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1. Introduction
A-genome species of cotton including Gossypium 
arboreum L. and Gossypium herbaceum L., also called 
Asiatic cottons, are considered “Old World” cotton crops. 
In India and Pakistan, Asiatic cotton is still successfully 
planted in some regions with mediocre soil environments 
and rough management conditions (Guo, 2006; Rahman 
et al., 2009, 2011, 2012). In China, Gossypium arboreum 
has also been domesticated and cultivated for almost 
2000 years since it was first introduced from India (Xiang, 
1989). The significance of G. arboreum is derived from 
several favourable traits for cotton production, which 
the upland cotton cultivars lack. For example, drought 
tolerance and resistance to diseases like root rot and 
insect pests like bollworms and aphids (Mehetre, 2003) 
make G. arboreum well adapted to dry land conditions 
and low input cultivation practices. Another fascinating 
characteristic of natural G. arboreum fibres is the presence 
of various colours (e.g., white, milky, beige, and brown). 
Many Chinese G. arboreum accessions produce fibres with 
high strength and seeds with a high oil content and seed 
index. For efficient use of G. arboreum resources in the 
development of superior cotton cultivars with favourable 
agronomic traits, understanding the genetic relationships 

of G. arboreum is important (Liu, 2006), and for efficient 
use of these gene resources in cotton breeding a regular 
genetic assessment of the gene resources will help to 
decrease the redundancy and construct a core germplasm 
collection (Kantartzi, 2006).

Evaluation of the genetic diversity of landraces in G. 
arboreum L. race sinense using simple sequence repeats 
(SSRs) (Guo et al., 2006, 2007; Liu et al., 2006) has shown a 
higher level of genetic variation at the DNA level among the 
G. arboreum accessions than among Gossypium hirsutum 
L. accessions. The genetic diversity information for Asiatic 
cotton is useful for developing mapping populations for 
construction of an A-genome diploid cotton genetic 
linkage map and tagging economically important traits 
(Ma et al., 2008).

Although the A-genome has not been widely explored 
for mapping, there are few reports on genome mapping in 
G. arboreum and G. herbaceum (Desai et al., 2006). The first 
elaborative intraspecific genetic linkage map of A-genome 
diploid cotton (Gossypium arboreum L.), Jianglingzhongmian 
× Zhejiangxiaoshanlushu, was developed by Ma et al. (2008). 
In the present study we have developed an intraspecific 
genetic linkage map of G. arboreum and used it for QTL 
mapping of productivity traits. 
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2. Materials and methods
2.1. Plant materials and population generation
We developed an F2 population of 180 individuals derived 
from the intraspecific hybrid between 2 Gossypium 
arboreum cultivated species, namely Gossypium arboreum 
L. ‘Ravi’ and G. arboreum L. ‘Entry-17’ (AA, 2n = 4x 
= 26). Ravi and Entry-17 (E-17) were crossed in 2006. 
F1 seeds were grown to raise F2. The 180 F2 plants were 
grown in the National Institute for Biotechnology and 
Genetic Engineering (NIBGE) fields in 2007, and DNA 
was isolated from F2 individual plants. The next year, the 
F2:3 of each of the F2 plants was grown in the cotton field 
of NIBGE, Faisalabad, Pakistan in randomised complete 
block design with 3 replications. In each replication we 
ensured 15 plants with a plant-to-plant distance of 25 
cm, and the row-to-row distance was 75 cm. Standard 
agronomic practices were applied until maturity (Rahman 
& Zafar, 2012).  
2.2. Morphological markers
Five phenotypic traits were scored for the presence of 
the codominant allele of the 2 G. arboreum cultivars’ 
parents segregating in the F2 and F2:3 populations. The 
morphological markers scored were sympodia length 
(cm), number of sympodia per plant, and boll weight, as 
collected at maturity. The average number of sympodial 
branches was calculated by counting them from all the 
plants of each family and dividing by the total number 
of plants in each replication. The average boll weight was 
calculated by picking the seed cotton from all the plants 
in each family in each replication. The staple length and 
uniformity ratio were measured using a high-volume 
instrument. 
2.3. DNA extraction, SSR amplification, and 
electrophoresis 
DNA was isolated from young leaf tissues from both 
parents and every individual F2 in the mapping population, 
following the methods of Iqbal et al. (1997). PCR 
amplifications were done on a Master Gradient Thermal 
Cycler, and products were analysed by electrophoresis. 
A total of 1089 pairs of SSR primers were used to screen 
polymorphisms between Ravi and E-17. These SSR primers 
included BNL, JESPR, CIR, TM, CM, and PGMB (Reddy 
et al., 2001; Han et al., 2004, 2006; Qureshi et al., 2004; 
Park et al., 2005; Shaheen et al., 2013); they are available at 
http://www.cottonssr.org.
2.4. Data analysis
The maternal (Ravi), paternal (E-17), and F1 heterozygous 
genotypes of the F2 population were scored as 1, 2, and 
3, respectively. Missing data were designated as 0. The 
computer software JoinMap 3.0 (Van Ooijen & Voorrips, 
2001) was used for the chi-square test, used to test markers 
for the 1:2:1 segregation ratio expected in the F2 population 
with codominant markers or for the 3:1 segregation ratio 

expected with dominantly scored markers and map 
construction. First, a subset of markers with a minimum 
of missing data, excluding those without significant 
segregation ratio distortion, was used to construct an 
initial framework using a logarithm of odds ratio (LOD) 
score threshold of 3.5–15.0. The Kosambi (1994) mapping 
function was used for calculation of the pairwise distance. 
Chromosome assignments were done according to the 
method of Wang et al. (2006) using the similar SSR loci. 

For quantitative trait loci (QTL) mapping, composite 
interval mapping (CIM) was utilised using Windows QTL 
Cartographer software (Wang et al., 2007). A LOD score of 
≥3.0 was used to declare the presence of a putative QTL in 
a given genomic region in the CIM analysis, considering 
that high environmental effects could have influenced the 
power of detection of the QTLs.

3. Results
A total of 1089 SSR primer pairs including 74 EST-derived 
(prefix MGHES) and 1015 genomic sequence-based 
SSRs (prefix JESPR: 200, TM: 334, CIR: 150, BNL: 280, 
PGMB: 23, and CM: 28) were used to detect potential 
polymorphic markers in parent genotypes that could 
be used in genetic map construction and QTL analysis. 
In total, 2.7% of MGHES (EST-SSRs), 0.5% of JESPR, 
2.37% of TM, 4.6% of CIR, 5% of BNL, and 2% of CM 
primer pairs were polymorphic. Twenty-three SSR primer 
pairs, developed in our laboratory (prefix PGMB; Plant 
Genomics and Molecular Breeding Laboratories, NIBGE, 
Faisalabad, Pakistan) were also surveyed in parents, 
revealing no informative primer pairs. A total of 1245 
alleles were produced from 1089 amplified primer pairs, 
producing 1.14 alleles per primer. In total, 34 (3.12%) 
polymorphic SSR primer pairs were identified out of 1089 
successfully amplified SSR primer pairs in parental lines. 
These informative SSR primer pairs generated a total of 
52 different loci (19 primer pairs each amplified a single 
locus, 13 primer pairs each produced 2 loci, 1 primer pair 
generated 3 loci, and 1 primer amplified 4 loci) with an 
average of 1.52 loci per primer pair. Among the 34 SSRs 
surveyed on the mapping population, 33 loci segregated 
codominantly, whereas 1 of the markers was dominant. A 
total of 6 loci (17%) showed distorted segregation when 
subjected to a chi-square goodness-of-fit test for the 
expected Mendelian segregation ratio of 1:2:1 and 1:3 for 
codominant and dominant markers, respectively. 

In randomly amplified polymorphic DNA (RAPD) 
analysis using arbitrary decamer oligonucleotide primers, 
a total of 520 RAPD primers were employed to screen 
Ravi and E-17, parents of the intraspecific F2 population. 
As a result, 18 primers were informative, indicating a 
low level of polymorphism (3.46%). The surveyed RAPD 
primers produced 2466 amplicons with an average of 4.74 
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amplicons per primer. The 18 DNA markers identified 
through RAPD profiling, varying in size from 270 to 
1000 bp, were used for genotyping 180 F2 individuals. All 
the loci segregated dominantly. Around 20% of the loci 
showed distorted segregation in the mapping population.

A total of 52 DNA markers including 34 SSR and 18 
RAPD were genotyped on the F2 mapping population, 
and data were utilised for linkage analysis and map 
construction. Linkage analysis resulted in the mapping 
of 45 loci (27 SSRs, 18 RAPDs) on 10 different linkage 
groups (LGs) ranging from 10 to 68 cM in length. The 
remaining 7 markers were unlinked. The resulting linkage 
groups were numbered LG1–LG10 in descending order 
of length (Figure 1). The 10 linkage groups ranged from 
2 to 10 markers with an average length of 33.9 cM. The 
map spanned a total of 346.3 cM, covering about 10% of 
the total G. arboreum genome, and the average distance 

between adjacent markers was 7.7 cM (Table 1). The linkage 
groups LG5 and LG9 were composed entirely of SSRs. 
Other groups comprised both RAPDs and SSRs. Nine of 
the linkage groups were assigned to 9 chromosomes of the 
cotton genome based on the presence of SSRs (BNL3008, 
BNL3582, BNL1162, BNL827, BNL3255, BNL1438, 
CIR222, CIR19, CIR141, CIR156, CIR272) mapped to 
specific chromosomes by aneuploid analysis (Liu et al., 
2000) or assigned to chromosomes by linkage analysis 
(Lacape et al., 2003; Nguyen et al., 2004; Song et al., 2005). 
The haploid genome sizes are estimated to be approximately 
880 Mb for G. raimondii Ulbrich, 1.75 Gb for G. arboreum, 
and 2.5 Gb for G. hirsutum (Hendrix & Stewart, 2005). 
Interval mapping analysis was employed to determine 
chromosomal location of genes impacting productivity 
traits and yielded 6 QTLs for 4 traits. Composite interval 
mapping located 3 QTLs for 3 traits (Table 2). 
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Figure 1. Genetic linkage map of G. arboreum constructed using the F2 population derived from intraspecific cross Ravi × E-17. Marker 
names are given on the right and the position of 27 SSR and 18 RAPD loci on the left (in cM) (Kosambi, 1944). The fragment sizes of 
RAPDs (in base pairs) are given next to the marker name. SSR markers used to assign the chromosomes are boxed.
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4. Discussion
In the construction of genetic maps and molecular 
tagging, SSRs have been extensively utilised (Zhang et 
al., 2002; Nguyen et al., 2004; Song et al., 2005; Han et 
al., 2006; Abdurakhmonov et al., 2007; He et al., 2007; 
Shen et al., 2007; Zhang et al., 2008; Wu et al., 2009; 
Doğan et al., 2011; Achrem et al., in press). About 
92% of SSR primer pairs used in this study amplified a 
single amplicon from both parents, which was expected 
because multiple-locus amplification is a common 
phenomenon in allopolyploids like Gossypium hirsutum 
and may be related to fusion of the A and D genomes 

and chromosome duplication events during evolution 
(Buteler et al., 1999) because this is a diploid species. 
Dominant loci may result from null alleles. By definition, 
a microsatellite null allele is an allele at a microsatellite 
locus that consistently fails to amplify during PCR and, 
thus, is not detected when individuals are genotyped 
(Dakin & Avis, 2004; Ma et al., 2008). In this study we 
observed 3.12% polymorphism intraspecifically with 
SSRs, which is comparable to findings of a study by Ma 
et al. (2008) in which 4.4% polymorphism was observed 
intraspecifically in G. arboreum Jianglingzhongmian × 
Zhejiangxiaoshanlushu. 

Table 1. Distribution of molecular markers on the genetic map of cotton constructed using the F2 population derived from intraspecific 
cross Ravi × E-17.

Linkage group Assigned chromosome No. of marker loci Percentage of
marker loci Length (cM) Marker density

1 Chr. 16 or D07 10 22.2 59.2 6

2 Chr. 9 or A09 8 17.7 67.6 8.5

3 Chr. 7 or A07 6 13.4 42.8 7.13

4 A12 or Chr. 12 6 13.4 39.6 7

5 Chr. 25 or D6 3 6.7 34.8 11.6

6 A02 or Chr. 2 3 6.7 29.5 9.8

7 A03 or Chr. 3 3 6.7 27.7 9.2

8 Chr. 4 or A04 2 4.4 13.5 7

9 - 2 4.4 9.9 4.95

10 D02 or Chr. 14 2 4.4 21.7 11

Total 45 100 346.3 7.7

Table 2. Information regarding the putative QTLs detected (QTL Cartographer v. 2.5).

Trait QTL LG(1)

(chrom) Nearest marker QTL(2)

position
LOD(3)

score Additive effect R2(4)

(%)

Sympodia length Sm 1(16) OPX13_1000 19.03 3.27 –0.8918 5.0        

Nodes to sympodia Ns 1(16) BNL1438_150 24.8500        4.0577       –5.19        31.0        

Staple length
Sla 2(9) BNL1438_150 40.7100       16.2      –1.04        14.9        

Slb 2(9) OPV6_900 53.4900       20.2      –1.04        14.9        

Uniformity index
Ua 2(9) BNL1438_150 40.7100       4.4      –3.67        9.7        

Ub 2(9) OPV6_900 55.4900       4.6      –4.23        15.4        

Boll weight B 9 TMB471_190 0 4 0.65             22.4  

1: Linkage group/chromosome.
2: Position (in cM) from top of the linkage group/chromosome.
3: Log of odds scores.
4: Phenotypic variation explained.
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RAPD analyses also showed results similar to SSR 
analysis and revealed a relatively low percentage of 
polymorphism (3.64%) between the parent genotypes 
used to develop mapping populations in this study. The 
low level of polymorphism revealed in the present study 
by SSR and RAPD analyses illustrated the narrow genetic 
base of modern cotton cultivars. This finding is supported 
by some earlier studies on genetic diversity in cotton that 
showed high similarity among G. arboreum cultivars/
genotypes (Rana & Bhat, 2004; Vafaie-Tabar et al., 2004; 
Rahman et al., 2008). This low level of polymorphism 
can be attributed to the processes of domestication and 
selection, which have resulted in a drastic narrowing of 
genetic variation in cotton (Rahman et al., 2008).

Interspecific linkage maps of diploid cottons have 
been constructed for the A-genome (G. herbaceum × G. 
arboreum), D-genome (Gossypium trilobum × Gossypium 
raimondii) (Brubaker et al., 1999; Rong et al., 2004; Desai 
et al., 2006; Niu et al., 2008), and G-genome (Gossypium 
nelsonii × Gossypium australe) taxa (Brubaker & Brown, 
2003). A-genome Gossypium species exhibit low levels of 
polymorphism in comparison with the D-genome species, 
which is a major constraint in the development of a high-
density A-genome map (Brubaker et al., 1999; Rong et al., 
2004). A larger number of SSR markers are now available 
to overcome the constraint of low levels of polymorphism 
in the A-genome. To better understand the cotton genome 
and facilitate genomic research, Ma et al. (2008) developed 
the first intraspecific Asiatic cotton genetic map using 267 
SSR loci in an F2 population derived from a cross of G. 
arboreum cultivars. 

In the present study, an intraspecific F2 population 
consisting of 180 plants was used to generate a genetic 
map. A linkage map of 27 SSR and 18 RAPD markers 
scored in the mapping population was developed to 
facilitate QTL analysis. The map comprised 10 linkage 
groups and spanned 346 cM, around 10% of the total 3260 
cM of recombinational length of the G. arboreum genome 
(Ma et al., 2008). In an earlier intraspecific genetic map of 
G. arboreum reported by Ma et al. (2008), 2508.71 cM of 
the G. arboreum genome was covered by 268 polymorphic 
SSRs. Interspecific maps of A-genome map coverage 
ranged from 1216 cM to 1147 cM (Desai et al., 2006; 
Niu et al., 2008).

The average distance between adjacent markers on 
the map was 7.7 cM, which is in agreement with the best 
confidence interval of 10 cM proposed for QTL detection 
(Kearsey, 1998; Kearsey & Farquhar, 1998). Nine of the 
linkage groups have been assigned to 9 chromosomes of 
the cotton genome based on the presence of SSRs mapped 
to specific chromosomes by aneuploid analysis (Liu et al., 
2000) or have been assigned to chromosomes by linkage to 
such SSRs (Lacape et al., 2003; Nguyen et al., 2004; Song 
et al., 2005). One linkage group could not be assigned to 

any chromosome due to a lack of reference marker. Three 
of the linkage groups were assigned to the Dt genome 
while 6 were assigned to the At genome, according to the 
modern classification of tetraploid cotton chromosomes 
(Wang et al., 2006). A-genome chromosomes are largely 
collinear with the At and Dt subgenome chromosomes. 
Similar results were obtained by Desai et al. (2006) and Ma 
et al. (2008). The interchromosomal duplicated loci supply 
molecular evidence that A-genome diploid Asiatic cotton 
is paleopolyploid (Desai et al., 2006; Ma et al., 2008).

In the present study, 17% of polymorphic SSR loci 
and 20% of RAPD loci showed skewed segregation in the 
mapping population. Skewed segregation ratios have been 
reported frequently in cotton (Ulloa et al., 2002, 2005; 
Lacape et al., 2003; Mei et al., 2004; Desai et al., 2006). 

We have detected 4 QTLs for fibre traits placed on 
chromosome 9 or A09 according to the classification by 
Wang et al. (2006) of tetraploid cotton chromosomes: 2 for 
staple length, accounting for 29.8% of phenotypic variation, 
and 2 for uniformity index, accounting for 25.1% of the 
total phenotypic variation. QTLs sla and Ua for the fibre 
traits of staple length and uniformity index, respectively, 
were placed in the same chromosome region; QTLs Slb and 
Ub for staple length and uniformity index, respectively, 
were also placed in the same chromosome region (Figure 
2). In earlier studies, QTLs affecting different fibre-related 
traits were detected within the same chromosome regions, 
suggesting that genes controlling fibre traits may be linked 
or the result of pleiotropy. Abdurakhmonov et al. (2007) 
reported that QTLs associated with lint percentage were 
located on chromosomes 12, 18, 23, and 26 in tetraploid 
cotton. The studies of Park et al. (2005) on genetic 
mapping of fibre loci using EST-derived microsatellites in 
an interspecific recombinant inbred line population of G. 
hirsutum suggested that chromosomes 2, 3, 15, and 18 may 
harbour genes for traits related to fibre quality. Further 
investigation by Frelichowski et al. (2006) revealed that, 
apart from the above-mentioned chromosomes, loci on 
chromosome 12 may also affect variation in fibre quality 
traits. Our results indicate that fibre-related traits may 
also be present on G. arboreum chromosome A09, which 
corresponds to chromosome 9 of G. hirsutum.

Despite the fact that the G. arboreum genome has 
not been extensively utilised for QTL mapping, QTLs 
controlling fibre traits have also been identified and 
mapped to progenitor subgenomes At and Dt (Jiang et al., 
1998; Han et al., 2004; Mei et al., 2004; Lin et al., 2005).

A total of 2 QTLs were determined for sympodial 
length, accounting for 6% of the variability of the trait, and 
nodes to sympodia, accounting for 30% variability of the 
trait on linkage group 1, corresponding to chromosome 
16 or D07. The results obtained in the present study are 
congruent with the study of Guo et al. (2008), in which 
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molecular markers were used to locate QTLs for the node 
of first fruiting branch in G. hirsutum, and 3 significant 
QTLs were mapped to chromosomes 16, 21, and 25 while 
2 suggestive QTLs were mapped to chromosomes 15 and 
16 using interval mapping and multiple QTL mapping. 
The presence of QTLs for both traits, sympodia length 
and nodes to sympodia, on the same chromosome (Figure 
3) highlights the presence of related traits on the same 
chromosomes, as reported earlier for fibre traits and yield 
traits (Guo et al., 2008). 

Mapping of yield components yielded 1 QTL for boll 
weight in LG9, explaining 22.4% of the total phenotypic 
variance (Figure 4). This is in agreement with results of 
Jiang (2004) in G. hirsutum, in which only 1 QTL for the 

trait, explaining 8.5% of the total phenotypic variance, 
was detected. Correspondence of the G. arboreum linkage 
group with the Dt genome chromosome suggests that 
there are complex evolutionary relationships among the 
A, At, D, and Dt genomes.

In conclusion, QTLs are considered to be an effective 
means to assess genetic control of quantitative traits. QTLs 
identified in the present study will not only be useful in 
cotton breeding programs but will also be instrumental in 
identifying genes conferring staple length using map-based 
cloning strategies. The information regarding the QTLs 
discovered in G. arboreum is important because there are 
few QTLs identified using intraspecific populations, and 
the species is one the progenitors of the cultivated cotton 
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species G. hirsutum. The cotton genome of G. raimondii has 
been released by 2 independent laboratories. The genome 
sequence of another important cotton species, G. arboreum, 
will be released next year. Thus, genetic information about 
these 2 species will not only be instrumental in helping 
us understand the complex genetics of fibre, but will also 
pave the way for drawing evolutionary conclusions about 
fibre traits. 
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