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Abstract

Verticillium wilt caused by the soil-borne fungus Verticillium dahliae is a devastating disease of cotton, leading to serious loss of
lint yield in China. It is important to characterize the prevailing populations of V. dahliae for understanding disease development.
In this study, 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 PCR,
amplified fragment length polymorphism (AFLP) and inter simple sequence repeat (ISSR) analysis. Of 74 isolates, 60 isolates
(81%) were defoliating (D) pathotype strains, especially in Yellow River/Yantze River Valley region. Seventy isolates belonged
to race 2, whereas no race 1 specific fragment was amplified. These isolates were grouped into five VCGs: VCG1A (48),
VCG2A/VCG4B (3), VCG2B%* (6), VCG6 (5). The D pathotype and VCGIA isolates have become the dominant strains,
moderately and highly virulent isolates were widely distributed in three major cotton-growing areas in China. High level of
polymorphic markers was obtained by AFLP and ISSR analyses. Through comparison of the obtained dendrograms by un-
weighted paired group method with arithmetic averages cluster analysis (UPGMA), the V. dahliae isolates were divided into two
major groups and five subgroups. The obvious correlations with the geographic origin of the isolates between AFLP and ISSR
were revealed, with significant diversity among V. dahliae isolates. In addition, AFLP dendrogram showed relationships with
pathotypes. The results offered a better understanding of the epidemiology of Verticillium wilt in China.
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Introduction

Verticillium wilt, a devastating disease of cotton, is caused by
the soil-borne, destructive plant fungus Verticillium dahliae
Kleb. This pathogenic fungus is widely distributed in agricul-
tural soils with a broad host range of more than 400 plant
species, including many economically important crops (Bell
1992). The disease was first reported on upland cotton in
Virginia, USA and then widely spread to most of the cotton-
growing countries worldwide. It was firstly introduced to
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China via imported American cotton in 1935 (Ma 2007).
Initially, the disease just occurred in limited areas in China.
However, since 1990s, due to the widespread of V. dahliae,
more than 70% of cotton-planting areas have been subjected
to Verticillium wilt, resulting in a tremendous economic loss
yearly (Ma 2007). Therefore, characterization of genetic var-
iations among populations of the prevailing V. dahliae is an
essential and important step to understand disease develop-
ment and further to formulate the appropriate strategies for
disease management.

Based on symptomatology, V. dahliae is generally classi-
fied into two pathotypes, namely defoliating pathotype (D)
and non-defoliating pathotype (ND) (Schnathorst and
Mathre 1966). The former causes defoliation of the cotton
and is highly virulent while the latter causes mild wilt symp-
toms without defoliation (Schnathorst and Mathre 1966;
Joaquim and Rowe 1990). Using random amplified polymor-
phic DNA (RAPD) and specific polymerase chain reaction
(PCR) analyses, Perez-Artes et al. (2000) clearly differentiated
D strains from ND ones. It is important to determine the
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V. dahliae pathotypes that infect cotton in order to manage the
disease by planting V. dahliae-tolerant/resistant cotton culti-
vars to overcome this highly virulent D pathotype.

V. dahliae isolates have also been classified by vegetative
compatibility groups (VCGs) (Leslie 1993). After surveys of a
large collection of isolates, six VCGs from different hosts and
geographic origins were identified (Daayf et al. 1995;
Jimenez-Diaz et al. 2006). Due to the strong linkage disequi-
librium in clonal populations, VCGs in V. dahliae are highly
correlated with molecular markers and clonal lineages
(Jimenez-Diaz et al. 2012; Jimenez-Gasco et al. 2014;
Jimenez-Diaz et al. 2017). VCGs are informative, and isolates
from different VCGs are thought to be genetically distinct
populations which may vary in a number of ecological, phys-
iological, virulence, and host-range traits (Angela et al. 2013).

Molecular markers are able to provide a direct measure of
genetic diversity. Therefore, molecular markers, such as those
based on amplified fragment length polymorphism (AFLP),
inter-simple sequence repeat (ISSR), random amplification of
polymorphic DNA (RAPD), simple sequence repeats (SSRs
or microsatellites), the intergenic spacer region of the ribo-
somal DNA (IGS rDNA) and restriction fragment length poly-
morphism (RFLP) analyses, have been applied in the analysis
of genetic diversity of V. dahliae (Atallah et al. 2010; Collado-
Romero et al. 2006, 2009; ElSharawy et al. 2015; Erdogan
etal. 2013; Gharbi et al. 2014, 2015; Pramateftaki et al. 2000).
Among the molecular markers, AFLP (Vos et al. 1995) and
ISSR (Zietkiewicz et al. 1994) are the highly polymorphic
ones, which provide highly discriminating information with
good reproducibility. In the present study, we applied both
AFLP and ISSR markers to analyze the genetic diversity
among V. dahliae populations in samples collected from three
major cotton planting areas in China. We also tested the path-
ogenicity of all the isolates and used the specific PCR analysis
to confirm the pathotypes, race and VCGs of V. dahliae in
China (Perez-Artes et al. 2000; Collado-Romero et al. 2009;
de Jonge et al. 2012; Short et al. 2014). The results obtained in
this study will provide further information about the patho-
genic diversity of V. dahliae in China, which can be helpful for
forecasting disease development and formulating manage-
ment measures for effective control and prevention of
Verticillium wilt of cotton in China.

Materials and methods

Collection of isolates and culture

The 74 V. dahliae isolates used in this study were collected
from infected cotton showing Verticillium wilt symptoms
from 28 different cotton-planting regions in three traditional

major cotton production areas across 11 provinces of China
(Fig. 1) from 2014 to 2016. The three major cotton production
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regions areas are: (a) Yellow River Valley region, which in-
cludes Hebei (Baoding, Langfang, Xingtai), Henan (Kaifeng,
Xinxiang), Shandong (Heze), Shanxi (Yuncheng) provinces;
(b) Yantze River Valley region, which includes Anhui
(Anging, Chizhou, Wuhu), Hubei (Qianjiang, Jingzhou,
Tianmen, Xiantao, Zhijiang), Hunan (Yirang, Yueyang),
Jiangsu (Dafeng, Nantong, Xuzhou), and Jiangxi (Jiujiang)
provinces; and (c) inland of Northwest region, which includes
Gansu (Dunhuang) province and Xinjiang Autonomous re-
gion (Akesu, Bole, Kashi, Kuitun, Manasi, Shawan). The
V. dahliae isolates from these regions are described in
Table 1 and Fig. 1.

To isolate V. dahliae, cotton stems showing wilt symp-
toms were cut into small pieces (0.5-2 cm) with a steril-
ized razor. The stem surface was sterilized with 5% sodi-
um hypochorite (12%) followed by rinsing twice in sterile
distilled water. The washed pieces were dried on sterile
filter paper, then placed onto potato dextrose agar (PDA)
plates. After incubation at 25 °C for one week, the emerg-
ing fungi were transferred onto new PDA plates. Single
spore was isolated and stored in a 20% glycerol solution
at —80 °C.

Extraction of fungal DNA and specific PCR assay

Single spore isolates were grown on PDA plates at 25 °C
for one week. Mycelia were collected and ground into
powder in mortar with liquid nitrogen. Total fungal DNA
was extracted from each isolate of V. dahliae essentially as
described by Lee and Taylor (1990). The DNA integrity
was assessed using agarose gel electrophoresis and
NanoDrop ND1000 spectrophotometer (NanoDrop
Technologies Inc., USA). All V. dahliae isolates in the
study were characterized by PCR assays using eight primer
pairs. Two pairs of primers, VDF/VDR and VNDF/VNDR,
described by Perez-Artes et al. (2000) were used to deter-
mine the pathotype of the collected isolates. Primer pair
VDF/VDR yields a specific PCR product (548 bp) related
to the D pathotype, whereas primer pair VNDF/VNDR
yields a specific PCR product (1410 bp) associated with
the ND pathotype. Four pairs of primers were used to mea-
sure the VCGs of all V. dahliae isolates (Collado-Romero
et al. 2009). Primer pair DB19/espdef01 (Mercado-Blanco
et al. 2003) yields a specific 334 bp product which was
amplified from VCGI1A, VCGIB or VCG2B** isolates.
Primer pair INTND2F/INTND3R (Collado-Romero et al.
2009) yields a 688 bp marker which was amplified from
VCG2A, VCG4B or VCG2B*** isolates. Primer pair
INTND2F/INTND2R (Mercado-Blanco et al. 2001) yields
a 824 bp marker which was amplified from VCG2A,
VCG2B***, VCG4B isolates. Primer pair INTND2F/
MCR2B (Collado-Romero et al. 2009) yields a 964 bp
marker, which was amplified from VCG2B%* isolates.
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Fig. 1 Geographical distribution of the collected V. dahliae isolates

Primer pair VdAvelF/ VdAvelR was used to identify
V. dahliae race 1 (de Jonge et al. 2012), primer pair
VdR2F/VdR2R was used to identify V. dahliae race 2
(Short et al. 2014). All isolates were tested separately using
these eight primer pairs.

AFLP and ISSR analysis

AFLP assays were performed according to the fluorescent pro-
cedures of the method described by Vos et al. (1995) with mod-
ifications. Adapters, pre-amplification primers, nine EcoRI:
Msel AFLP selective primer combinations were shown in
Supplementary Table S1. The Msel primer was labeled with
FAM dye. The selective PCR amplification consisted of one
cycle of denaturation at 94 °C for 30 s, annealing at 65 °C for
30 s and extension at 72 °C for 80 s, followed by 11 cycles under
the same conditions except that the annealing temperature was
decreased by 0.7 °C per cycle. Then, the last 23 cycles were
carried out at 94 °C for 30 s, 55 °C for 30 s and 72 °C for 80 s.
Nine primers (Supplementary Table S1) were used for ISSR
analysis. PCR amplification was performed by initial denatur-
ation at 94 °C for 5 min, followed by 45 cycles of denaturation at
94 °C for 30 s, annealing at 50 °C for 45 s and extension at 72 °C

for 2 min, and a final extension of 10 min at 72 °C. The
amplicons of AFLP and ISSR were separated by polyacryl-
amide gel electrophoresis in an automatic DNA sequencer
(ABI337), respectively. The data were collected by GeneScan
analysis software. Amplification products were scored as pres-
ence (1) or absence (0) based on the AFLP/ISSR pattern obtain-
ed for each isolate and the data were compiled as a binary
matrix. Dendrograms were generated by unweighted pair-
group mean arithmetic method analysis (UPGMA) and clus-
tered with the Ntsys software (Rohlf 1997). The Mantel signif-
icance test was used to compare each pair of similarity matrices
produced with the Ntsys 2.2 software.

Pathogenicity assay

Six different resistant varieties were used in virulence assays
in a growth chamber under long-day condition (16 h photo-
period) with 26/20 °C day/night temperatures to determine the
pathogenicity of all the isolates. Cotton cultivars included two
resistant cultivars: Zhongzhimian No. 2 (Ren et al. 2018) and
Jimian 958 (Geng et al. 2006); two tolerant cultivars:
Luyanmian 28 (Ren et al. 2018) and Zhongmiansuo 35 (Zhu
et al. 2012); two susceptible cultivars: 86—1 (Zhang et al.
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2013) and Xinluzao No. 7 (Ren et al. 2018). Cotton growth
and inoculation with V. dahliae isolates by the root dipping
method were as in Zhang et al. (2013). Seedlings dipped in
sterile distilled water were used as non-inoculated controls.
For each V. dahliae isolate, 10 plants were inoculated per
experiment and the whole experiment was conducted three
times. According to the percentage of affected plant tissues,
such as chlorosis, necrosis, wilt and defoliation, a Verticillium
wilt disease index (DI) scaling from 0 to 4 was introduced to
evaluate the disease severity (Zhang et al. 2013). The DI of
Verticillium wilt was determined using the following formula
(Zhang et al. (2017):

Y (n x number of plants at level n)

DI = x 100

4 x number of total plants

Then, the pathogenicity of the isolates was evaluated
by the mean DI value on six cotton varieties. The mean
DI value lower than 20.0 designated a weakly virulence
isolate, the mean DI value between 20.01 to 35.0 des-
ignated a moderately virulent isolate, the mean DI value
higher than 35.0 designated highly virulent isolates
(Zhang et al. 2012). Statistical analyses were conducted
by ANOVA using the SAS 9.4. The confidence level of
all analyses was set at 95%, and P<0.05 was consid-
ered as statistically significant.

Results
Pathotypes and race characterization

Seventy-four representative isolates were analyzed to de-
tect pathotypes and races by specific PCR assay based
on the presence of 548 bp (D pathotype), 1410 bp (ND
pathotype), 900 bp (race 1), and 256 bp (race 2)
amplicons (Fig. 2a, b, ¢). Most of the isolates produced
the 548 bp specific fragment and they were thus, des-
ignated as D pathotype. Fourteen isolates produced the
1410 bp specific fragment and thus, were designated as
ND pathotype (Table 1), whereas 60 isolates belonged
to D pathotype, which accounted for 81% of all the
isolates.

Seventy isolates produced the 256 bp specific fragment and
were designated as race 2. Four isolates (VD23, VD47, VD53,
VD72) could not be amplified with race 2-specific primer pair
(Table 1). However, no isolate could be amplified with race 1-
specific VdAvelF/VdAvelR primers. A previous study
showed that defoliating pathotype is more virulent than ND
pathotype (Joaquim and Rowe 1990). VD23 and VD72 were
D isolates, while VD47 and VD53 were ND isolates. There is
no obvious relationship between race 1 and race 2 with D and
ND pathotypes.

@ Springer

VCGs characterization

Amplification of both the 334 bp and 548 bp specific frag-
ments was obtained from 48 isolates, which were designated
as VCGI1A isolates. VD48, VD54 and VD58 amplified both
the 688 bp and 824 bp specific fragments, indicating them as
VCG2A or VCG4B isolates. VD11, VD18, VD50, VD51,
VD53 and VD73 amplified three specific markers including
688 bp, 824 bp and 964 bp, which designated them as
VCG2B** isolates. VD47, VD49, VD55, VD63 and VD65
only produced 824 bp specific fragments, which designated
them as VCG®6 isolates. Moreover, 12 isolates only amplified
the 548 bp specific fragment, but could not amplify the 334 bp
specific fragment. The results are listed in Table 1 and Fig. 2a,
d—g. It can be concluded that the VCG1A isolates are domi-
nant across China cotton production areas.

Fingerprinting

In order to produce clear and reproducible polymorphic
banding patterns from all V. dahliae isolates tested, nine primer
pairs were used for AFLP and nine primers for ISSR analysis.
The sizes of amplified markers were in the range of 70-500 bp
for AFLP and 50—1000 bp for ISSR. These primers generated a
large number of polymorphic amplification markers. In the case
of AFLP, 881 unambiguous and easily discernible polymorphic
markers were obtained from the 74 isolates, including 91
markers with EcoRI-AAC/Msel-CAA, 88 with EcoRI-AAC/
Msel-CTA, 85 with EcoRI-AAG/Msel-CTC, 75 with EcoRI-
AAG/Msel-CTT, 129 with EcoRI-ACA/Msel-CTC, 112 with
EcoRI-ACG/Msel-CTC, 87 with EcoRI-AGC/Msel-CAG, 94
with EcoRI-AGG/Mse I-CTC, and 120 with EcoRI-AGG/
Msel-CTG. In the case of ISSR, 1676 markers were obtained
from the 74 isolates, including 235 markers with ISSR807, 193
with ISSR808, 153 with ISSR809, 157 with ISSR811, 172 with
ISSR835, 170 with ISSR836, 178 with ISSR840, 234 with
ISSR881, and 184 with ISSR886.

Genetic diversity and comparison between AFLP
and ISSR

To evaluate the effectiveness of the two different molecular
markers (AFLP and ISSR) in studying genetic relationships
between V. dahliae isolates, genetic similarity coefficient was
calculated. The genetic similarity value for AFLP ranged from
0.26 (between VD32 and VD23, 55) to 0.61 (between VD37
and VD38). For ISSR, it ranged from 0.13 (between VD23
and VD55) to 0.56 (between VD39 and VD40).

The dendrogram generated from UPGMA clustering of
two marker data divided all V. dahliae isolates into two major
clusters (Fig. 3). Each of their dendrograms was unique with
some evident similarities. The AFLP-based dendrogram di-
vided the isolates into two major groups at a similarity index
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of 0.26 (Fig. 3a), placing VD23, VD32, and VD55 in one
cluster and the remaining 71 isolates in the other cluster. The
latter cluster was further divided into five distinct subgroups.
Isolates collected from Yellow River Valley region and Yantze
River Valley region were mainly grouped together in sub-
group A. The ISSR-based dendrogram was discriminated at
a higher level of diversity, two major clusters were divided at a
similarity index of 0.13 (Fig. 3b), placing VD23 in one cluster
and the remaining 73 isolates in the other cluster. The larger
group was further separated into five subgroups which were
grouped mainly according to the geographical origin. There is
an obvious correlation with the geographic origin of isolates
between the dendrograms of AFLP and those of ISSR.

Furthermore, the results of AFLP dendrogram showed a re-
lationship to pathotypes. In AFLP clusters, the ND isolates were
separated from D isolates. Isolates of subgroup B and E were
ND pathotype while the isolates of subgroups A, C and D
belonged to D pathotype. However, in ISSR clustering patterns,
ND pathotype showed a mixed distribution between them. In
ISSR, ND isolates VD11 and VD18 collected from Anhui and
Hebei were placed in subgroup B. Subgroup C included seven
ND isolates from inland of Northwest region (VD47-51, VD53
and VD54), whereas four ND isolates from inland of Northwest
region (VD58, VD63, VD65 and VD73) were placed in sub-
group D. ND isolate VD55 constituted subgroup E by itself.

In addition, goodness of fit test was performed for DICE
similarity distances by Mantel test in both AFLP and ISSR
analyses. The strongest correlation coefficients (r) were found
to correspond to the dendrograms produced by AFLP and
ISSR at a threshold of P<0.001. ISSR’s correlation coeffi-
cient value was the highest with r being 0.94, followed by
AFLP with r being 0.85.

Virulence of isolates

All the isolates showed variation in virulence on the six cotton
varieties. Based on the results of mean DI values on six cotton
varieties, these isolates were classified into three main virulence
categories: weakly virulent, moderately virulent and highly vir-
ulent isolates. Five isolates were weakly virulent isolates, that
means DI value lower than 20.0. Thirty-nine isolates were mod-
erately virulent isolates, with DI value between 20.01 and 35.0.
Thirty-nine isolates were highly virulent isolates, that means DI
value higher than 35.0 (Table 1, Supplementary Table S2).
Among them, highly virulent isolates were distributed in nine
of 11 provinces, including Anhui (3), Hebei (4), Henan (2),
Jiangsu (7), Jiangxi (1), Hubei (4), Hunan (1), Shanxi (2),
Xinjiang (6). As for defoliating isolates, only VD23, VD46
and VD60 were weakly virulent isolates, whereas the other
isolates were moderately or highly virulent isolates. Among
ND isolates, VD47 and VD73 were weakly virulent isolates,
VD18 and VD50 were highly virulent isolates, the other 10
isolates were moderately virulent. This indicated that

moderately and highly virulent isolates were widely distributed
in three major cotton production areas of China.

Discussion

As the most important cotton pathogen, V. dahliae infecting
cotton can result in substantial yield loss in China. Therefore,
it is important to know the disease development in China. In
this study, we selected 74 representative isolates from three
major cotton production areas distributed across 11 provinces
in China from 2014 to 2016, which represented more than
70% of cotton-planting areas in the country. The prevailing
V. dahliae isolates were molecularly tested for their pathotype,
races, vegetative compatibility, genetic diversity. These re-
sults, together with those from our experiment on virulence
of isolates of V. dahliae on a group of six genotypes, some of
them carrying genes for resistance against the disease, will
allow a better understanding of Verticillium wilt of cotton in
China.

The pathotypes of V. dahliae were classified as either D or
ND based on disease symptomotology. In the last century, the
ND pathotype of V. dahliae was widespread (Perez-Artes et al.
2000), while the D pathotype was found only from a few
places (Bejarano-Alcazar et al. 1996; Xia et al. 1998). On
the contrary, and according to our molecular results, the D
pathotype dominates in China. In this study, 81% of all the
isolates belonged to D pathotype. Especially in Yellow River
Valley region and Yantze River Valley region, 47 isolates were
D pathotypes, and only two isolates were ND pathotypes. In
inland of Northwest region, D pathotype isolates accounted
for 52%, while ND pathotype isolates accounted for 48%. It
was reported that only small numbers of D pathotypes (about
8.6%) were scattered at inland of Northwest region (Zhang
etal. 2006). The D pathotype seems to have expanded rapidly
in inland of Northwest region, what can be due to the wide
spread of infected cotton seeds.

Several pathogenic races of V. dahliae have been described
on lettuce, pepper, strawberry, sunflower and tomato
(Maruthachalam et al. 2010; Short et al. 2014; Martin-Sanz
etal. 2018). Race 2 lacks the virulence gene (Ave /) and is not
recognized in plants by resistant Ve gene, resulting in disease
(Jonge et al. 2012; Short et al. 2014). In previous studies,
nearly 37% of the V. dahliae isolates from cotton were char-
acterized as race 1/ND isolates, and 61% of the V. dahliae
isolates from cotton were characterized as race 2/D isolates
(Hu et al. 2015). But in this study, no race 1 bands were
amplified. The V. dahliae isolates from cotton were only char-
acterized as race 2 isolates. Moreover, D type had significant
relationship with race 2 and ND type correlated with race 1
(Hu et al. 2015). Nearly 86% ND isolates were characterized
as race 2, and 97% D isolates were characterized as race 2. In
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<« Fig.2 PCR products obtained with the different primer pairs used in

this study. a PCR products obtained with non-defoliating specific
primers VNDF/VNDR (1410 bp). b defoliating specific primers VDF/
VDR (548 bp). ¢ race 2 specific primers VAR2F/VdR2R (256 bp). d
primer pairs DB19/espdef01 (334 bp). e primer pairs INTND2F/
INTND3R (688 bp). f primer pairs INTND2F/INTND2R (824 bp). g
primer pairs INTND2F/MCR2B (964 bp). Lane M: 200 bp ladder.
Lanes 1 to 24: VDI11, VD18, VD47, VD48, VD50, VD51, VD53,
VD55, VD65, VD73, VDI, VD4, VD6, VD9, VD10, VD19, VD22,
VD23, VD25, VD31, VD38, VD40, VD62, VD71

disagreement with Hu et al. (2015), there is no significant
relationship between race and pathotypes in cotton.

There are six main VCGs in V. dahliae (Jimenez-Diaz et al.
2006). In China, isolates from cotton were usually grouped
into VCG1 and VCG2. Xia et al. (1998) found that 98 isolates
from cotton belonged to VCG2, and 11 isolates belonged to
VCGI. Xu et al. (2012) showed that 332 (97%) isolates from
Yantze River Valley region (including Province Hubei,
Hunan, Jiangxi, Anhui and Jiangsu) belonged to VCG1A
and the remaining nine (3%) isolates belonged to VCG2.
Consistently with previous results, VCG1A isolates were

M123 45 67 3891011121314 151617 1819 20212223 24
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Fig. 2 (continued)
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Fig. 3 Dendrograms of the 74 V. dahliae isolates generated from AFLP and ISSR. a Dendrograms generated from AFLP data of 74 Verticillium
dahliae isolates from cotton in China. b Dendrograms generated from ISSR data. UPGMA was based on DICE similarity distance

dominant in Yellow River Valley region and Yantze
River Valley region. However, a diversity of VCGs
was molecularly detected in inland of Northwest region
getting our attention. In inland of Northwest region,
four isolates were identified as VCGI1A, four isolates
belonged to VCG2B¥*, three isolates belonged to
VCG2A or VCG4B, and five isolates belonged to
VCG6. These results suggest that the genetic exchange
between different strains of V. dahliae (Jimenez-Diaz
et al. 2006) might be more probable in inland of
Northwest region than in Yellow River region and
Yantze River Valleys region.

Molecular determination of VCGs provided useful in-
formation, but the overall genetic diversity among
V. dahliae strains still needed further molecular analy-
ses. In previous studies, several molecular-based tech-
niques have been successfully used to detect genetic
diversity among isolates of V. dahliae (Erdogan et al.
2013; Fahleson et al. 2003; Gharbi et al. 2014, 2015;
ElSharawy et al. 2015; Collado-Romero et al. 2006,
2009). In the present study, the applications of both
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AFLP and ISSR markers revealed a high level of poly-
morphism. The isolates were clustered using UPGMA
method to determine their relationships in the dendro-
gram and a clear correlation between clusters was
found. Within each cluster, individuals collected from
the same geographical origin tended to be grouped to-
gether as shown in both AFLP and ISSR dendrograms.
These results agreed well with those obtained in other
studies conducted on V. dahliae using AFLP and ISSR
methods (Erdogan et al. 2013; Gharbi et al. 2015;
ElSharawy et al. 2015). Based on the dendrograms of
AFLP and ISSR, isolates from Anhui, Hebei, Henan and
Hubei were clustered to one subgroup while isolates
from Hunan, Jiangsu, Jiangxi, Shanxi and Shandong
were clustered to another subgroup. Such consistent
results obtained from both AFLP and ISSR analyses
showed the high reliability results of genetic diversity
of isolates. Based on the dendrograms results, the
minimum variations of AFLP and ISSR were 0.26 and
0.13, and the maximum variations were 0.61 and 0.56,
respectively. The results showed that large genetic
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diversity existed among the isolates studied by both
AFLP and ISSR assays. Erdogan et al. (2013) analyzed
33 V. dahliae isolates from cotton in western Turkey by
AFLP, and the genetic distance of these isolates was
between 0.24 to 0.79. This rate was also similar to the
study of Collado-Romero et al. (2006) on V. dahliae
diversity. The AFLP analyses also revealed some corre-
lations with pathotypes, which can separate ND isolates
from D isolates. Our previous study showed that primer
pairs E64/M53 and E49/M65 could yield 433 bp and
110 bp fragments from ND isolates, respectively, which
could differentiate ND pathotype from D pathotype
(Zou et al. 2003). Collado-Romero et al. (2006) reported that
AFLP analysis could cluster the isolates according to their as-
signment to VCG. Moreover, no association was found between
the virulence phenotype, races characterization (data not shown)
and AFLP/ISSR clustering of the isolates.

In summary, we tested the pathotypes, races, VCGs and
genetic diversity of representative V. dahliae isolates from
three major cotton-growing areas in China. The results
offered a better understanding of the epidemiology of

vbDig | D pathotype

49
VD50 | D pathotype
51

3
VD73 D pathotype
65

VD55 | D pathotype
23

0.45 0.56

Verticillium wilt in China and will help formulating the
appropriate strategies for cotton wilt management in pro-
duction practice.
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