
RESEARCH ARTICLE

Inheritance and molecular tagging of genes introgressed from
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Abstract. Cotton cultivation is conquered by transgenic Bt upland cotton hybrids in India. Bt gene does not provide resistance against
sucking insect pests. Due to the inherent vulnerability of extant Bt cotton hybrids to sap-sucking insect pests including leafhopper, upland
cotton cultivation is seriously threatened by surging populations of these pests. Consistent and extensive screening of upland cotton
germplasm over the years has revealed absence of adequate resistance against leafhopper. Here, we report introgression of leafhopper
tolerance from a diploid A-genome cotton species, Gossypium arboreum into G. hirsutum. The dominance of leafhopper tolerance was
observed over its susceptibility. Genetic analysis revealed that tolerance to leafhopper was inherited in a simple Mendelian fashion and was
controlled by two genes, either singly or in combination. Using bulked segregant analysis, two simple-sequence repeat markers, namely
NAU 922 and BNL 1705, located on chromosomes A5 and A11 respectively, were tagged with leafhopper tolerance. To the best of our
knowledge, this is the first report of molecular tagging of leafhopper tolerance introgressed from G. arboreum into G. hirsutum. A
significant negative association was observed between leaf trichome density and leafhopper nymph population.
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Introduction

The word ’cotton’ is used to represent four cultivated cotton
species namely Gossypium hirsutum L., G. barbadense L.,
G. arboreum L. and G. herbaceum L. It is the chief source
of natural fibre for the textile industry. G. hirsutum, also
known as upland cotton, is a predominantly cultivated
cotton species and occupies more than 98% of the world’s
cotton area. India has the maximum area (nearly 13 million
hectares) under cotton cultivation which accounts for about
41% of the global cotton area (Kranthi 2021). Although,
India is the leader in cotton production (6.307 million
tonnes) and contributes about 25% towards global cotton
production, it is not listed among the top 20 countries with
the highest cotton productivity. India registered cotton
productivity of 487 kg lint ha-1 during 2020 compared to
the world average of 761 kg lint ha-1 (Kranthi 2021).
Damage to the cotton crop by the insect pests at all the
growth stages is one of the major causes of low cotton
productivity in the country. Although India has distinction

of growing all the four cultivated species of cotton, cur-
rently, the species profile is dominated by upland cotton due
to a large scale adoption of transgenic Bt cotton. The hir-
sutum Bt hybrids that are grown in India are highly vul-
nerable to sap-sucking insects (Kranthi and Stone 2020). It
has led to a shift in the pest profile status from bollworms
to sap feeders (leafhopper, whitefly, cotton aphid, mealy-
bug, mirid bug etc.) due to the suspension on the use of
pyrethroids and other conventional insecticides in Bt cotton.
For instance, the whitefly epidemic in 2015 destroyed cot-
ton on nearly 1.5 million ha in north Indian cotton growing
states of Punjab, Haryana and Rajasthan. Due to this pan-
demic, cotton productivity in Punjab reduced from a five-
year (2010–2014) average of 573 kg lint ha-1 to 197 kg lint
ha-1 (Kumar et al. 2020). Leafhopper, Amrasca biguttula
(Ishida) (Cicadellidae: Hemiptera) is among the most eco-
nomically important sucking pests of cotton after the
whitefly (Ghelani et al. 2014). It has the potential of
causing a 25–45% loss in seed cotton yield and may have a
negative impact on fibre quality (Kalyan et al. 2017).
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Leafhopper incidence is observed on cotton during the
vegetative phase. The adults are small, about 3-mm long
and greenish-yellow in colour during summer, and acquire
a reddish tinge in the winter. During sap sucking, both
nymphs and adults inject saliva into the tissues resulting
in toxaemia. Tender leaves infested by leafhopper become
yellow along the margins and show downward curling of
leaves. Sap sucking by nymphs as well as adults results in
’hopper burn’ characterized by yellowing and bronzing of
leaves leading to desiccation in plants. The punctures
made by leafhoppers cause shortened internodes, thus
making the plant less vigorous and leads to reduced yield
(Thirasack 2001). Since the use of earlier proven pesti-
cides, namely organophosphates and pyrethroids for the
management of leafhoppers became ineffective, the
chemical control of jassids shifted towards the use of
neonicotinoids (Ahmad et al. 1999). Seed treatment with
neonicotinoids protects the cotton plants from leafhopper
damage for 40–60 days. However, resistance against
neonicotinoid group of insecticides has been widely
reported in cotton jassid (Kshirsagar et al. 2012; Sagar
and Balikai 2014; Halappa and Patil 2016; Mahalakshmi
and Prasad 2020). Besides the development of resistance
to insecticides, chemical control measure causes environ-
mental pollution, adverse effects on nontarget insects, the
resurgence of secondary pests and enhances the cost of
cultivation. Host–plant resistance is the most attractive and
viable approach for insect pest management because it is
durable and eco-friendly, and is one of the key compo-
nents of integrated pest management (IPM) strategies. It
underscores the need to incorporate genetic resistance in
upland cotton to leafhopper. Low genetic variation has
been reported among the upland cotton cultivars and these
are considered prone to pathogen/insect epidemics (Bru-
baker and Wendel 1994; Bowman et al. 1996). Consistent
and extensive screening of upland cotton germplasm over
the years at various agricultural universities/institutes in
India has revealed the absence of adequate resistance
against leafhopper. Whereas, strong resistance to leafhop-
per has been reported in a related A-genome diploid
(2n = 26) cotton species, G. arboreum L. (Sidhu and
Dhawan 1980; Ansingkar et al. 2004; Mehetre et al. 2004;
Nibouche et al. 2008; Kulkarni et al. 2009). Several
morphological characteristics of the plants are known to
impart tolerance or susceptibility to insect pests. One such
appendage is the trichome––the epidermal outgrowths
present on most of the aerial parts of the cotton plant.
Several experimental studies have demonstrated that leaf
trichomes reduce the leafhopper population in cotton
(Parnell et al. 1949; Batra and Gupta 1970; Khan and
Agarwal 1984; Butler et al. 1991). Limited literature
showing the association of molecular markers with suck-
ing insect pest tolerance in cotton is available (Sankesh-
war et al. 2018; Ahmed et al. 2020; Abdelraheem et al.
2021).

Therefore, the objectives of this study were to (i) intro-
gress leafhopper tolerance from G. arboreum to G. hirsutum,
(ii) to determine the genetic control of leafhopper tolerance,
(iii) to identify microsatellite markers linked to leafhopper
tolerance, and (iv) to test the association of leaf trichome
density with leafhopper infestation.

Material and methods

Plant material

The interspecific cotton hybrid used to generate the seg-
regating populations was developed by hybridizing G. hir-
sutum accession LH 2107 as the female parent and
G. arboreum cv. LD 491 as the pollen parent. LD 491 is a
commercial variety of desi cotton tolerant to leafhopper
(figure 1a), whereas, LH 2107 (figure 1b) is a leafhopper
susceptible line of upland cotton. These parental lines have
been developed at the Punjab Agricultural University,
Ludhiana, India. The interspecific F1 hybrid (G. hirsutum
acc. LH 2107/G. arboreum cv. LD 491) was backcrossed
as pollen parent with LH 2107 to develop BC1F1 (G.
hirsutum acc. LH 2107/G. arboreum cv. LD 491/G. hir-
sutum acc. LH 2107) population (designated as population
I). Similarly, this interspecific hybrid was also crossed as a
male parent with an upland cotton variety F 2164 to
develop another population. For genetic analysis, this
population (designated as population II) was also treated as
backcross generation as F 2164 (figure 1c) like LH 2107 is
vulnerable to leafhopper.

Phenotyping for leafhopper response

Jassid injury grade (JIG) was recorded as per the guide-
lines of ICAR-All India Coordinated Research Project on
Cotton (2020-21) (www.cicr.org.in/aicrp-2021.htm): the
entire foliage free of curling and yellowing (JIG I); cur-
ling of a few leaves in the lower portion of plant ?

marginal yellowing (JIG II); curling of leaves almost all
over the plant (JIG III); and extreme curling, bronzing and
drying of leaves (JIG IV). A total of 293 and 190 plants
were assessed for leafhopper response in populations I and
II, respectively. The plants exhibiting JIG I and II were
considered leafhopper tolerant, whereas plants showing
JIG III and IV were categorized as susceptible. No
insecticide treatment was given to the cotton seeds before
sowing. Similarly, no chemical control was undertaken for
leafhopper control throughout the crop season. The num-
ber of leafhopper tolerant and susceptible plants was
counted in backcross generations and the v2 test was used
to determine the number of genes governing the
leafhopper tolerance. Data on nymph population were
recorded on three leaves per plant, one each in the top,
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middle and lower canopy. The nymphal population was
recorded thrice until 90 days after sowing (DAS) and data
recorded during peak infestation were used for analysis.

Molecular analysis

Total genomic DNA was extracted from tender leaves fol-
lowing cetyl trimethyl ammonium bromide (CTAB) method
(Saghai-Maroof et al. 1984). The quality and quantity of
DNA was assessed on a nano-drop spectrophotometer and
0.8% agarose gel. Genomewide cotton-specific simple-se-
quence repeat (SSR) / microsatellite markers were used for
molecular analysis. Amplification of specific DNA frag-
ments was carried out in vitro through polymerase chain
reaction (PCR) in the 96-well Applied Biosystems ther-
mocycler. PCR reaction mixture of 12 lL consisted of 3
lL (60 ng) template DNA, 5 lL master mix (2� premix),
2 lL autoclaved water and 1 lL of each forward (0.5 lM)
and reverse primer (0.5 lM). Thermal profile for PCR
amplification was as follows: initial denaturation at 94�C
for 5 min followed by 30 cycles of denaturation at 94�C
for 1 min; annealing at 52–58�C (depending on the primer
pair) for 1 min and extension at 72�C; final extension at
72�C for 7 min. 2.5% agarose gel prepared in 0.5 � TBE
buffer was used for the resolution of amplified PCR
products.

Bulked segregant analysis (BSA) proposed by Michel-
more et al. (1991) was used to identify SSR markers
associated with leafhopper tolerance. For this, an equal
quantity of DNA from 10 BC1F1 (G. hirsutum acc. LH
2107/G. arboreum cv. LD 491/G. hirsutum acc. LH 2107)
plants having JIG I was pooled to constitute the tolerant
bulk. Similarly, susceptible bulk was created by pooling
DNA from 10 plants with JIG IV. These bulks were
genotyped with SSR markers polymorphic between the
parental lines.

Measurement of trichome density

Data on leaf trichome density were recorded on parental
lines and individual plants of the backcross population fol-
lowing Wright et al. (1999). Briefly, a young leaf trichome
count was made on the underside of fully expanded but
glossy leaves using a 6-mm ring (28.27 mm2). Similarly,
fully expanded (but not glossy) leaves were used for tri-
chome count on mature leaves. A total of three counts (one
each on the left and right side of the midrib above the
convergence of two large veins and one on the midrib) were
made on each leaf using a stereomicroscope. An average of
three counts was computed and used for statistical analysis.
The Shapiro–Wilk test was conducted to assess the normal
distribution of trichome density. Pearson’s correlation coef-
ficient was used for establishing an association between
various parameters.

Results and discussion

Introgression for leafhopper tolerance and its inheritance

G. arboreum, one of the two diploid cultivated Asiatic cot-
ton species, belongs to secondary gene pool of cotton. It
possesses resistance to several biotic stresses such as
leafhopper, whitefly, thrip, cotton leaf curl disease etc.
G. arboreum is cross-incompatible with upland cotton, and
hybridization between these two species is relatively diffi-
cult. In the present study, several upland cotton lines,
including LH 2107 were used as female parents and many
desi cotton lines including LD 491 as pollen parents for the
development of primary cross. A total of 12,392 flowers of
upland cotton genotypes were pollinated to obtain four true
interspecific (G. hirsutum 9 G. arboreum) hybrids. Nature
of gene action and genetic control of a trait are important
considerations for designing strategies to incorporate a trait

Figure 1. Leafhopper tolerant G. arboreum cv. LD 491 (a); G. hirsutum acc. LH 2107 (b) and G. hirsutum cv. F 2164 (c) showing
symptoms of leafhopper damage.
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successfully. The F1 hybrid derived from G. hirsutum acc.
LH 2107/G. arboreum cv. LD 491 was observed to be tol-
erant to leafhopper indicating the dominant nature of
leafhopper tolerance. This finding is consistent with the
results of Sikka and Singh (1953); Annapan (1960); Push-
pam and Raveendran (2005) in cotton and Sharma and Gill
(1984) in okra where dominant expression of leafhopper
tolerance has been reported.

In the present investigation, two populations, namely G.
hirsutum acc. LH 2107/G. arboreum cv. LD 491/G. hirsutum
acc. LH 2107 (population I) and G. hirsutum acc. LH 2107/
G. arboreum cv. LD 491/G. hirsutum cv. F 2164 (population
II) were used to study the inheritance of leafhopper toler-
ance. Of the 293 plants in population I, 218 plants were
found to be tolerant to leafhopper whereas, 75 plants were
observed to be susceptible. Similarly in population II, 142
leafhopper tolerant and 48 susceptible plants were registered.
According to the two gene model, the number of leafhopper
tolerant and susceptible plants should segregate in a Men-
delian ratio of 3:1 in BC1F1 generation. Chi-square analysis
revealed that the observed and expected numbers did not
differ significantly for digenic control (table 1). Thus, it is
apparent that two dominant genes, either singly or in com-
bination governed tolerance to leafhoppers in both popula-
tions. Similar duplicate gene action has been observed in F2
intervarietal upland cotton population segregating for
leafhopper resistance in 15:1 ratio (Pushpam and Raveen-
dran 2005). Further, using other populations they also
showed leafhopper resistance to be under the monogenic (3
resistant: 1 susceptible) and digenic (13 resistant : 3 sus-
ceptible; 9 resistant : 7 susceptible) control in upland cotton.
Two gene control of leafhopper resistance has also been
reported by Sikka and Singh (1953) in cotton. Simple
monogenic dominant genetic control for leafhopper resis-
tance has been demonstrated by Painter (1958) and Sikka
and Singh (1953). On the other hand, Roy et al. (2017)
observed inhibitory gene action (13 susceptible: 3 resistant)
for resistance to leafhopper in an F2 population derived from
G. hirsutum 9 G. barbadense cross. The foregoing discus-
sion reveals that tolerance to leafhopper in cotton is

controlled by major genes but the gene action varies with
different genetic backgrounds.

Identification of molecular markers linked to leafhopper
tolerance

DNA-based markers have a variety of applications in crop
improvement programmes including gene tagging. Gene
tagging is the pre-requisite for marker-assisted selection
(MAS) in which selection of a plant in the segregating/
backcross generation is based on its genotype and not on its
phenotype. It enhances the efficiency of a breeding pro-
gramme by advancing breeding material across generations
in a shorter time. For this purpose, a set of 304 cotton-
specific SSR markers belonging to all the 13 A-genome
chromosomes was used to discriminate the parental lines,
namely G. hirsutum acc. LH 2107 and G. arboreum cv. LD
491. SSR markers have several merits as these are PCR
based, co-dominant, highly reproducible, distributed
throughout the genome, and follow Mendelian inheritance.
Of the 304 SSR markers employed to detect polymorphism
between the parental lines, 99 (32.6%) were observed to be
polymorphic.

BSA was conducted to identify the SSR markers associ-
ated with leafhopper tolerance. Accordingly, DNA of 10
BC1F1 plants showing Jassid Injury Grade I was pooled to
constitute ’tolerant’ bulk in population I. Similarly, ’sus-
ceptible’ bulk was created by pooling DNA of an equal
number of BC1F1 plants exhibiting JIG IV symptoms. The
99 polymorphic SSR markers were genotyped on the
leafhopper ’tolerant’ and ’susceptible’ bulks so as to identify
the uncommon markers between the two bulks. Two SSR
markers, namely NAU 922 (chromosome A5) and BNL
1705 (chromosome A11) were associated with leafhopper
tolerance (figure 2). The marker genotype of the tolerant
bulk resembled the leafhopper tolerant parent LD 491.
Likewise, the genotype of the susceptible bulk was identical
to that of the leafhopper susceptible parent, i.e. LH 2107 for
both the markers (BNL 1705 and NAU 922). Interestingly, a
correspondence between the genetic control and molecular
analysis was observed. Both SSR markers are unlinked since
both belong to two different chromosomal locations.

Not many reports showing the association of molecular
markers with sucking insect-pests including leafhopper tol-
erance are available in cotton. Recently, a QTL linked with
jassid injury resistance mapped on chromosome A12 has
been identified in a RIL population derived from G. hirsu-
tum 9 G. barbadense cross (Sankseshwar et al. 2018). The
genes governing leafhopper tolerance identified in the pre-
sent study are located on chromosomes A5 and A11 and are
different from Sankseshwar et al. (2018) in terms of origin
and chromosomal location. The two genes identified in our
study have been introgressed from a related diploid
G. arboreum.

Table 1. Inheritance of leafhopper tolerance in interspecific cotton
derivatives.

Reaction
Observed
number

Expected
number

v2 = (O - E)2/
E

Population I
Tolerant 218 219.75 0.0139
Susceptible 75 73.25 0.0418
Total

P
= 0.0557NS

Population II
Tolerant 142 142.5 0.00175
Susceptible 48 47.5 0.00526
Total

P
= 0.00701NS

NSNonsignificant differences.
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Association of leaf trichome density with leafhopper tolerance

Various studies have explored the contribution of trichomes
(epidermal outgrowths on aerial plant parts) towards toler-
ance/susceptibility to insect pests in cotton. Trichomes alter
host preference of the insects by affecting their feeding or
oviposition behaviour. Higher leaf trichome density has been
shown to influence the feeding and reproduction of jassid
(Murugesan and Kavitha 2010; Kanher et al. 2016). On the
other hand, a positive association of leaf trichome density
with the whitefly population has been reported in cotton
(Nawab et al. 2011; Grover et al. 2016; Suthar et al. 2021).
Similarly, a significant positive correlation between the hair
density with number of eggs laid down and the larval pop-
ulation of spotted bollworm (Earias vitella) in Asiatic cotton
has also been documented (Keshav et al. 2013).

In the present investigation, leaf trichome density was
assessed on one young and one mature leaf of each of 200
BC1F1 individuals in population I and five plants of each
parental line. The mean and range of leaf trichome density
recorded on parental lines and the backcross population are
listed in table 2. Trichome density on the young and mature
leaves was found to be 194 and 82.8, respectively, in LD
491. LH 2107 registered trichome density of 91 and 49 on
young and mature leaves, respectively. Higher trichome
density was present on young leaves in parents as well as in
the backcross population compared to that of mature leaves.

Similar findings on trichome density have been reported by
Wright et al. (1999); Nawab et al. (2011); Turley and
Vaughn (2012); Grover et al. (2016); Suthar et al. (2021) in
cotton. However, Desai et al. (2008) had recorded a slightly
less trichome number on young leaves in the F2 population
derived from an interspecific cross of G. arboreum 9

G. herbaceum. The P-value of 0.0095 obtained in the Sha-
piro–Wilk test indicated that the distribution of leaf tri-
chomes deviated significantly from the normal distribution
in the BC1F1 population. These results are consistent with
the findings of Grover et al. (2016) and Desai et al. (2008) in
desi cotton. A significant positive association (r = 0.81*) of
trichome density on young and mature leaves was observed
in the present study. Similar to this observation, a prior study
by Grover et al. (2016) in desi cotton also correlates young
and mature leaf trichome density positively (r = 0.83*). A
higher number of nymphs was recorded on American cotton
parent LH 2107 (6.9) in comparison to desi cotton parent LD
491 (2.6). Nymph count ranged from 2.1 to 8.1 with a mean
value of 5.12 in the backcross population I. A significant
negative correlation (r = -0.39*) between nymph count and
overall leaf trichome density was observed in population I.
Similarly, a significant negative association of nymph count
with young (r = -0.36*) and mature leaf trichome density
(r = -0.37*) was recorded in the backcross population in
the present investigation. Thus, it is evident that higher tri-
chome density on the cotton leaves is unfavourable to
leafhopper incidence. Similar reports of the negative asso-
ciation of trichome density with the jassid population are
available in cotton (Ashfaq et al. 2010; Murugesan and
Kavitha 2010; Khalil et al. 2017; Khan et al. 2017).

Presently, cotton cultivation in India is dominated by
transgenic Bt upland cotton hybrids. It is important to note
that the Bt gene does not provide resistance against sucking
insect pests. Due to the inherent vulnerability of extant Bt
cotton hybrids to sap-sucking insect pests, upland cotton
cultivation is seriously threatened by the surging populations
of these pests. Farmers have to pay out more on pesticides
now than before the introduction of Bt cotton (Kranthi and
Stone 2020). We successfully transferred leafhopper

Figure 2. Gel picture showing association of SSR markers (a) NAU 0922 and (b) BNL 1705 with leafhopper tolerance; P1, G. arboreum
cv. LD 491; P2, G. hirsutum acc. LH 2107; B1, Leafhopper tolerant bulk; B2, Leafhopper susceptible bulk; M, 50-bp DNA ladder.

Table 2. Mean and range of leaf trichome density in parental lines
and BC1F1 population.

Genotype

Young leaf Mature leaf

Mean ± SE Range Mean ± SE Range

G. hirsutum acc. LH
2107

91 ± 2.12 84–96 48.76 ± 1.93 44–54

G. arboreum cv. LD
491

194 ± 2.14 189–199 82.80 ± 2.31 76–88

BC1F1 population 116.28 ± 3.98 87–147 69.92 ± 5.12 12–131

SE, standard error of difference.
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tolerance from a related diploid cotton G. arboreum into
G. hirsutum, the most widely cultivated cotton species
worldwide. Transfer of tolerance to sucking pests from desi
cotton to tetraploid cotton has also been reported earlier
(Kulkarni 2002; Ansingkar et al. 2004). However, we
unambiguously demonstrate here that leafhopper tolerance
introgressed from desi cotton to upland cotton is inherited in
a simple Mendelian fashion and is controlled by two genes,
either singly or in combination. To the best of our knowl-
edge, it is the first report of molecular tagging of leafhopper
tolerance introgressed from G. arboreum into G. hirsutum.
The results reported here set the stage for mapping and the
use of these genes in breeding new upland cotton cultivars
with leafhopper tolerance for sustained cotton production
and productivity.
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