plants to resist virus infection. It is a phenomenon of post-transcriptional gene silencing, which is
widespread in plants. VIGS has been widely used in the
research of plant gene function. With the completion of
cotton genome sequencing, VIGS technology has played
an important role in the mining and functional research
of cotton Verticillium wilt related genes.
Cotton plants with suppressed KATANIN expression
produced shorter fibers and elevated weight ratio of seed
oil to endosperm. By contrast, silencing of WRINKLED1
expression resulted in increased fiber length but reduced
oil seed content, suggesting the possibility to increase
fiber length by repartitioning carbon flow (Qu et al.

2012). Further, Tobacco rattle virus induced gene silencing (TRV-VIGS) was used to investigate the function of
GhBI-1 (cotton Bax inhibitor-1) gene in response to salt
stress and the result demonstrated that GhBI-1 might
play a protective role under salt stress by suppressing
stress-induced cell death in cotton (Zhang et al. 2018a).
This result showed that the TRV-VIGS system can be
used for rapid functional analysis of genes involved in
cotton fiber development. The resistance of cotton to
Verticillium wilt was significantly reduced by silencing
GhNDR1, GhMKK2, and GhBAK1, homologs of NDR1,
MKK2, and BAK1 of the Ve1 signaling pathway in A.
thaliana through VIGS (Gao et al. 2011).
The advantage of the VIGS technology applicated in
cotton is obvious. No genetic transformation is needed
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and the effect of gene silencing can be achieved in a
short time. Moreover, VIGS technology is independent
of cotton genotype and the silencing efficiency is high.
In addition, VIGS can simultaneously silences multiple
target genes on the same cotton plant. VIGS technology
also has its shortcomings. Its silencing of target genes
cannot be inherited to the next generation, and only
occurs in contemporary plants; and the efficiency of
gene silencing is inconsistent. With the in-depth exploration of VIGS technology, the development of more
VIGS vectors and the improvement of inoculation technology, it is predicted that VIGS technology will play a
greater role in the research of cotton functional genes.

Supplementary Information

Summary and prospect
In recent decades, with the vigorous promotion of insectresistant cotton in China and the selection and successful breeding of Fusarium wilt resistant varieties, cotton
Verticillium wilt has become the most important disease restricting cotton production. Verticillium dahliae
has co-evolved with plants (Chen et al. 2021). Therefore,
the key to durable and effective cotton disease resistance lies in the interaction mechanism between cotton
and V. dahliae. Predecessors analyzed the relationship
between cotton and V. dahliae from the aspects of cotton’s tissue structure resistance, physiological and
biochemical resistance, R-gene-mediated resistance,
hormone-mediated disease resistance signal pathways
and their interactions. There is no clear understanding
currently of the mechanisms involved with interactions,
and further research is needed. With the completion of
cotton whole-genome sequencing and the development
of high-throughput molecular markers, the quantitative
trait positioning based on molecular markers makes it
possible to finely locate the site of gene resistant to Verticillium wilt. In addition, predecessors used genetic engineering technology to clone disease-related genes. VIGS
and host-induced gene silencing (HIGS) suppresses the
growth or pathogenicity of pathogens in host plants by
silencing key genes of pathogens to achieve the purpose
of reducing plant diseases. In summary, for the control of
cotton Verticillium wilt, breeding and planting diseaseresistant varieties with competitive yield and fiber properties is a necessity. The progress of genetically modified
cotton breeding germplasm is slow, and it is difficult
for the selected varieties to adapt to different ecological
environments. Therefore, the combination of traditional
breeding and modern biotechnology will be necessary to
accelerate the process of disease resistance breeding in
the future.
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