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Abstract Verticillium wilt (VW, caused by Verti-
cillium dahliae Kleb) is a destructive fungal soil-borne
disease in Upland cotton (Gossypium hirsutum L.).
High levels of VW resistance can be transferred into
Upland from Pima cotton (G. barbadense L.) through
interspecific introgression breeding. In this green-
house study, VW resistance was evaluated in a multi-
parent advanced generation inter-cross (MAGIC)
introgressed line (IL) population, derived from a
random mated Barbadense Upland population with
five generations of intermating (called RMBUP-C4)
between three Upland cotton cultivars and 18 CS-B
Upland lines each carrying a pair of G. barbadense
chromosome or arm in the TM-1 background. The

G. Martinez - A. Abdelraheem - J. Zhang (D<)
Department of Plant and Environmental Sciences, New
Mexico State University, Box 30003, Las Cruces,

NM 88003, USA

e-mail: jinzhang@nmsu.edu

Present Address:

G. Martinez

Agricultural Science Center at Tucumcari, New Mexico State
University, 6502 Quay Road AM.5, Tucumcari, NM 88401,
USA

M. Darapuneni
Agricultural Science Center, New Mexico State
University, Tucumcari, NM 88401, USA

J. N. Jenkins - J. C. McCarty Jr.
Genetics and Sustainable Agriculture Research, USDA-
ARS, Mississippi State, MS 39762, USA

objectives of this study were to, (1) evaluate VW
resistance of 530 MAGIC ILs in the greenhouse; and
(2) to identify lines with VW resistance in the MAGIC
population based on a total of three replicated
greenhouse tests. Approximately 8 plants for each
line in each replicate were grown and screened for VW
resistance using three parameters i.e., disease leaf
severity rating, percentage defoliated leaves, and
percentage infected plants, with a total of ~ 25,190
plants evaluated. A correlation analysis indicated that
the three parameters were significantly and positively
correlated with one another in each test. The disease
leaf severity rating was the best parameter to assess
VW resistance due to its relatively low coefficient of
variation and its higher resolution to differentiate
resistant genotypes from susceptible ones. Of the 530
genotypes, 5 showed resistance to VW, namely,
NMIL348, NMIL518, NMIL405, NMIL290,
NMIL307 and had higher levels of resistance to VW
with mean disease leaf severity ratings, percent-
age of defoliated leaves, and percentage of infected
plants across three tests ranging from 0.58-1.46,
9.46-26.74, and 25-95%, respectively. These lines
can be used as parental lines to improve VW resistance
in cotton breeding programs.
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Introduction

Currently, Gossypium spp. is the most important
cultivated fiber crop, and its world production was
106.49 million bales (23.18 MMT) in 2017 (USDA-
ERS 2017a). The United States produced 20.9 million
bales (4.55 MMT) of cotton (USDA-NASS 2018) and
is the world’s third-largest cotton producer after India
and China and the leading cotton exporter. In 2017,
these three countries accounted for 63% of global
cotton production (USDA-ERS 2017b). There are four
cultivated cotton species, namely, G. hirsutum L.
(Upland cotton), G. barbadense L. (Pima cotton), G.
arboreum L. and G. herbaceum L. In the US, only two
species are cultivated commercially, Upland and
Pima, with Upland providing more than 97% of
annual production (USDA-ERS 2018).

Verticillium wilts (VW), mainly caused by Verti-
cillium dahliae and V. albo-atrum result in billions of
dollars in annual crop losses worldwide (Klosterman
et al. 2009). VW in cotton, caused by V. dahliae Kleb,
is a limiting factor in cotton production in much of the
cotton growing countries around the world (Pegg and
Brady 2002). Carpenter (1914) was the first to report
VW in cotton in Virginia in the eastern US. Later, it
was reported by Shapovalov and Rudolph (1930) in
California in the west. VW is known to significantly
reduce cotton seed and lint yield (Friebertshauser and
DeVay 1982; Wheeler and Woodward 2016). Zhang
et al. (2012) compared healthy and VW diseased
plants of 23 cultivars in the field and found that VW
significantly reduced cotton yield, lint percentage,
50% span length and micronaire, but not 2.5% span
length and fiber strength. To date, there are a few
reports on VW resistance in commercial cotton
cultivars (Zhang et al. 2012; Zhou et al. 2014). In
the past, strategies such as soil fumigation, soil
solarization, crop rotation and arbuscular mycorrhizal
and endophytic fungi as a protector have been tested or
used to control the disease (Wilhelm and Ferguson
1953; Pullman et al. 1981; Liu 1995; Xiao et al. 1998;
Wheeler et al. 2012). Although chemical fungicides
seem to be effective, they are not environmentally
friendly and therefore non-sustainable (Nannipieri
et al. 1990).

The soil habitat of VW, the ability of its survival
structures to persist for years, and the fact that it can no
longer be controlled by any means once it has entered
the vascular bundle is what makes it a chronic
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economic problem in cotton production (Klosterman
et al. 2009). The most feasible and sustainable way of
controlling VW in cotton is breeding through detec-
tion and utilization of resistant cultivars or germplasm.
Understanding the genetic events at the molecular
level in the disease interaction between cotton plants
and VW will increase our ability to exploit the existing
resistance in cotton germplasm to reduce these losses
through conventional breeding (Bolek et al. 2005).
Acala cultivars developed in New Mexico and Cali-
fornia have shown good fiber quality, yields and
resistance to VW (Oakley 1998; Zhang et al. 2005).
Resistance in Acala cotton is thought to be derived
from G. barbadense. 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).

Introgressive hybridization or introgression is the
genetic modification of one species by another through
hybridization and repeated backcrossing (Anamtha-
wat-Jonsson 2001). In plant breeding, it serves to
transfer desirable traits such as resistance genes and
important agronomic traits from one species to another
(Anamthawat-Jonsson 2001). Upland cotton is known
for its high yield potential, wide adaptation, fuzzed
seed, and high lint percentage and accounts for 95% of
world cotton production (Zhang et al. 2014a). Pima or
Egyptian cotton has superior fiber quality, naked seed,
lower lint percentage, and lower yield potential, but is
only grown in semi-arid and arid areas in the world
(Zhang et al. 2014a).

Cotton species and genotypes differ in their resis-
tance to VW. Pima is a cultivated tetraploid species
highly tolerant to VW (Wilhelm et al. 1974). Zhang
et al. (2012) also found that Pima possessed higher
levels of VW resistance than Upland cotton, but the
performance was reversed when the root system was
wounded after inoculation. However, the resistant
traits in Pima have not been transferred into commer-
cial Upland, except in breeding lines (Zhang et al.
2012). The major obstacle for successful introgression
breeding has been hybrid breakdown, instability, and
selective elimination of desirable genes during selfing
(Zhang et al. 2014a). There is what is known as a
reproductive barrier between the two species, when-
ever interspecific hybrids are carried out; hybrid
breakdown is seen in the F, and advanced generations
(Zhang et al. 2014a).
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Traditional experimental populations combine the
genomes of two parents with contrasting phenotypes
to identify regions of the genome affecting the trait.
However, these populations tend to have a narrow
genetic base. Multi-parent advanced generation inter-
crosses (MAGIC) inter-mate multiple inbred founders
for several generations prior to creating inbred lines.
The result is a diverse population whose genomes are
fine-scale mosaics of contributions from all founders
(Huang et al. 2015). The development of MAGIC
populations and chromosome substitution lines is a
novel approach to traditional cotton breeding for
disease resistance. Advances or lack thereof in VW
resistance from these populations, however, remain to
be seen. The objective of this study was to evaluate
VW resitance under greenhouse conditions in an
introgression line (IL) population of 530 MAGIC
genotypes, derived from a random mated Barbadense
Upland population with five generations of intermat-
ing (called RMBUP-C4, Jenkins et al. 2013) between
‘Sure-Grow 747 (PVP 9800118), ‘PSC 355’, and ‘FM
966’ (PVP 200100209) and 18 CS-B lines (Stelly et al.
2005).

Materials and methods
Plant materials

A total of 530 MAGIC introgression lines (ILs) were
used in this study. This population is a random mated
population with G. barbadense alleles introgressed
into Upland germplasm. The 530 MAGIC ILs were
developed from an intermating population between 3
Upland cultivars, namely, ‘Sure-Grow 747°, ‘PSC
355, and ‘FM 966’ and 18 chromosome substitution
lines (CSLs) from G. barbadense (CS-B) (Stelly et al.
2005). These CS-B lines were CS-B01, CS-B02, CS-
B04, CS-B06, CS-B07, CS-B10, CS-B16, CS-B17,
CS-B18, CS-B25, CS-B05sh, CS-B11sh, CS-B12sh,
CS-B14sh, CS-B15sh, CSB22sh, CS-B22Lo, and CS-
B26Lo. This population involved five cycles of
random mating beginning with 53 top-crossed F, lines
(Jenkins et al. 2013). After each cycle of random
mating using a bulked pollen method (Jenkins et al.
2013), F, lines were combined based on the original 18
CS-B lines as parents, thus producing 18 individual
populations. These were planted as 18 individual
populations and randomly mated among populations

each additional cycle (Jenkins et al. 2013). The
intermated population after one generation of self
pollination with bulked seed was called RMBUP-C4
and publicly released in 2012 and registered in Crop
Science Society of America (CSSA) by Jenkins et al.
(2013).

A subsample of the bulked seed with about 800 seed
from the RMBUP-C4 population was grown and
harvested individually in Leyendecker Plant Science
Center, New Mexico State University (NMSU), Las
Cruces, NM, in 2012. They were advanced to 750
progeny rows in 2013, which gave rise to the MAGIC
population of 750 introgressed lines designated New
Mexico Introgression Lines (NMILs), 530 of which
were subsequently used in this study. A total of 3
replicated experiments were conducted in the green-
house at the Fabian Garcia Research Center, NMSU,
Las Cruces, NM, in the years 2016 (Test 1) and 2017
(Test 2 and Test 3).

Test 1: The experiment was a randomized complete
block design (RCBD) with 530 MAGIC NMILs and
two replications. The seeds were planted in
10-cm plastic pots with 10 seed pot~'. Each pot
consisted of potting soil (Scotts 450, Scotts Co.,
Marysville, OH, USA) infected with V. dahliae
pathogen from a previous greenhouse experiment.
Planting for Test 1 was done through 9-10th May
2016.

The pathogen, V. dahliae was isolated from the
cotton plants stored under cold temperatures and was
placed on petri plates containing Czapek-Dox agar.
After 10-15 days, the pathogen was cultured in
Czapek-Dox broth at 25 °C at 150 rpm on a rotary
shaker for 20 days. The conidial suspension was then
filtered using a double layered cheese cloth to separate
the conidia from mycelia. The conidial suspension was
then quantified using a hemocytometer. The seedlings
were inoculated with the conidial suspension when
they were at the 2nd-3rd true leaf stage. To minimize
escapes, double inoculations were carried out. The
inoculation involved pipetting the inoculum unto the
soil surface with no root wounding in each pot. At the
end of inoculation, the plants were gently watered to
ensure infiltration of inoculum into the soil. The first
inoculation was done on June 13th, 2016 (34 days
after planting, DAP) and the second was carried out on
June 17th, 2016 (38 DAP). In both inoculations,
10 mL  of inoculum with a concentration of
4.2 x 10° conidia mL™" was applied to each pot.
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Assessment of disease was done on August 10—13th,
2016 (58-61 DAI). Plant management followed
normal practices, as established in the program,
including daily irrigation and bi-weekly application
of fertilizers.

Test 2: The second experiment involved the same
530 genotypes with the same RCBD and two replica-
tions as Test 1. Planting for Test 2 was done 3—4th July
2017 in the greenhouse at the NMSU Fabian Garcia
Research Center. The potting soil used was pathogen-
free Miracle-Gro Moisture Control Potting Mix 2 CF
(Scotts Co., Marysville, OH). The first inoculation was
done on July 28th, 2017 (24 DAP) using 10 mL of
inoculum applied to each pot (concentration
4.2 x 10° conidia mL']); and the second round of
inoculation was done on August 1st, 2017 in that 7 mL
of inoculum was applied to every pot (concentration
5.2 x 10° conidia mL™"). A third and final round of
inoculation was done on August 9th, 2017, 7 mL of
inoculum was applied to every pot (concentration
34 x 106). VW assessment was done between
September 28th and October 4th, 2017 (60-65 DAI)
using a VW screening protocol from Zhang et al.
(2012). Similar plant management as Test 1 was
followed. Koch’s postulate was performed after each
test to verify that the plants showing symptoms of
Verticillium wilt were indeed caused by V. dahliae.

Test 3: A total of 133 genotypes used in Test 3 were
chosen by selecting some of the top most resistant
lines and bottom most susceptible lines in Test 1. The
seeds were planted on April 28th, 2017 using the same
method as Test 1, based on a RCBD with three
replications. The first inoculation was done on May
17th, 2017 (18 DAP); the second round of inoculation
was done on May 19th, 2017 (21 DAP) and the third
round of inoculation was done on May 26th, 2017 (28
DAP). VW assessment was carried out on July 18th,
2017 (i.e., 68 DAI).

Assessment of Verticillium wilt resistance

The response of the cotton seedlings to VW based on
leaf severity rating was evaluated at 58—68 DAI (i.e.,
84-92 DAP) using a protocol (with a 0-5 rating scale)
developed by Zhang et al. (2012), as follows:

0 No symptom
1 < 25% chlorotic/necrotic leaves, no leaf or
cotyledon abscission.

@ Springer

2 25-50% chlorotic/necrotic leaves, less than 2
leaves including cotyledons abscised.

3 50-75% chlorotic/necrotic leaves, 2—3 leaves
including cotyledons abscised.

4 > 75% chlorotic/necrotic leaves, more than 3
leaves including cotyledons abscised.

5 Complete defoliation or plant death.

In addition to leaf severity ratings, data were also
collected on an individual plant basis for the following
traits: the total number of leaves and the number of
defoliated leaves. Percentage of defoliated leaves,
percentage of infected plants, and average leaf sever-
ity rating for each genotype in each replication were
calculated.

Statistical analyses

The data were subjected to an analysis of variance
(ANOVA) using SAS 9.3 (SAS Institute Inc., Cary,
NC, USA). PROC MIXED statistical procedure was
used to determine the statistical significance of various
sources of variation. Genotype was treated as a fixed
effect and replication as a random effect. Significant
interaction between genotype and test run was found;
therefore, the analysis was conducted by test. A Pear-
son correlation analysis was also performed between
VW resistance traits using the genotypic means from
each test.

Results

In Test 1, genotypic differences for average leaf
severity rating and percentage of defoliated leaves at
58-60 DAI were significant (P < 0.05); however,
there were no significant differences among the 530
lines in the percentage of infected plants, i.e., disease
incidence (Table 1). The leaf severity ratings for
different genotypes ranged from 0.48 to 3.68 with a
mean of 1.68 in this test. The 10 lines with the lowest
leaf severity ratings ranged from 0.48 to 0.64, as
compared to 2.65-3.68 for the 10 lines with the highest
ratings. The percentage of defoliated leaves ranged
from 8.0 to 67.19% with a mean of 26.91%. The 10
lines with the lowest defoliated leaves ranged from 8.0
to 10.57%, as compared to 41.04-67.19% for the 10
genotypes with the highest values. In this test, the
percentages of infected plants by genotypes ranged
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Table 1 Analysis of variance of Verticillium wilt resistance among 530 (Test 1 and Test 2) and 133 (Test 3) introgression lines in

the greenhouse, Las Cruces, NM, 2016-2017

Source  Test 1 Test 2 Test 3
Severity  Infected Defoliated Severity  Infected Defoliated Severity  Infected Defoliated
rating plants (%) leaves (%) rating plants (%) leaves (%) rating plants (%) leaves (%)
MS 0.49 463.13 103.43 0.24 21.72 78.00 0.64 544.44 155.58
(geno)
MS 0.40 454.78 83.14 0.19 13.74 72.44 0.49 423.66 124.36
(error)
F 1.22 1.02 1.24 1.28 1.58 1.09 1.30 1.29 1.25
Pr>F 0.01 0.42 0.01 0.00 < 0.0001 0.16 0.04 0.04 0.06
(&\% 38.79 28.75 36.42 18.84 2.68 26.46 39.60 27.60 42.67

from 46.25 to 100% with a mean of 73.67%. In fact,
more than 50 lines had 100% infected plants. How-
ever, there were still 26.33% of the plants escaped
from the VW infection or did not show apparent VW
symptoms.

In Test 2, genotypic differences in average leaf
severity rating and percentage of infected plants at
60-63 DAI were significant (P < 0.05), while the
percentage of defoliated leaves was not significantly
different among the 530 lines (Table 1). The percent-
age of infected plants ranged from 65.72 to 100% with
a mean of 99.3% in this test, indicating a high level of
infection. In this test, only 5% of the lines tested did
not receive 100% plant infection. The 10 lines with the
lowest leaf severity ratings ranged from 1.09 to 1.66,
as compared to 3.12-3.42 for the 10 genotypes with
the highest ratings. Although no significant genotypic
difference in the percentage of defoliated leaves was
detected in this test, 10 lines had the lowest percentage
of defoliated leaves ranging from 12.17 to 19.55%, as
compared to 46.40-52.31% for 10 lines with the
highest values.

To test if genotype x test interactions existed, a
combined ANOVA was performed for the two green-
house tests (Test 1 and 2), and significant genotypic
variations were again detected for disease severity
rating (F=1.24, P < 0.01) and percent defoliated
leaves (F = 1.16, P < 0.05). However, no significant
genotype difference in the percentage of infected
plants and no genotype X test interaction for any of
the three traits were detected.

In Test 3, genotypic differences in average leaf
severity rating and the percentage of infected plants at

60-63 DAI were significant (P < 0.05), while the
percentage of defoliated leaves was not significantly
different among the 133 lines selected based on Test 1
and 2 (Table 1). Similar to Test 1, the percentage of
infected plants ranged from 33.97 to 100% with a
mean of 74.46% in this test. The severity ratings
ranged from 0.60 to 3.05 with a mean of 1.80. The 10
lines with the lowest ratings ranged from 0.60 to 1.13,
as compared to 2.48-3.05 for the 10 lines with the
highest ratings. Although the percentages of defoliated
leaves did not significantly differ among the genotypes
tested, 10 lines had lowest values ranging from 9.25 to
14.85%, as compared to 10 lines with the highest
values at 36.28-43.35%.

In addition, a combined ANOVA on the common
lines tested in the three tests also showed significant
genotypic variation (F =1.50-2.00, P < 0.001) and
genotype x test interactions (F = 1.23-1.62,
P < 0.01) for the three traits including the disease
severity rating. However, Based on Tests 1, 2 and 3,
five lines were determined to be the most consistently
resistant to VW. These lines are NMIL348, NMIL518,
NMIL307, NMIL290 and NMIL405 with average leaf
severity ratings ranging from 0.83 to 1.17 and
percentage of defoliated leaves ranging from 8.0 to
23.8% (Table 2). These selected lines were in the top
30 lines performing consistently in all the three tests
based on leaf severity rating. There were 11 lines
found to be highly susceptible to VW, namely,
NMIL698, NMIL227, NMIL706, NMIL237,
NMIL258, NMIL259, NMIL654, NMIL360,
NMIL023, NMIL528 and NMIL 399, with average
leaf severity ratings ranging from 2.42 to 2.98 and
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Table 2 The most resistant and most susceptible genotypes in 530 introgression lines tested in the greenhouse in Las Cruces, NM
during 2016-2017

Genotype Leaf severity rating Percentage defoliation (%) Percentage infected plants (%)
Test Test Test
1 2 3 AVG 1 2 3 AVG 1 2 3 AVG
Most resistant genotypes
NMIL348 0.58 1.08 096  0.83 9.76 14.92 16.11 13.60 25.00 70.23 59.29 51.51
NMIL518 0.74 1.30 1.46 1.02 12.40 12.16 25.02 16.53 51.19 95.00 76.67 74.29
NMIL307 0.96 1.14 1.21 1.05 14.27 13.27 19.51 15.68 62.50 78.67 66.67 69.28
NMIL290  0.90 1.43 0.92 1.17 15.02 16.64 16.03 15.90 55.00 90.00 42.38 62.46
NMIL405 1.13 1.21 1.46 1.17 17.32 2591 26.74 2332 70.84 65.71 61.90  66.15
Most susceptible genotypes
NMIL698 1.58 326 226 242 21.60 31.52 32.27 28.46 73.34 100.00 88.89 87.41
NMIL227 2.39 246  2.63 243 25.02 37.50  39.02 33.85 77.28 100.00 85.23 87.50
NMIL706 1.99 252 292 2.48 29.02 27.71 42.72 33.15 94.45 100.00 100.00  98.15
NMIL237 230 280 212 2.55 34.45 38.69 21.97 31.70 94.45 100.00 71.11 88.52
NMIL258 2.56 2.59 2.20 2.58 33.83 42.63 31.70 36.05 92.85 100.00 92.59 95.15
NMIL259 2.63 276 212 2.70 43.38 37.69 31.94 37.67 87.50 100.00 83.33 91.67
NMIL654 2.94 2.55 2.39 275 43.03 36.95 33.28 37.75 95.00 100.00 87.78 94.26
NMIL360 243 312 253 2.78 31.14 3221 33.89 32.41 100.00 100.00 95.24 9841
NMIL023 2.98 2.75 262 287 48.57 37.95 36.28 40.93 92.85 100.00 96.67 96.51
NMIL528 2.53 342 231 2.98 37.17 52.39 3449 4135 85.00 100.00 81.85 88.95
NMIL399 3.58 2.38 2.03 2.98 67.19 28.60  28.14  41.31 83.34 100.00 91.67 91.67
LSD 0.05 1.88 0.77 1.14 NS 20.48 NS NS 14.69 25.17

AVG average, NS not significant

percentage of defoliated leaves ranging from 29.0 to
40.3% (Table 2). These selected lines were in the
bottom 40 lines performing consistently in all the three
tests based on leaf severity rating.

Discussion

In this study, three greenhouse tests were conducted to
screen a MAGIC cotton population with G. bar-
badense alleles introgressed into Upland germplasm
for VW resistance. Of the 530 lines tested, we
identified 5 lines that showed relatively higher levels
of resistance (with leaf severity rating < 1.18 averaged
from three replicated tests) against VW, accounting
for 0.75% of the tested genotypes.

As shown in this study, genotypic variation in VW
resistance can be detected in greenhouse screening
based on the analysis of variance (ANOVA) on
replicated tests. Selected resistant genotypes were
also shown to be resistant when retested in this study.
However, genotypes with low severity ratings should
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be retested in order to confirm if they are indeed
resistant and not mere escapes due to low inoculum or
a criterion of the disease symptoms not being met.
Susceptible genotypes, however, don’t necessarily
need to be retested, and some may be used as
susceptible checks to measure the success of the field
or greenhouse screening.

Field and greenhouse tests are used to evaluate VW
resistance in cotton. Greenhouse tests are more
favorable because they tend to minimize experimental
errors with uniform and a high level of inoculum.
Although field tests do reflect the natural order of
infection and can detect resistance on a mature plant
basis in the field, environmental conditions tend to
influence the results greatly. Field tests also require a
nearly 6-month cotton growing season, and uniform
inoculation and infection is very difficult to accom-
plish in field tests. Greenhouse tests tend to moderate
some of these errors by allowing the experimenter to
have more control over some of the factors that can
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cause variation in the response of inoculated plants.
Greenhouse tests allow for more uniformity and
environmental control which are key factors to
successful screening for VW resistance (Zhou et al.
2014; Zhang et al. 2014b). However, resistant geno-
types identified in the greenhouse should be always
tested and confirmed for their responses to VW in field
conditions before their use in production or breeding.

There have been many methods used to inoculate
cotton plants with V. dahliae; these include root
inoculation, pot immersion, bare-root dipping and
stem injection/puncture (Zhang et al. 2014b). In
cotton, the most popular method is root inoculation.
Bolek et al. (2005) found that stem inoculation
achieved more consistent results than root inoculation
in a comparison using similar lines in a field study.
However, the root inoculation method is preferred
because the stem puncture method fails to account for
resistance that may be conferred by the plant root
system. Success in using the root inoculation method
has been reported by Zhang et al. (2012), Fang et al.
(2013) and Zhou et al. (2014) in which replicated tests
were conducted in the greenhouse and the results were
consistent between tests. In the present study, root
inoculation was achieved by pipetting the inoculum
directly onto the soil surface in a 10 x 10 cm pot
containing on average ~ 8 plants, with a total of 56
plants evaluated for each genotype in three replicated
tests. Additionally, the utilization of the double or
triple inoculation method minimized escapes and
ensured plant infection by the pathogen.

However, 100% disease incidence is a difficult task
to accomplish in all the plots (or pots) even with
double or triple artificial inoculations in the green-
house. This was illustrated from Test 1 and Test 3,
where one quarters of the seedlings did not display
apparent VW symptoms. It is known that successful
VW disease infections as indicated by apparent foliar
disease symptoms depend on cotton genotype, viru-
lence of the pathogen, inoculation density, and soil
temperature, moisture, nutrients and other microor-
ganisms. Even though the three greenhouse studies
were conducted using the same VW isolate under the
same soil and environmental conditions, the effective
inoculum level may be still too low in Test 1 and 3 to
ensure 100% disease incidence. However, 99.3% of
the seedlings were infected with apparent VW symp-
toms in Test 2, but the disease incidence still
significantly differed among genotypes, indicating a

non-random effect on this trait in the study. This was
also the case for Test 3 when 74.46% overall disease
incidence was observed. Therefore, among the 25% of
the plants without apparent VW symptoms in Test 1
and 3, there may be some unknown resistance
mechanism in the root that prevented the successful
infection of the VW pathogen when inoculum level
was not high enough. In our current (results not
shown) and previous greenhouse studies (Zhou et al.
2014), the VW incidence is always significantly and
positively correlated with the disease severity rating.
So the disease incidence may be used as a measure for
VW resistance, when the inoculum level is low and
unknown, especially in the field conditions (Zhang
et al. 2012). However, when 100% plants are infected
with apparent symptoms in studies such as Test 2,
incidence will be invalid to quantitatively assess
germplasm for VW resistance. Although subjective,
the disease severity rating takes into consideration
disease incidence (from 0 to 100%) and leaf symptoms
including defoliation (also from 0 to 100%), it has
been and should be the most reliable measure for VW
resistance under any conditions.
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