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Abstract

Verticillium wilt is the second serious vascular wilt caused by the phytopathogenic fungus Verticillium dahliae Kleb.

It has distributed worldwide, causing serious yield losses and fiber quality reduction in cotton production. The
pathogen has developed different mechanisms like the production of cell wall degrading enzymes, activation of
virulence genes and protein effectors to succeed in its infection. Cotton plant has also evolved multiple mechanisms
in response to the fungus infection, including a strong production of lignin and callose deposition to strengthen the
cell wall, burst of reactive oxygen species, accumulation of defene hormones, expression of defense-related genes,
and target-directed strategies like cross-kingdom RNAi for specific virulent gene silencing. This review summarizes the
recent progress made over the past two decades in understanding the interactions between cotton plant and the
pathogen Verticillium dahliae during the infection process. The review also discusses the achievements in the control
practices of cotton verticillium wilt in recent years, including cultivation practices, biological control, and molecular
breeding strategies. These studies reveal that effective management strategies are needed to control the disease,
while cultural practices and biological control approaches show promising results in the future. Furthermore, the
biological control approaches developed in recent years, including antagonistic fungi, endophytic bacteria, and host
induced gene silencing strategies provide efficient choices for integrated disease management.
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Introduction

Verticillium wilt (VW) is one of the most devastating
fungal diseases in cotton-growing areas across the world
and causes severe yield loss and fiber quality reduction.
Its principal causal agent is a soil-borne hemibiotrophic
filamentous fungus Verticillium dahlia Kleb that causes
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vascular wilt disease in a wide range of important crops
(Fradin and Thomma 2006). In China, the disease was
introduced along with the seed import of the US cultivars
in the 1930s and spread across the main cotton planting
areas in the 1970s (Li et al. 2017b). It became a serious
issue after the early 1980s in China in the major cotton
planting regions of the Yellow River basin and the Yang-
tze River basin. As being estimated from 2009 and 2010,
more than 50% of the cotton-growing area in China (2.02
to 2.67 million hectares) was affected by VW disease
(Zhang et al. 2013). The disease causes substantial loss of
cotton yield worldwide (Karademir et al. 2012; Shi et al.
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2016; Tzeng and De Vay 1985; Zhang et al. 2014). Sev-
eral factors including high population densities of micro-
sclerotia in the soil, low temperature, excessive irrigation,
and low seeding rate contribute to the disease severity
(Paplomatas 1992). Besides, as a soil-borne pathogen, V.
dahliae cannot be targeted specifically by any of the cur-
rent fungicides (Daayf 2015) as opposed to foliar fungal
pathogens which can be managed with repeated fungi-
cide applications. These facts, combined with other fac-
tors including the effects of global changes in climate and
environment, long-term continuous cropping of cotton,
and frequent introductions of new cotton varieties from
different regions, have expected the severity of cotton
VW to continue in the foreseeable future (Guo et al.
2016).

V. dahliae isolates have been classified as defoliating
or non-defoliating pathotypes based on the symptoms
observed on inoculated plants. Defoliating pathotype
causes complete defoliation of the cotton plant while the
non-defoliating pathotype causes wilting with less defo-
liation (Schnathorst and Mathre 1966; Temple et al. 1973;
Tzeng and De Vay 1985). However, in tomato and lettuce,
Verticillium strains have been classified in race 1 and
race 2 based on the responses of the host plants after the
pathogen infects. Race 1 isolates are characterized by the
presence of a gene that encodes a virulence factor (Avel)
whereas race 2 isolates lack Ave 1 factor. A recent study
of 317 V. dahliae isolates from China, Israel, Turkey, and
the United States, with the strains from tomato and let-
tuce classified as race 1 and race 2 as controls, suggested
that in cotton V. dahliae isolates there presents a race
structure similar to that observed in lettuce and tomato.
The study showed that 97.2% of defoliating isolates could
be categorized as race 2, while 90.8% of non-defoliating
isolates could be characterized as race 1 (Hu et al. 2015).

In attempts to control the disease and its impacts on
cotton production, several approaches have been adopted
in order to understand the genetic bases of the disease
and to improve the upland cotton resistance to VW.
Those approaches include biological, cultural, genetic,
and integrated controls. The objective of this review is
to summarize the recent findings in the area of the dis-
ease genetic bases and the different control approaches
assessed by the researchers over the last decade after a
brief review of the disease cycle and the different factors
affecting its occurrence and incidence.

The disease cycle and symptoms

V. dahliae is a soil-borne hemibiotrophic filamentous
fungus that infects plants through roots and colonizes
the vascular system via systemic infection. It grows well
on a simple medium containing only sugars and amino
acids, which are normally found in root exudates (Inderjit
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and Weston 2003). Its optimum growth temperature is
from 22 to 27 °C and it survives in the soil debris as dor-
mant microsclerotia as deep as up to 40 cm below the soil
surface (Chohan et al. 2020). The life cycle of this fungus
can be divided into dormant, parasitic, and saprophytic
phases (Klimes and Dobinson 2006). The dormant phase
is characterized as the inhibition of microsclerotia ger-
mination of the fungus through microbiostasis or mycos-
tasis present in the soil (Chohan et al. 2020; Fitzell et al.
1980). The density of microsclerotia is generally great-
est in the uppermost 10-30 cm of soil and their germi-
nation can be stimulated by root exudates of both host
and non-host plants (Fradin and Thomma 2006; Jordan
1971; Mol 1995; Taylor et al. 2005). A microsclerotium
maintains multiple germination capacities due to the
germinating ability of each cell of a microsclerotium and
thus enhances the success of its infection. In favorable
conditions, hyphae grow out of the microsclerotia and
follow the gradient concentration of nutrients present in
the secreted root exudates (Fradin and Thomma 2006).
The parasitic phase begins when the fungus penetrates
a root of a susceptible plant in the region of elongation
(root tip or at the sites of lateral roots formation) (Fitzell
et al. 1980) and colonizes the cortex. From the cortex,
the hyphae penetrate the xylem vessels where conidia
are formed. Vascular colonization occurs as conidia are
sucked into the plant along with water and trapped in pit
cavities or at vessel end walls, so-called trapping sites,
where they germinate and invade adjacent vessel ele-
ments to continue the plant colonization. Prolific growth
in the xylem vessels results in decreased hydraulic con-
ductance to the above-ground plant parts leading to a
condition of water deficit. Leaves and stems are therefore
deprived of water and showed symptoms of wilting and
foliar chlorosis very soon. The saprophytic phase begins
as the infected plant senesces. At this stage, the fun-
gus released microsclerotia into the soil along with the
decomposed plant debris (Wei et al. 2015). V. dahliae
can persist in soil and crop debris in the forms of myce-
lia, chlamydospores, microsclerotia for extended periods
until a new cycle of infection begins; besides, it can also
survive saprophytically on other crops and weeds (Li
et al. 2017b; Luo et al. 2014). Survival of microsclerotia
likely depends on soil conditions and cropping system
history (Gudmestad et al. 2007; Wheeler et al. 2012).

In cotton, the initial infection occurs in the early grow-
ing season, following the germination of microsclerotia.
The cotyledons of infected cotton plants become yellow-
ish and quickly dry out. The symptoms of the disease are
fully expressed after the flowering stage although it can
be seen on relatively young plants. The foliar symptoms
include interveinal chlorosis and necrosis and with the
disease progression, stunting and premature defoliation
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may occur. Discoloration of the vascular system can be
observed on infected plants. Younger bolls may abscise
or become malformed (Wheeler and Woodward 2016).
Plants may lose their leaves if infected with a defoliat-
ing strain of the fungus. However, VW symptoms vary
depending on environmental factors such as photoper-
iod, light intensity, temperature, soil moisture, irrigation,
and other cultural practices (irrigation and cultural prac-
tices that encourage rank growth and delayed maturity)
(Wheeler et al. 2020).

Interaction between cotton plant and the V. dahliae

When the fungus manages to colonize the plant cell,
it penetrates the apoplast where various defense com-
pounds of the plant immune system form an efficient
barrier. To overcome the barrier there, phytopatho-
genic fungi produce enzymes called cell-wall degrading
enzymes (CWDEs) which can degrade the cell-wall poly-
mers like cellulose, xylan, and pectin. These enzymes are
particularly important for phytopathogenic fungi that do
not have specialized penetration structures and all phy-
topathogenic fungi require them during the late stages of
invasion (Juge 2006; Kubicek et al. 2014). When micro-
organisms infect plants through stomata, wounds, and/
or other natural openings, plants have also developed a
surveillance system that detects microbial invasion and
activates the defense systems.

The cotton plant confronts a wide variety of phy-
topathogenic microbes and pests in its whole life cycle.
To cope with this diversity of parasites, it has developed
multi-defense systems to react to pathogens with a wide
variety of inducible responses (Doehlemann and Hem-
etsberger 2013). Plants usually utilize pattern recognition
receptors (PRRs) to sense pathogen-associated molecular
patterns (PAMPs) and rapidly activate PAMP-triggered
immunity (PTI). PAMPs are special molecules common
to a microbial family, such as structural constituents or
damage-associated molecular patterns (DAMPs). They
respond to the products of cell-wall hydrolysis and degra-
dation catalyzed by hydrolases released by the pathogen
or host. This recognition initiates a cascade of signalling
events resulting in the induction of a battery of immune
responses, including Ca®" influx, a burst of reactive oxy-
gen species (ROS), accumulation of the defense hor-
mones, expression of defense-related genes, and callose
deposition (Yang et al. 2018). In turn, pathogens deploy
effectors that contribute to pathogen virulence. Effec-
tors can interfere with the PTIL. This results in effector-
triggered susceptibility (ETS). As an adaptation, a given
effector is ‘specifically recognized’ by one of the resist-
ant R proteins of the plant leading to effector-triggered
immunity (ETT). ETI is a kind of accelerated and ampli-
fied PTI response, resulting in disease resistance and,
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usually, hypersensitive cell death response (HR) at the
infection site (Jones and Dangl 2006).

Plant cells are surrounded by stable cell walls that act
as a barrier to prevent the penetration of most microbes.
The plant cell wall has a heterogeneous structure con-
taining mainly cellulose microfibrils, hemicelluloses, pec-
tins, lignins, and a small number of structural proteins
(Tan et al. 2016).

Among the polymers forming the cell wall, lignin is
regarded as a component of the defense response in
plants and has been reported to function as a defensive
physical/chemical barrier to limit pathogen coloniza-
tion or restrict pathogen growth. It has been reported
that the first phase of plant defense against V. dahl-
iae includes a quick production and deposit of lignin
in epidermal and cortical cell walls of the root. In this
process, with the accumulation of lignin produced
in secondary xylem and cellulose avoid chemical and
biological degradation, the mechanical strength of the
stem is enhanced (Song et al. 2020; Zhang et al. 2014).
A study aiming to assess cotton resistant mechanism
to VW in 3 varieties, Pima 90-53, Jimian 20, and Han
208, which represent different levels of resistance to
the disease, has shown that 35 days after infection,
the cell wall was highly lignified and the vascular was
unblocked in the resistant variety Pima 90-53, while
moderately lignified and slightly blocked in the toler-
ant variety Jimian 20, and weakly lignified and seriously
blocked in the susceptible variety Han 208. Further-
more, transcriptome analysis has revealed that the
transcription level of GALAC in Jimian 20 was signifi-
cantly higher than that in Han 208 at any time point of
the test indicating that laccase plays an important role
in cotton resistance to V. dahliae through lignin dep-
osition (Wu et al. 2014). The role of laccase on lignin
synthesis was reported in Arabidopsis thaliana where
the mutation of AtLAC1S5, a member of the laccase gene
family, affects the decrease of extractable lignin content
in Arabidopsis seeds (Liang et al. 2006). Screening of a
suppression subtractive hybridization (SSH) library of
a resistant cotton cultivar Jimian 20 inoculated with V,
dahliae revealed that a laccase gene GELACI1S, which
was phylogenetically related to AtLACI1S, was strongly
induced by the pathogen. GKLACIS is predominantly
expressed in the roots and the tolerant variety Jimian 20
accumulated more lignin or enhances a higher degree of
lignification than Han 208 does upon V. dahliae infec-
tion. Another observation showed that overexpres-
sion of GHLACI5 in Arabidopsis not only significantly
increased lignin content but also increased the content
of xylose and arabinose, which were the principal car-
bohydrates components of plant cell wall, thus leading
to the improved VW resistance in the transgenic lines.
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Moreover, the overexpression of GHALACIS in trans-
genic Arabidopsis resulted in less cell wall hydrolysis
compared with the wild type (Zhang et al. 2018).

Pectin is a polymer present in plant cell walls and cell
lining. It maintains cell wall integrity and cell-cell cohe-
sion. Due to the complexity of its molecules, its degra-
dation requires a wide range of enzymes, such as pectin
lyases, pectate disaccharide-lyases, and pectatelyases.
Among them, pectatelyase is the most studied one, which
has been proved to be the key factor causing virulence of
some plant pathogens such as Colletotrichum coccodes
and Botrytis cinerea (Ben-Daniel et al. 2012; Kars et al.
2005; Yakoby et al. 2001). Moreover, pectatelyase can
act as an elicitor of the plant defense like in the case of
the pathosystem potato-Erwinia carotovora where that
enzyme induced defense responses against Erwinia soft
rot (Ponce de Leon et al. 2007; Wegener 2002). A secre-
tory pectatelyase VAPEL1 has been identified from the
supernatant of V. dahliae culture (Yang et al. 2018). It
triggers plant immune responses, contributes to the viru-
lence of V. dahliae, and has the ability to induce cell death
and PAMP, thus triggering immune responses through its
enzyme activity in tobacco and cotton.

Chitin, a polysaccharide with particular abundance in
fungi, acts as a threat to other organisms (Patel and Goyal
2017). Chitinases are pathogenesis-related proteins capa-
ble of degrading the cell wall of pathogenic fungi thus
releasing PAMP which are elicitors of defense reactions.
Chitin elicitor receptor kinase (CERK1), a PTI-associated
gene, recognizes chitin oligosaccharides during plant-
pathogen interactions (Zhang et al. 2013). In a transcrip-
tome analysis of G. barbadense Pima 90-53 inoculated
with V. dahliae through full-length ¢cDNA library con-
struction and expressed sequence tags (at different hours
post-infection), the identified defense-related genes
include CERK1 (Zhang et al. 2013). When the chitins in
the pathogen cell wall are recognized in the apoplast, the
cotton plant produces proteases including chitinase that
degrade chitins while releasing elicitors of defense reac-
tion. It has been demonstrated that in VW sensitive cot-
ton cultivars, chitinase is cleaved by V. dahliae secretory
serine protease 1 (VAdSSEP1), thus overcoming the first
layer of plant defense. While in the VW resistant Sea-
island cultivar Hai 7124, a secretory protein CRR1 rich
in cysteine protects chitinase from degradation. Further-
more, the knockdown of CRRI in cotton plants resulted
in higher susceptibility to the infection while its overex-
pression increased the plant resistance. It has also been
observed that the knockout of VASSEPI in V. dahliae
destroyed the pathogenicity of this fungus demonstrating
the major role of those two proteins in the interactions
between cotton plant and V. dahliae (Han et al. 2019).
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The ROS that cotton plants produce in response to
V. dahliae infection consists essentially of superoxide
radical (O,7), hydroxyl radical (OH), and hydrogen per-
oxide (H,O,). They are naturally generated by the elec-
tron transport chain in mitochondria and chloroplasts,
and by membrane oxidases during the process of nor-
mal plant development. However, a rapid and localized
increase in their production is often detected following
the attack by phytopathogenic agents, a phenomenon
commonly referred to as "oxidative burst". The content
of ROS in plant cells exceeding the threshold may seri-
ously threaten essential cellular entities causing dysfunc-
tions (Foyer and Noctor 2005; Gill and Tuteja 2010).
Plants possess antioxidative enzymes, including super-
oxide dismutase (SOD), catalase (CAT), ascorbate per-
oxidase (APX), polyphenol oxidase (PPO), glutathione
reductase, and other molecules like flavonoids, ascor-
bate, glutathione, proline, phenolics, tocopherols, and
carotenoids, to prevent the oxidative burst caused by the
accumulation of ROS generated by pathogen infection
(Foyer and Noctor 2005). On the other hand, when accu-
mulated in adequate concentration, ROS can directly kill
the pathogen or modulate the major signalling molecules
such as MAP kinases, transcription factors, and apopto-
sis, leading to hypersensitive response, systemic acquired
resistance, and cell-wall strengthening of the cotton plant
(Tripathy and Oelmiiller 2012; Vellosillo et al. 2010). A
recent study has identified a total of 49 proteins differen-
tially expressed in cotton root apoplast upon V. dahliae
infection (Li et al. 2016). Those proteins are mainly ROS-
related, among which a thioredoxin GbNRX1 has been
well characterised. GbNRX1 is a member of the nucleo-
redoxin (NRX) family proteins. The study has shown that
silencing of GBNRX1I results in defective dissipation of
apoplastic ROS, which led to higher ROS accumulation
in the protoplasts and a reduced wilt resistance of the
concerned plants, indicating the crucial role of GbNRX1
in ROS regulating plant disease resistance after fungus
infection (Li et al. 2016).

More recently, a gene GbaNAI coding for a nucleotide-
binding site leucine-rich repeat (NBS-LRR) protein has
been identified in the G. barbadens cultivar Hai 7124 as
an important component of the resistance to V. dahliae
isolate Vd991 given that silencing of GbaNA1 altered the
resistance of G. barbadense to the fungus. While the G.
hirsutum accessions that carry a non-functional GbaNA 1
orthologue, caused by a premature peptide truncation,
they do not possess resistance to Vd991 (Li et al. 2018a).
Further study of GbaNAI has shown that ROS activa-
tion and ethylene signalling pathway were critical for
GbaNA1-mediated resistance against V. dahliae (Li et al.
2018b).



PALANGA et al. J Cotton Res (2021) 4:25

Some genes playing key roles in V. dahliae pathogenic-
ity have been identified using host-induced gene silencing
(HIGS) (Ghag 2017). Zhang et al. (2016a) were the first
to report the utilization of HIGS to induce gene silencing
in cotton V. dahliae. By using V. dahliae hygrophobinsl
gene (VdHI) Knockout mutant to infect cotton plants,
they have noticed that the VdaAvdhl mutant exhibited
significantly delayed and reduced induction of symptoms
in cotton compared with the WT Vd592 strain. Moreo-
ver, V. dahliae grow from the infected transgenic cotton
line lacked or exhibited reduced development of mel-
anized microsclerotia, showing that VdH1 plays a crucial
role in the microsclerotia production. More recently, Xu
et al. (2018) have identified regulators of G protein sig-
nalling gene in V. dahliae (VARGSI) as a crucial gene in
the fungi pathogenicity. VARGS genes code for a family of
regulators of heterotrimeric guanine nucleotide-binding
protein (G protein) signaling which function by sensing
extracellular signals and integrating them into the fungus
intrinsic signal transduction pathways. Among the eight
identified VARGS genes, VARGSI had the highest expres-
sion level and was the most significantly induced when
VD8 spores were treated with cotton roots. VARGSI
deletion mutants developed dumbbell-shaped hyphae,
produce a significantly lower quantity of spores, and
microsclerotia with lighter color compared with the WT.
Furthermore, when inoculated with the VARGS1 HIGS-
mutant, cotton seedlings showed fewer leaves yellowing
phenotypes compared with the control. All those obser-
vations indicate that VARGS1 gene plays a crucial role in
V. dahliae spore production, hyphal development, micro-
sclerotia formation, and pathogenicity. Two other genes
VAILV2 and VdAILV6, which are homologues of /LV2 and
ILV6 identified in Saccharomyces cerevisiae, have been
identified as key factors of the V. dahliae Vd991 strain.
ILV2 and ILV6 code for the catalytic and the regula-
tory subunits of the Acetolactate-synthase respectively,
both of which are required for fungal pathogenicity and
involved in conidial morphogenesis and branched-chain
amino acids biosynthesis in Magnaporthe oryzae and
Fusarium graminearum (Du et al. 2013; Liu et al. 2015).
Acetolactate-synthase is an enzyme that catalyzes the
first step of the synthesis of the branch-chain amino
acid (BCAA) in many organisms including plants and
fungi. Suppression of VAILV2 or VAILV6 in the strong
pathogenic isolate Vd991 through HIGS has drastically
reduced V. dahliae pathogenicity (Wei et al. 2020).

Small non-coding RNAs (sRNAs) can be expressed in a
tissue-specific or stage-specific manner and can be trans-
mitted over short or long distances leading to sequence-
specific silencing of a target gene in cells of a well-defined
region or throughout the entire plant (Mermigka et al.
2016). Studies have demonstrated that SRNAs can be also

Page 5 of 13

transmitted in bi-directional exchanges between plants
and their parasites, thus providing a basis for cross-
kingdom RNAi (ck-RNAi) as a plant defense mechanism
(Schaefer et al. 2020). It has been demonstrated that V.
dahliae recovered from cotton exhibited a large amount
of small RNAs that cannot be mapped to Verticillium
genome but were identical to the sequence of some cot-
ton miRNA (Zhang et al. 2016a, b). Four microRNAs
(miR166, miR167, miR156, and miR159) were readily
detectable in V. dahliae recovered from infected cotton
plants, but undetectable in V592 cultured in vitro with-
out prior cotton colonization. The author concluded that
in response to V. dahliae infection, cotton plants synthe-
size these miRNAs and export them to the fungal hyphae
for specific silencing. Further analyses have revealed
that two V. dahliae genes encoding a Ca’'-dependent
cysteine protease (Clp-1) and an isotrichodermin C-15
hydroxylase (HiC-15), targeted by miR166 and miR159,
respectively, are both essential for fungal virulence. V.
dahliae strains expressing either Clp-1 or HiC-15 ren-
dered resistance to the respective miRNA drastically
enhance their virulence in cotton plants. Thus, these
findings provide a novel defense strategy of a cotton plant
by exporting specific miRNAs to direct specific gene
silencing in fungal pathogen to reduce its pathogenicity
(Zhang et al. 2016b). Some of the major genes identified
from cotton and V. dahliae in recent years that play a role
in the cotton-V. dahliae interaction are listed in Tables 1
and 2, respectively.

Verticillium wilt management in cotton

VW management is a challenging issue. Several factors
including high population densities of microsclerotia in
the soil, low air temperature, excessive irrigation, and
low seeding rate contribute to occurrence, development,
and seriousness of the disease (Paplomatas 1992). Fur-
thermore, most plants are asymptomatic at the initial
stage of infection which makes it difficult to predict the
time and severity of the disease and to determine the
time to initiate measurement of control. An integrated
approach (combination of cultural, chemical, biological,
and genetic control) is often used to minimize the losses
caused by the wilt.

Cultivation practices

Among the cultural methods, tarping of moist soil with
transparent ethylene plastic during the summer months
was proved effective in reducing soil population density
of the pathogen and in increasing cotton yields. Indeed,
soil heating at sublethal temperatures impaired the abil-
ity of V. dahliae to penetrate the plant and cause the
disease (Pullman et al. 1981). Crop rotation is another
way to reduce VW symptoms. An experiment aiming
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Table 1 Newly identified cotton genes playing a role in VW resistance
Genes  Predominant location Mechanisms of action Impact on resistance/susceptibility References
GhLAC15  Cotton roots cell wall Increase the level of lignin, arabinose, and Plays a significant role in the resistance of Zhang et al. (2018)
xylose of the cell wall cotton to the defoliating strains Vd991 and
Vd-gfp77
CERK1 Stem and roots Chitin elicitor signaling (Perception of PAMP)  Induce defense responses upon recognition  Zhang et al. (2013)
of fungi chitin oligosaccharides
CRR1 Cotton roots Binds to chitinase gene Chi 228 preventing it Involved in resistance against V. dahliageanda  Han et al. (2019)
from degradation by VdSSEP1 wide range of pathogenic fungi
GbNRX1  Cotton roots apoplast  Antioxidant, regulates the ROS level in the Involved in the apoplastic immune response  Li et al. (2016)
apoplast
GbaNAT  Cell nucleus Encodes an NB-LRR protein, an R protein Involved in ROS activation and ethylene Lietal (2018a)
involved in resistance to VW signalling pathway
Table 2 Newly identified V. dahliae genes playing a role in the fungi virulence and pathogenicity
Genes Functional annotations Mutations/silencing Virulence mechanisms  Strains References
VAPEL1  Pectate Lyase Compromised virulence of V. dahliae Cell wall degradation Vd991  Yangetal. (2018)
VASSEPT  Secretory Ser Protease Compromised full virulence of V. dahliae Degrade cotton chitinase  Vd991  Han etal. (2019)
VdH1 Class Il Hydrophobin Reduced the virulence Involved in the produc- V592 Zhang et al. (2016a)
tion of melanized
microsclerotia
VdRGS1  Heterotrimeric guanine nucleotide- Production of abnormally shaped Spore production, hyphal VD8 Xu et al. (2018)
binding protein hyphae, reduced quantities of spores development, micro-
and light color microsclerotia, sclerotia formation, and
pathogenicity
VdILv2  Catalytic subunit of acetolactate- Reduced accumulation of micro- Microsclerotia production Vd991  Wei et al. (2020)
synthase sclerotia in cotton plants, reduced
VdiLV6  Regulatory subunit of acetolactate- pathogenicity of the fungus
synthase
Clp-1 Ca’*-dependent cysteine protease Reduces the fungi virulence Microsclerotia production V592 Zhang et al. (2016a)
HIiC-15  Isotrichodermin C-15 hydroxylase Normal hyphal growth

to investigate the effect of crop rotation, irrigation and
nitrogen rate showed that in a region, where a cotton-
sorghum rotation of 2-year-cotton-1-year-sorghum is
applied, damages caused by VW and the microsclerotia
build-up was 10% lower than that observed in continu-
ous growing cotton (Wheeler et al. 2012). However, most
rotations have been unable to eradicate the microsclero-
tia in a short term (Liu et al. 2021). In the case of continu-
ous cotton planting, even for the susceptible varieties,
application of a lower irrigation rate may reduce the
damage caused by the disease on crop yield (Wheeler
et al. 2020, 2012). Liu et al. (2021) have recommended
integrated management strategies composed of using
partially resistant cotton cultivars and high seeding rates
to reduce the economic loss caused by VW. A close rela-
tionship is also observed between the resistance of cotton
to VW and the availability of K in soil. Application of K
fertilizer can reduce both the incidence and the sever-
ity of VW of cotton in field. It is observed that K appli-
cation increases the content of K and total phenolics in

the rhizosphere soil but decreases the content of soluble
sugar and alanine. The change of rhizosphere soil creates
a good microecological environment for the root sys-
tem, which leads to a reduced number of bacteria, fungi,
and total microorganisms in rhizosphere soil, especially
the number of V. dahliae and therefore to a reduction of
the VW disease incidence (Doumbou et al. 2001; Ju et al.
2020).

Biological control

Use of endophytic bacteria

The use of biological control agents has been increas-
ing worldwide, which represents a real alternative to the
application of chemical fungicides. Bacterial antagonists
are effective in the biological control of several plant dis-
eases through different mechanisms including antibio-
sis, siderophore production, induced systemic resistance
(ISR), lytic enzyme secretion, and hormone production
(Abdelshafy Mohamad et al. 2020; Xue et al. 2013). In
the case of VW disease, one of the recent approaches is
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rhizobacteria-mediated biological control. Among those
rhizobacteria is the soil-borne Pseudomonas spp that col-
onizes the roots of cotton plants and produces antifungal
metabolites (Xue et al. 2013). In addition, Pseudomonas
spp can induce disease resistance in the host plant
(Walsh et al. 2001). In a study aiming to test the effect
of the bacterisation of cotton seeds by Pseudomonas spp
on the disease symptoms, cotton growth parameters and
yield under VW pressure, four fluorescent Pseudomonas
strains (FP22, FP23, FP30, and FP35), which isolated
from symptomless cotton plant and weeds in different
cotton-growing regions in Turkey and a biocontrol agent
Serratia plymuthica (HRO-C48), were selected for a two
years field trials after evaluating their ability for in vitro
growth inhibition of the highly virulent Verticillium
strain VD-11, disease suppression, and growth promo-
tion under greenhouse conditions. The results showed
that the four strains as well as HRO-C48 significantly
reduced VW symptoms of both wilt-susceptible (Sayar
314) and wilt-tolerant cotton (Accala Maxxa) cultivars
under greenhouse conditions. The reduction of AUDPC
(Area under disease severity index progress curve) by
the seed bacterisation with FP22, FP23, FP30, FP35, and
HROC48 compared with non-bacterized control ranged
from 39.2% to 50.9% and 22.1% to 36.8% in trials done in
2005 and 2006, respectively. Measured growth param-
eters (plant height, number of nodes on the main stem,
and NAWF-nodes above white flower) differed signifi-
cantly between the control and the treated plants with
higher values obtained with the latter ones. In the 2005
field trial, the increase of seed cotton yield by the treat-
ment with the four Pseudomonas strains and HRO-C48
ranged from 13.1% to 22.3% in Sayar 314 and 4.2% to
12.8% in Acala Maxxa (Erdogan and Benlioglu 2010).
Those results suggested that bacteriasation of cotton seed
treatment with Pseudomonas spp. and the known Serra-
tiaplymuthica strains could not only be used to control
V. dahliae infection but also to improve growth param-
eters of cotton in fields. Another study aiming to assess
the effectiveness of strains P, fluorescens and Bacillus spp
isolated from different rhizospheric soils and plant roots
in the Iranian cotton fields has revealed that, although
strains of the two bacteria can significantly reduce the
disease symptoms, P. fluorescens strains were more effec-
tive compared with Bacillus ones (Mansoori et al. 2013).
Most biocontrol approaches of plant diseases are based
on a single biocontrol agent, but practically, applica-
tion of a single endophyte may lead to a sharp decline
in its density in different plant growth stages, resulting
in insufficient control of VW. Therefore, the combina-
tion of dominant endophytic antagonists isolated from
different growth stages of upland cotton for continuous
control of VW appears more promising for the disease
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control effectiveness. When three dominant antagonistic
endophytic bacterium strains, Paenibacillus xylanilyti-
cus YUPP-1, Paenibacillus polymyxa YUPP-8, and Bacil-
lus subtilis YUPP-2, isolated from cotton of a susceptible
cotton cultivar Eza No. 11 at seedling, squaring, and boll-
setting stages, respectively, were applied to cotton plant
at 2-leaf stage for VW control assays, the results showed
that the combined application of three strains had bet-
ter effect than individual applications (Yang et al. 2013).
Similar results were also reported on wheat (Dufty et al.
1996), tomato (Cotxarrera et al. 2002), and cucumber
(Trillas et al. 2006) while combining a biocontrol agent
with organic amendment or another biocontrol agent
(strains from the same species or another bacterial or
fungal antagonist) in suppression of disease symptoms in
plants. Application of a novel bioorganic fertilizer (BOF),
which is composed of a mixture of rapeseed meals hydro-
lyzed by microbial enzymes and pig manure compost
and antagonistic Bacillus subtilis strain HJ5, could sig-
nificantly reduce VW symptoms of cotton seedlings and
the number of V. dahliae colonies per unit area in cotton
rhizosphere compared with the control (Li et al. 2013).
The number of B. subtilis HJ5 cells on the root surface
reached a peak of approximate 107 cfu (colony-forming
units) per gram of roots three days after cotton seedlings
were exposed to the bacteria, suggesting that the colo-
nization of B. subtilis H]5 on cotton roots is one of the
mechanisms to protect cotton plants from fungal infec-
tion (Li et al. 2013).

Actinomycetes can also be used in the biological con-
trol of VW disease. Actinomycetes are an important
group of gram-positive, filamentous bacteria, which rep-
resent a high proportion of soil microbial biomass and
play an important role in the rhizosphere ecosystem.
They can produce a wide variety of antibiotics and extra-
cellular enzymes. Several actinomycete strains have been
found to protect plants from diseases (Doumbou et al.
2001). Four actinomycete isolates, identified as Strepto-
myces cyaneofuscatus, S. kanamyceticu, S. rochei, and S.
flavotricin were sceened among 712 actinomycete iso-
lates based on their ability to efficiently inhibit the growth
and conidia production of V. dahliae in vitro in a screen-
ing study (Xue et al. 2013). The four isolates produced
extracellular fungal cell-wall degrading enzymes, includ-
ing chitinase, -1,3-glucosidase, cellulase, and protease
when the cell wall of V. dahliae was the exclusive carbon
source. Microscopic observation showed that the hyphae
of the four isolates coiled around the fungal hyphae at the
site where the fungal cell wall was lysed. In the following
greenhouse study, the biocontrol efficacy of the four iso-
lates against VW of cotton ranged from 18.7% to 65.8%.
In addition, in a field study of VW, when the powdered
biocontrol agent was applied either as a seed coating
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agent (biocontrol efficacy 13.5%~48.0%) or inoculated
in soil (biocontrol efficacy 17.8~51.4%), the isolates suc-
cessfully colonized to the cotton rhizosphere. Given their
results, the authors concluded that the powdered biocon-
trol agent, which contains living Streptomyces, had great
commercial potential as a biofungicide to control cotton
VW. However, as rhizosphere bacteria, actinomycetes
showed some differences in their VW-resistant efficacies
in field and in greenhouse experiments. In a greenhouse,
the control efficacy of actinomyetes was significantly cor-
related with their antagonistic activities against V. dahl-
iae (inhibition activity and cell wall degrading enzyme
activity), while in field, the biocontrol efficacy was sig-
nificantly correlated with their colonization capaci-
ties in the cotton rhizosphere. These facts highlight the
importance of the colonization capacity of actinomycetes
in the rhizosphere and their competitive capacity with
the existing rhizosphere microfauna for their success-
ful application as biocontrol agents in the fields (Xue
et al. 2013). Applying each of the four Streptomyces spe-
cies as powdered agents into the soil at sowing time has
also shown effective to promote growth, induce disease
resistance and reduce disease symptoms in cotton plants
treated with VD-toxin, a glycoprotein with toxic and wilt-
ing effect on a cotton plant, secreted by V. dahliae. The
actinomycetes also preserve the physiological functions
of plants, such as photosynthesis, root activities (nutrient
and water uptake), and reduce the accumulation of MDA,
which is an indicator of the membrane lipid peroxidation
in the process of cellular senescence or stress, by enhanc-
ing the activities of defense-related enzyme and inducing
the synthesis of antimicrobial phytoalexins and lignin in
cotton (Xue et al. 2016).

Another strain of actinobacteria that can be used as
Verticillium wilt biocontrol agent is P polymyxa, for-
merly known as Bacillus polymyxa, which is a gram-
positive, rod-shaped, and endospore-forming bacterium.
It produces two types of peptide antibiotics against bac-
teria and a series of LI-F antibiotics, various analogs of
fusaricidins, against fungi, gram-positive bacteria, and
actinomycetes (Lal and Tabacchioni 2009). In a screening
of microorganisms antagonistic to V. dahliae from soils
of different regions in China, a total of five 2. polymyxa
strains have been identified, among which strain ShX301
showed the highest antagonistic activity against spore
germination and mycelial growth of V. dahliae (Zhang
et al. 2018). ShX301 significantly reduced the disease
incidence and severity by 71.4% and 40.3%, respectively,
and promoted the growth of cotton seedlings, thus sug-
gesting that it can be used as an effective biocontrol agent
and/or a plant growth-promoting agent. However, field
assays are still required to fully evaluate its efficiency in
controlling VW disease.
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Use of antagonistic fungi

Fungi can also be used as biocontrol agent to reduce or
to suppress VW symptoms in cotton. A significant reduc-
tion of the disease symptoms was observed on cotton
plants grown from seed treated with two different strains
of Trichoderma virens, G-4 and P, in a greenhouse experi-
ment. In that experiment, V. dahliae was stem-inoculated
to avoid direct contact between the two fungi. Therefore,
the reduction of the VW symptoms in cotton plants was
most probably due to the induced resistance by T. virens
rather than a direct antagonism between the two. The
idea that antagonistic rhizospheric fungi be used as plant
resistance inducers could be traced back to the work
in mid-1990s, which provides evidences that tomato
plants grown in the presence of Pythium oligandrum
had increased resistance against the attack of Fusarium
oxysporum f. sp. radices lycopersici. Their work showed
that the beneficial effect of P oligandrum in repressing
the pathogen growth and development relies on strong
antagonistic activity associated with induction of struc-
tural and biochemical barriers in host tissues (Benhamou
et al. 1997). Four endophytic fungi namely Penicillium
simplicissimum, Leptosphaeria sp, Talaromyces flavus,
Acremonium sp. were tested for their effect against the
defoliating V. dahliae strain Vd080 by Yuan et al. (2017).
Under greenhouse condition, the symptoms of VW on
endophyte-treated seedlings were not only alleviated
but also delayed for 2 to 3 days. Although all of the four
endophytic isolates exhibited significant biocontrol effi-
cacy against VW on cotton, Penicillium simplicissimum
and Acremonium sp. provided better protection to cotton
plants in the disease nursery while Penicillium simplicis-
simum and Leptosphaeriasp provided better protection
at the early squaring stage. Unfortunately, the endophytic
fungi no longer provided any protection to cotton plants
after the late squaring stage. The authors attributed this
fact to the gradual dilution of the colonized endophytes
and the competition with the omnipresent microbial
flora in soil. Furthermore, the transcript level of PAL,
PPO, and POD were significantly higher in plants treated
with Penicillium simplicissimum compared with the con-
trol. PAL, POD and PPO are reckoned as important com-
ponent of plant defense mechanism and play a significant
role in the ROS regulation.

A cross-protection strategy, in which the use of non-
pathogenic or weak virulent isolates of Verticillium
to protect the host from infection of virulent isolates
and thus reduce the severity of VW, is also suggested.
Cross-protection, also known as “pre-immunization’, is
actually a type of induced resistance developed in host
plants. Its basis is that preinfection with a low toxic fun-
gus can protect its hosts from the attacks of its closely
related pathogenic strains. Cross-protection was ever
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reported in peppermint V. dahliae pathosystem, in which
the weakly virulent V. dahliae and V. nigrescens isolates
induced peppermint plant resistance to VW caused by
V. dahliae (Melouk and Horner 1975). It has also been
reported in cotton-V. dahliae pathosystem. Co-inocula-
tion of CVn-WHg (Gibellulopsis nigrescens strain with
lower pathogenicity) or CVd-WHw (V. dahliae strain
with lower pathogenicity) with CVd-AYb (a highly viru-
lent V. dahliae isolate) significantly reduced symptoms of
VW compared with the inoculation of CVd-AYb alone,
suggesting that CVn-WHg and CVd-WHw may protect
cotton against V. dahliae. The inoculation of CVn-WHg
or CVd-WHw 4 days prior to CVd-AYb appeared to be
more effective in reducing VW symptoms than simulta-
neous co-inoculations. This suggests that competition
between the paired microorganisms played a major role
in reducing the disease impact, as preinoculation of CVn-
WHg or CVd-WHw would give them more time to colo-
nize the potential infection sites of CVd-AYb and thus
inhibit the colonization of the latter (Zhu et al. 2013).
Another study has shown that when cotton plants are
inoculated with V. dahliae prior to V. nigrescens (weakly
pathogen to cotton), they show aggressive wilt symptoms
of VW. However, when the plants are inoculated with V.
nigrescens prior to V. dahliae on the same day, they result
in low to mild wilt symptoms. Furthermore, when cotton
plants are inoculated with V. nigrescens four days prior
to V. dahliae inoculation, VW is brought under control
(Vagelas and Leontopoulos 2015).

Use of Host Induced Gene Silencing (HIGS) strategy

A relatively new mean to create resistance to VW dis-
ease is the host induced gene silencing (HIGS) based
on RNA silencing mechanisms. HIGS is an RNAi-based
process, in which small RNAs produced in plants silence
the genes of the pests or pathogens that attack the plants.
Small RNAs can be produced by double stranded RNA
(dsRNA), which is induced in transgenic plants or is
introduced into plant cells by Agrobacterium tumefaciens
or by viruses that replicate through dsRNA. By infecting
cotton plants expressing an RNAi construct of V. dahl-
iae hygrophobinsl (VdHI) gene driven under the 35S
promoter with V592 strain, Zhang et al. (2016a) have
observed that transgenic cotton exhibited various degrees
of resistance to V592 infection with significantly reduced
disease grade compared with the controls. Furthermore,
disease nursery evaluation had revealed that 100 day
after germination, the progression of the disease was pro-
hibited in transgenic lines. These results demonstrated
that expressing VdH1i-derived siRNAs in transgenic cot-
ton plants could confer efficient and effective resistance
to V. dahliae in the entire plant growth period. Another
study demonstrated that tobacco rattle virus-mediated
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HIGS targeting VARGSI in cotton plant could effectively
silence VARGSI transcripts in invading V. dahliae Vd8
and V991 strains and significantly enhanced the broad-
spectrum resistance to cotton VW (Xu et al. 2018). These
studies confirmed that HIGS of VARGSI provided effec-
tive control against V. dahliae infection, and the develop-
ing of stable transgenic lines could obtain durable disease
resistance in cotton and in other VW susceptible host
crops (Xu et al. 2018).

Molecular breeding for VW resistance

Use of resistant varieties

The most efficient and cost-effective strategy of disease
control is the use of resistant cotton cultivars. However,
upland cotton, which contributes 90% of world cotton
fiber production, still lacks heritable genetic germplasms
immune to V. dahliae. Of the four cultivated cotton spe-
cies (G. hirsutum L., G. barbadense L., G. arboretum L.,
and G. herbaceum L.), only G. barbadense, known as Sea-
island cotton, has a high level of the resistance against
VW. So far, resistance from Sea-island cotton has not
been successfully transferred into commercial upland
cotton (Zhang et al. 2012), even after a long term efforts
have been made to breed VW resistance in upland cotton
cultivars (Fang et al. 2014). Given the fact that a cultivar
with high resistance to VW displays poor performance
in fiber yield and quality, the yield or yield components,
fiber quality together with foliar symptoms should be
integrated in breeding programs as indicators of VW
tolerance.

VW evaluation can be done in a greenhouse or in field
under natural infection or both (Palanga et al. 2017;
Ning et al. 2013). Greenhouse tests are more favorable
because they are performed in controlled conditions,
which ensure a high and uniform level of inoculums,
thus minimizing the experimental errors. But a resistant
genotype identified in the greenhouse should be always
tested and confirmed for their responses to V. dahliae
infection in field conditions before their use in breeding
or production (Martinez et al. 2018). Field tests reflect
the natural order of infection and can detect resistance
on the basis of mature plants under natural conditions,
while environmental conditions tend to cause a biased
influence on the results. Uniform inoculation and infec-
tion is very difficult to accomplish in field tests. Celik
et al. (2019) evaluated 268 upland cotton genotypes that
differ in earliness, yield, and fiber quality characteris-
tics from different countries in response to VW disease
in growth chamber and field conditions. The screening
was done against the defoliating (PYDV6) and non-defo-
liating (Vd11) pathotypes. Results showed that culti-
vars behaved differently in response to the nature of the
pathogen (defoliating vs non-defoliating) in greenhouse
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experiment. In the field test, plant genotypes responded
differently to the disease in their different developmental
stages. Their results also suggested that the early maturity
genotypes play a key role in cotton yield under disease
condition. Another evaluation was conducted in a green-
house, which collected ten cotton genotypes comprising
the most important Turkish commercial cultivars such
as BA-119, SG-125, and Nazilli-84-S and some breeding
lines available in Turkey, for resistance to VW using the
isolate 1/22, a mildly virulent cotton ND pathotype, and
Mn/8, a highly virulent cotton defoliating pathotype. All
the important commercial cultivars were susceptible or
extremely susceptible to both pathotypes. Only the cul-
tivar Carmen was resistant to the non-defoliating isolate
and MaydosYerlisi was resistant to both pathotypes (Gore
et al. 2017). In a multiyear trial aiming to evaluate a total
of 259 cultivars, Wheeler and Woodward (2016) identi-
fied five varieties with low wilting and defoliating symp-
toms and high yield. All of these cultivars were traced
back to Carmen, which in turn is traced back to DP Acala
90. Acala 90 has been previously identified as a good
donor to reduce VW and increase cotton boll weight.
Resistance of Acala cotton is thought to be derived from
Sea-island cotton; however, there has been no report to
indicate the introgression of Pima germplasm to Acala
cotton and the origin of the resistance (Zhang et al. 2005).
These analyses suggest that breeding of new cotton lines
resistant to VW can be achieved through application of
resistant germplasms.

VW resistance QTLs identification

The genetic basis of VW is poorly understood due to
the environmental factors and others interacting patho-
gens such as root-knot and reniform nematodes (Abdel-
raheem et al. 2020). Different modes of heredity have
been reported. Studies with the interspecific crosses
between highly resistant G. barbadense and susceptible
G. hirsutum reported a dominant or partially dominant
inheritance of VW resistance, but when it comes to the
intraspecific cross of G. hirsutum, its inheritance pat-
tern appeared more complicated and subject to the con-
troversy. Some studies reported a qualitative resistance
to VW controlled by a single dominant gene in certain
resistant Upland cotton genotypes based on early-seg-
regating populations such as F, and BC;, while others
showed that the resistance to VW was a quantitative trait
(Zhang et al. 2014).

To better understand the inheritance of cotton plant
resistance to VW, a lot of studies have used QTL map-
ping strategy to perform the linkage and association
analyses on cotton tetraploid genome (Li et al. 20174;
Palanga et al. 2017; Wang et al. 2008; Zhao et al. 2021).
It is estimated more than 400 VW resistant QTLs have
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been identified to distribute almost all the 26 tetraploid
cotton chromosomes from linkage analyses based on
different mapping populations (Zhang et al. 2020; Zhao
et al. 2021). These studies include both linkage study of
biparental segregating populations and genome-wide
association study (GWAS) of natural populations. The
linkage study includes inter-specific populations of chro-
mosomal segment substitute lines (CSSL) between G.
barbadense (donor line) and G. hirsutum (recurrent line)
(Shi et al. 2016, 2020; Wang et al. 2008; Zhao et al. 2018),
and intra-specific recombinant inbred line (RIL) popula-
tions of G. hirsutum (Palanga et al. 2017; Zhao et al. 2017,
2021). GWAS to identify VW resistance QTL (Abdelra-
heem et al. 2020; Li et al. 2017a) overcomes the limitation
of linkage analysis which may have to examine hundreds
of candidate genes when a QTL confidence interval cov-
ers a large distance.

These studies have used a relatively small popula-
tion (100~200 individuals) with low genome coverage
not allowing a high-resolution mapping of VW QTLs,
most of which are localized in very large chromosomal
regions and are poorly mapped, making it difficult to fur-
ther apply the mapping results of VW resistance QTLs
of interest. To increase the mapping resolution, a multi-
parent advanced generation inter-cross (MAGIC) popu-
lation derived from 11 G. hirsutum parental lines (Zhang
et al. 2020) or strategies integrating multi-analyses (Zhao
et al. 2021) are applied for VW resistance QTL detection,
allowing fine mapping of VW resistance QTLs and puta-
tive genes. These identified QTLs shall be useful for VW
resistance improvement in upland cotton in future breed-
ing projects and the candidate genes that are located
in the potential QTL regions shall provide insight into
understanding the genetic mechanisms of VW resistance
in cotton.

Conclusion and perspectives

A deep understanding of the different mechanisms
involved in cotton plant and V. dahliae interaction will
provide new opportunities to control the disease. In this
review, we provide a broader picture of the new insights
in the interaction between cotton and V. dahliae and in
the management strategies of the disease over the last
decade. Cotton plants have evolved various mechanisms
to cope with VW disease while the fungus has developed
a variety of approaches to subvert the defense mecha-
nism of the plant. With the development of molecular
biology and technologies like HIGS and discovery of new
molecular mechanisms like cross-kingdom RNA interfer-
ence, a new door is opened for the development of cotton
resistant cultivars. Indeed, the discovery of genes playing
a key role in the pathogen pathogenicity can lead to the
creation of new fungicides. However, the mechanisms
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by which cotton export miRNA to the fungus need more
studies for its understanding in order to be used success-
fully in the fungi management. Besides, the use of bio-
control agents as a mean to control the disease seems
also promising, however, most of the biocontrol agent
which have shown certain efficiency in the greenhouse
conditions failed to produce the same effect in field’s con-
ditions due to soil microfauna composition. Therefore,
tests in both greenhouse and field are required for the
genuine identification of effective biocontrol agents.
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