Genetica (2009) 136:401-417
DOI 10.1007/s10709-008-9337-8

Linkage disequilibrium based association mapping of fiber quality
traits in G. hirsutum L. variety germplasm

Ibrokhim Y. Abdurakhmonov - Sukumar Saha - Jonnie N. Jenkins -
Zabardast T. Buriev - Shukhrat E. Shermatov - Brain E. Scheffler -
Alan E. Pepper * John Z. Yu - Russell J. Kohel - Abdusattor Abdukarimov

Received: 17 August 2008/ Accepted: 17 November 2008/ Published online: 9 December 2008

© Springer Science+Business Media B.V. 2008

Abstract Cotton is the world’s leading cash crop, but it
lags behind other major crops for marker-assisted breeding
due to limited polymorphisms and a genetic bottleneck
through historic domestication. This underlies a need for
characterization, tagging, and utilization of existing natural
polymorphisms in cotton germplasm collections. Here we
report genetic diversity, population characteristics, the
extent of linkage disequilibrium (LD), and association
mapping of fiber quality traits using 202 microsatellite
marker primer pairs in 335 G. hirsutum germplasm grown in
two diverse environments, Uzbekistan and Mexico. At the
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significance threshold (+* > 0.1), a genome-wide average of
LD extended up to genetic distance of 25 cM in assayed
cotton variety accessions. Genome wide LD at P > (0.2 was
reduced to ~5-6 cM, providing evidence of the potential
for association mapping of agronomically important traits in
cotton. Results suggest linkage, selection, inbreeding, pop-
ulation stratification, and genetic drift as the potential LD-
generating factors in cotton. In two environments, an aver-
age of ~20 SSR markers was associated with each main
fiber quality traits using a unified mixed liner model (MLM)
incorporating population structure and kinship. These
MLM-derived significant associations were confirmed in
general linear model and structured association test,
accounting for population structure and permutation-based
multiple testing. Several common markers, showing the
significant associations in both Uzbekistan and Mexican
environments, were determined. Between 7 and 43% of the
MLM-derived significant associations were supported by a
minimum Bayes factor at ‘moderate to strong’ and ‘strong to
very strong’ evidence levels, suggesting their usefulness for
marker-assisted breeding programs and overall effective-
ness of association mapping using cotton germplasm
resources.

Keywords Cotton germplasm - Genetic diversity -
Fiber quality - Linkage disequilibrium (LD) -
Simple sequence repeat (SSR) markers -

LD-based association mapping

Introduction
Although wild cottons (Gossypium species) are perennial

shrubs, cotton is largely cultivated as domesticated annual
crops. Cotton is not only the most important natural textile
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fiber source, but also a significant food source for humans
and livestock. The worldwide economic impact of the
cotton industry is estimated to ~ $500 billion/year with an
annual utilization of ~ 115-million bales or ~27-million
metric tons of cotton fiber (National cotton Council, 2006,
http://nationalcottoncouncil.com; Chen et al. 2007). Stag-
nant yield, declining fiber quality, and threat from biotic
and abiotic stresses limit the profitability in world cotton
production. Genetic improvement of fiber yield and quality
is the primary objectives of cotton breeding programs
worldwide. However, improvement of cotton fiber quality
is challenging due to narrow genetic base of modern cotton
cultivars (Igbal et al. 2001; Rungis et al. 2005) and nega-
tive genetic correlation between fiber quality and yield
(Culp and Lewis 1973). Both attributes indicate the great
need to explore novel germplasm resources for cotton and
tag the existing polymorphisms of agronomic importance.

The genomes of allotetraploid cottons (including culti-
vated G. hirsutum and G. barbadense) have a chromosome
complement of 2n = 4X = 52, a haploid genome size of
2,200-3,000 Mb DNA, and a total recombination length of
approximately 5,200 cM (an average of 400 kb per cM)
(Paterson and Smith 1999). Molecular marker technology
was successfully used to create genetic linkage maps, map
important agronomic quantitative trait loci (QTLs), and
assess genetic diversity (Chen et al. 2007; Abdurakhmonov
2007; Zhang et al. 2008; Preetha and Raveendren 2008). A
large collection of robust, portable, and PCR-based Simple
sequence repeat (SSR) marker resources, were developed
in multiple laboratories and made available to the cotton
research community through the cotton marker database
(CMD) (Blenda et al. 2006). As a result, a number of
potential DNA markers, identified using QTL-mapping in
bi-parental experimental populations, were made available
for future breeding programs of cotton to develop superior
cotton cultivars through marker assisted-selection (MAS)
programs (Zhang et al. 2008).

The traditional QTL mapping using bi-parental popula-
tions is low resolution method with little allele coverage,
extremely time-consuming, high-risk and expensive work—
prohibitively expensive if dozens, let alone hundreds or
thousands, of cotton germplasm accessions are to be exam-
ined. However, use of linkage disequilibrium (LD)-based
association mapping circumvents the need for large
bi-parental mapping populations by making use of infor-
mation contained within the genetic recombinations that
have occurred in natural populations during the course of
recent evolution, and as a result of crosses performed in the
course of both historical and modern breeding efforts. For
example, in human, DNA markers linked to a specific locus
controlling a particular genetic disease or trait will show a
reduced (non-equilibrium) level of recombination with the
locus controlling the trait of interest (Abdurakhmonov
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2007). This LD can be detected statistically, and has been
used to map and eventually clone a number of genes
underlying complex genetic traits in humans (Weiss and
Clark 2002; Schulze and McMahon 2002). By this method,
certain alleles at a marker locus are associated with partic-
ular alleles at a linked locus affecting a trait of interest.

The extent of genome-wide LD or allelic association is
the key starting point for association mapping. The extent
of LD has been quantified and an association mapping has
been successfully applied for many plant species (Gupta
et al. 2005; Abdurakhmonov and Abdukarimov 2008).
Genome-wide LD extended up to 50-250 kb in a globally
derived set of 96 Arabidopsis accessions, with some LD
blocks up to 50-100 cM in local Arabidopsis populations
(Nordborg et al. 2002, 2005). Genome-wide LD decay
was determined to occur within 200-1,500 bp in maize
(Remington et al. 2001; Tenaillon et al. 2001), 10 cM in
sugar cane and soybean (Flint-Garcia et al. 2003; Zhu et al.
2003), 3 cM in sugar beet (Kraft et al. 2000), 50 cM in
sorghum (Hamblin et al. 2004), 10-50 cM in barley
(Kraakman et al. 2004; Malysheva-Otto et al. 2006), and
10-20 cM durum wheat (Maccaferri et al. 2005). Important
information from these studies was that the genome-wide
extent of LD in plants could vary across genomes and
between species with the examples of longer stretches of
LD in local populations. Although LD-based association
mapping was successfully used in many organisms,
including crop germplasm resources (Gupta et al. 2005;
Abdurakhmonov and Abdukarimov 2008), the serious
influence of confounding population structure and relat-
edness of individuals are important concerns in conducting
association mapping (Pritchard et al. 2000; Yu et al. 2006;
Zhao et al. 2007).

In this study, we selected a large number of G. hirsutum
(also referred to as ‘Upland cotton’) variety accessions
from the Uzbek cotton germplasm collection and measured
economically important fiber quality traits of these acces-
sions in two distinct environments (Uzbekistan and
Mexico). These accessions were genotyped with SSR
markers to study the extent and distribution of diversity,
population structure, kinship, and pairwise LD between
SSR markers. From these data, we estimated an average
extent of genome-wide LD for cotton. We also performed
LD-based association mapping for the main six fiber
quality traits in cotton using a unified mixed linear model
(MLM) incorporating population stratification attributes as
well as general linear model (GLM) and structured asso-
ciations (SA) accounting for population structure and
permutation-based multiple testing correction. In Uzbeki-
stan and Mexican environment, an average of ~20 SSR
markers was associated with each main fiber quality traits.
Majority of these significant associations were specific to
single environment, but there were several common
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marker-trait associations that were significant in the both
environments in MLM model. Between 7 and 43% of our
MLM-derived significant associations of fiber quality traits
were supported by a minimum Bayes factor at ‘moderate
to strong’ and ‘strong to very strong’ evidence level
(Goodman 2001), suggesting a reliable portion of associ-
ations for breeding programs. The results of this study are,
to the best to our knowledge, the first report on a genome-
wide LD scan and LD-based association mapping of fiber
quality traits using G. hirsutum variety germplasm
resources. The results are very useful for application of
‘association study’ in cotton that will accelerate develop-
ment of superior cotton cultivars through MAS programs.

Materials and methods
Selection of cotton accessions

The Uzbek cotton germplasm collection constitutes more
than 17,000 cotton germplasm accessions of the A- to
K-genome groups from 43 cotton species that have been
developed, collected, and maintained for the past century
(Abdurakhmonov 2007). In that, G. hirsutum variety
accessions comprise about 85% of the collection with
broad geographic and ecotypic coverage. A total of 334
G. hirsutum variety accessions from Uzbek (303), Latin
American (18), and Australian (13) ecotypes were selected
from Uzbek cotton germplasm collection and used for gen-
ome-wide LD scans and association mapping purposes.
Three other allotetraploid cotton genotypes including Texas
Marker-1 (a standard genotype for G. hirsutum), Pima -379
(a standard genotype G. barbadense) and G. tomentosum
also were included for marker genotyping (see supplemental
material Table S1 for the list of accessions).

Phenotypic analyses in Uzbekistan environment

Phenotypic analyses of these selected accessions were
performed in field stations of the Institute of Genetics and
Plants Experimental Biology (IG&PEB), Tashkent, Uzbe-
kistan in 2003. Standard field plots and agronomic
technologies were used for growing selected accessions in
the Tashkent cultivation environment, which is totally
irrigated. Detailed information about the Tashkent envi-
ronment for specific years can be obtained from the archive
of the meteorology center (available at http://meteo.info
space.ru/wcarch/html, visited May 31, 2007). Ten plants of
each accession were grown and each group of accessions
was allowed to self-pollinate by covering the flowers with
paper bags just before the flowers opened. In Ilate
September and the beginning of October, cotton fiber
samples from self-pollinated cotton bolls of each accession

were harvested from field-grown plants. In brief, at least 25
fully opened self-pollinated cotton bolls were harvested
from each group of accessions (pooled from ten plants per
accession). Raw fiber samples were ginned manually to
isolate seeds and lint. Fiber quality traits of variety
accessions grown in Uzbekistan environment, such as fiber
length (upper higher mean-UHM) and strength (STR),
micronaire (MIC), elongation (ELO), uniformity (UI), and
reflectance (Rd), were measured by High Volume Instru-
ment (HVI) of the STARLAB, Knoxville, TN, USA.

Phenotypic analyses in Mexico environment

All selected variety cotton accessions were also grown in
short-day conditions of the Cotton Winter Nursery (CWN)
of USDA-ARS, in Tecoman, Mexico in 2005. Cotton
accessions are grown in the CWN during the winter dry
season under irrigation. Planting consisted of individual
plants spaced 18 inches apart in rows space 40 inches.
Seven plants of each accession were grown, and a pooled
fiber sample was analyzed for fiber quality traits (UHM,
STR, MIC, ELO, Ul and Rd). Fiber analysis was con-
ducted by the cotton incorporated HVI system. The fiber
quality measurements were obtained from a single replicate
in each of the two environments due to high cost of mul-
tiple trails/replicates with such a large sample of cotton
accessions. Analysis of variance (ANOVA) and phenotypic
correlations between traits in the two growing-environ-
ments were performed using the Visual Statistics System
(ViSta) (Young and Bann 1996).

Genotyping with SSR markers

From each accession, 8-10 young, fully expanded, leaves
were collected, stored at —80°C, and genomic DNAs were
isolated from the frozen leaf tissues using method of
Dellaporta et al. (1983) with minor modification and
optimization for frozen tissues. Prepared genomic DNAs
were checked in 0.9% agarose electrophoresis and DNA
concentrations were estimated based on HindIIl digested
A-phage DNA. The 334 G. hirsutum variety accessions
(Table S1) and three controls of G. hirsutum var. Texas
Marker-1 (TM-1), G. barbadense var. 3-79, and G. to-
mentosum were genotyped with a select group of 202
labeled-SSR primer pairs (supplemental Table S2). These
chromosome-specific primer pairs were selected using the
results of different laboratories, published papers (Liu et al.
2000a; Gutierrez et al. 2002; Han et al. 2004; Lacape et al.
2005; Shen et al. 2005; Abdurakhmonov et al. 2007a), and
based on informativeness relative to important QTLs and
chromosome distribution. This set of 202 SSR markers
distributed an average of ~10 SSRs per chromosome,
spanning along a total of 3,679 cM distance (~71% of a
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cotton genome coverage) or an average of ~ 175 cM/21
chromosomes (Table S2) (Lacape et al. 2005).

PCR-amplifications were performed in a 8 pl reaction
mix containing 0.8 pl 10x PCR buffer, 0.2 ul dNTPs
(10 mM each), 0.72 pl 25 mM MgCl,, 0.2 pul 5 pM labeled
primers (FAM, HEX, VIC, PET), 0.07 ul AmpliTaq Gold
DNA polymerase (Applied Biosystems, USA), and 15 ng
genomic DNA. PCR amplification was carried out using a
PTC-225 DNA Engine Tetrad thermocycler (MJ Research,
USA) with first denaturation at 95°C for 10 min, followed by
10 cycles of 94°C for 1 min, 60°C for 1 min (decreases of
0.5°C in each cycle) and 72°C for 2 min; 33 cycles of 94°C
for 15 s, 55°C for 30 s and 72°C for 1 min. A final 6 min
extension at 72°C was performed. With labeled primers
(Table S2), polymorphisms among cotton accessions at
amplified SSR loci were visualized in a denaturing capillary
electrophoresis using an ABI 3730x1 with a 96-capillary
system in POP-7 polymer (Applied Biosystems, USA). PCR-
products were diluted 1:30 before loading into capillaries.
The size standards of LIZ 500 or ROX 500 were loaded with
the diluted PCR-products according to the manufacturer’s
guidelines (Applied Biosystems, USA). Calling the size of
amplified products was performed using GeneMapper 3.7
(Applied Biosystems, USA) as well as a visual check for
band calling correctness. The SSR product sizes were also
compared to the CMD panel SSR amplification product sizes
where available (Blenda et al. 2006).

Molecular genetic diversity and phylogenetic analyses

Since G. hirsutum is an allopolyploid with reticulated
germplasm resources, SSR primer pairs often yielded
multiple PCR-products in our cotton accessions. There is a
great risk of false allele calling for multiple-band SSR
markers when wide germplasm resources with unknown
pedigree information are genotyped, unless only single-
band loci are selected for genotyping. Considering the
cotton germplasm material used in this study were strictly
self-pollinated during the past 50-years for germplasm
renewing, we scored our SSR data like a dominant marker
type with “1” for absent, “2” for present state, or “0” (or
77, “=999”, and “—9”, depending on the software
requirement) for the occasional non-amplification or
missing data state, taking each band as an independent
marker locus with a clear size band separation (Breseghello
and Sorrells 2006; Tommasini et al. 2007) to avoid
assigning incorrect allelic relationships since it is the
concern in association analysis (Sand 2007). The hetero-
zygosity level of marker data was identified according to an
average similarity frequency of alternative alleles (0.5 vs.
0.5 for high heterozygosity or 0.9 vs. 0.1 low heterozy-
gosity levels) (Li et al. 2007). Allele frequencies for
dominant markers were calculated using SpaGeDi software
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(Hardy and Vekemans 2002). The polymorphic informa-
tion content (PIC) was analyzed using the PowerMarker
software package (Liu and Muse 2005).

Genetic distance and phylogenetic analyses of cotton
accessions were performed using Neighbor Joining (N-J)
algorithms with the minimum evolution objective function
(Saitou and Nei 1987) of the software package PAUP*4.0b10
(Swofford 2002). Genetic variation within and among pre-
defined groups and pairwise Fgst genetic distances were
measured by analysis of molecular variance (AMOVA)
(Reynolds et al. 1983; Weir and Cockerham 1984; Excoffier
etal. 1992)using ARLEQUIN 2.0 (Schneider et al. 2000). We
also applied a Bayesian method of further partitioning genetic
differentiation among population groups, which allows direct
estimates of Fgr from dominant markers without prior
knowledge of inbreeding history (Holsinger et al. 2002;
Holsinger and Lewis 2003). Several runs for full, f =0,
0 = 0 and f = free models were performed using HICK-
ORY, ver. 1.0, with the default sampling parameters (burn-
in = 50,000, sample = 250,000, and thin = 50) following
software guidelines (Holsinger and Lewis 2003). Although
the Bayesian analysis with dominant markers revealed the
estimates of inbreeding coefficients (Fis) (data not shown),
we did not consider or discuss the results of Fig due to the
biased nature of the values obtained from small within pop-
ulation sample sizes (Holsinger and Lewis 2003). In both
AMOVA and Bayesian population differentiation analyses,
the 5% minor alleles filtered SSR datasets were used.

Pairwise linkage disequilibrium and LD decay

For population structure, kinship, pairwise LD and associa-
tion mapping analyses, only G. hirsutum genotypes were
used, excluding the control Gossypium genotypes, G. bar-
badense and G. tomentosum. The genome-wide LD between
pairs of SSR marker loci was studied according to Witt and
Buckler (2003) using the software package TASSEL ver.
1.9.6 (http://www.maizegenetics.net). The genome-wide
LD between all pairs of SSR alleles were analyzed with
‘minor allele’ frequencies filtered datasets where SSRs
alleles with a 0.05 frequency in genotyped accessions were
removed before conducting LD analyses because minor
alleles are usually problematic and biased for LD estimates
between pairs of loci (Mohlke et al. 2001; McRae et al.
2002). The ‘minor allele’ removal was performed using the
TASSEL site filtration function. LD was estimated by a
weighted average of squared allele-frequency correlations
(r*) between SSR loci. The significance of pairwise LD
(P-values < 0.005) among all possible SSR loci was eval-
uated using TASSEL with the rapid permutation test in
10,000 shuffles. The LD values between all pairs of SSR loci
were plotted as triangle LD plots using TASSEL (http://
www.maizegenetics.net/tassel) to estimate the general view
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of genome-wide LD patterns and evaluate ‘block-like’ LD
structures. Because of small sample sizes within the prede-
fined groups, we did not evaluate a separate pairwise LD for
each group to avoid biased estimates. The linkage map
information for 202 chromosome-specific markers tested on
the variety cotton accessions was obtained from a linkage
map constructed from the interspecific BC1 cross of
[(Guazuncho2 (G. hirsutum) x VH8-4602 (G. barba-
dense)) x Guazuncho2] (Lacape et al. 2005). The 7 values
for pairs of SSR loci were plotted as a function of map dis-
tances (cM), and LD decay (at <. 1) was estimated (Witt
and Buckler 2003).

Inference of population structure and Kinship

A model-based approach, implemented in the software
package STRUCTURE (Pritchard et al. 2000) for dominant
markers (coded as 1, —9; 2, —9), was used to identify
subgroups cotton variety accessions. In the first attempt, we
used both ‘no-admixture’ and ‘admixture’ co-ancestry
models under independent and correlated allele frequencies
using the burn-in time of 50,000 and the number of repli-
cations at 100,000 (Pritchard and Wen 2004) with the K up
to 10. However, we did not determine distinct clusters and
could not assign a significant number of K populations
using both above models. Therefore, we used the prior
population information model pre-defining accessions to a
specific type of populations. For instance, cotton accessions
were assigned to (1) Uzbekistan, (2) Latin American, and
(3) Australian cultivated cotton varieties based on the
source of origin as indicated in the germplasm collection
catalog (unpublished information). We also analyzed
pairwise kinship (K-matrix) for our cotton variety acces-
sions. Pairwise kinship estimates were calculated according
to Hardy and Vekemans (2002) using the software package
SpaGeDi. The kinship coefficient algorithm of Hardy
(2003) for dominant markers was used to obtain the pair-
wise kinship matrix between the studied cotton accessions.

Association mapping of fiber quality traits

The MLM association test of fiber quality traits, incorpo-
rating K and Q matrices, was performed according to Yu
et al. (2006) using the TASSEL software package (Bradbury
et al. 2007). We also performed the GLM (Bradbury et al.
2007) and SA (Thornsberry et al. 2001) association analyses
with the same data, incorporating population structure
information as a covariate and using 1,000-time permuta-
tions for the correction of multiple testing. Since MLM
method performs better in controlling spurious associations
(Yu et al. 2006; Zhao et al. 2007), we first ranked significant
association from MLM (P < 0.05) and then compared sig-
nificance of these markers (P < 0.05) in the permutation-

based GLM and SA association tests. We also separately
tested the MLM-derived P-values for multiple testing cor-
rection using pFDR test in QVALUE program version 1.0
(Storey and Tibshirani 2003), Sidak procedure of Bonferroni
adjustment (using P = 1—(1—p)*, where L is a number of
independent tests), and pact method of Conneely and
Boehnke (2007). Moreover, to further reliably interpret the
MLM-derived significant associations, we calculated a
minimum Bayes factor (BF,,;,) factor using following for-
mula: BF;;, = —e*p*In(p) (Goodman 2001; Katki 2008).
The MLM-derived significant associations were also com-
pared with published literature information to judge
obtained associations (see “Results” section). The 5%
‘minor alleles’ filtered SSR datasets were used for all
association mapping models. Fiber trait data was imputed
for missing data and normalized using algorithms imple-
mented in TASSEL before conducting an association

mapping.
Data availability

The SSR data genotyped in our germplasm is available to
readers through the Cotton Marker Database (CMD; http://
www.cottonmarker.org, verified on December 2, 2008;
Blenda et al. 2006).

Results

Fiber quality properties of selected accessions
in Mexican and Uzbekistan environments

Cotton accessions revealed a wide-range of phenotypic
variation in fiber quality traits including fiber MIC, UHM,
Ul, STR, ELO, and Rd (Table 1). The variety accessions
from Uzbekistan, Latin American and Australian ecotypes,
while expressing a wide range of phenotypic variation for
fiber quality traits within a specific environment, revealed
different trait ranges for all fiber traits between two
environments based on ANOVA analysis (Table 2). For
instance, the trait range for MIC was varied (2.9-5.6) with
a mean of 4.4 in the Uzbekistan environment whereas it
varied from 2.3 to 6.5 with a mean of 4.7 in the Mexican
environment (Table 1), revealing significantly
(P < 0.001) different impact of specific environments to
the measured fiber quality traits (Table 2). We observed
significant trait correlations between the same fiber traits
as well as among different fiber traits in Uzbekistan- and
Mexico-grown accessions (Table 3). Results of trait cor-
relations between the same fiber traits and correlations
among different fiber traits in the two distinct environ-
ments suggest the important influence of environment on
fiber development.
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Table 1 Summary of the fiber quality traits from the Uzbekistan (UZB) and Mexican (MEX) environments

Traits Summary of fiber quality traits in variety accessions

Number Mean Minimum Ist O Median 3rd Q Maximum
MIC_UZB 242 4.44 29 4.1 4.5 4.85 5.6
UHM_UZB 242 1.06 0.82 1.03 1.07 1.11 1.24
UI_UZB 242 82.5 772 81.7 82.6 83.35 854
STR_UZB 242 28.56 17.5 26.95 28.7 30.15 36.3
ELO_UZB 242 8.23 6 7.9 8.3 8.5 9.6
RD_UZB 242 72.62 443 71.7 73.55 75.05 78.3
MIC_MEX 242 4.74 2.3 44 4.8 5.1 6.5
UHM_MEX 242 1.1 0.93 1.06 1.1 1.14 1.28
UI_MEX 242 83.9 79 82.7 83.9 84.9 88.2
STR_MEX 242 27.23 15.8 253 27.1 28.9 44
ELO_MEX 242 6.8 4 6.2 6.8 7.4 9.6
RD_MEX 242 74.12 0.00 74.80 76.10 77.20 80.20
MIC micronaire; UHM fiber length; UI uniformity; STR fiber strength; ELO elongation; RD reflectance
Table 2 Mean squares of the ANOVA of fiber quality trait measurements in two environments, Uzbekistan and Mexico
Source of variation d. f. MIC UHM Ul STR ELO RD
Locations 1 11.04% 0.13%%* 239.83%%* 213.82%%* 247.06%* 271.35%
Cultivar 241 0.37%* 0.01%* 2.82% 11.52%* 0.84%* 135.08**
All sources 242 0.42%* 0.01%* 3.80%* 12.36%* 1.86%* 135.04%*
Error 241 0.25%%* 0 2.01 3.95 0.47 33.77
7* of the model 0.63 0.81 0.65 0.76 0.80 0.80

MIC micronaire; UHM fiber length; UI uniformity; STR fiber strength; ELO elongation; RD reflectance; * P < 0.005 and ** P < 0.0001

SSR marker polymorphisms

The primer pairs amplified 1,104 polymorphic SSR
amplicons or alleles with an average of 5.5 SSR alleles
(2—-15 allele range) per primer pair. Thirty-six percent
(402) of SSR alleles were unique and present in only
0.5% of the accessions. Thirty-seven percent (405) of the
SSR alleles were rare and found in only 5% of the
accessions genotyped. The remaining 297 (27%) SSR
alleles were highly polymorphic. The overall PIC for
SSRs was in the range of 0.006-0.50 with an average of
0.082. An average similar frequency of alternative alleles
(refer to methodology for details) of SSR data was 0.473
for dominant (or present) allele versus 0.50 for recessive
(or absent) alleles (with ~0.027 missing data), after fil-
tering for a 5% ‘minor alleles’ frequency. Filtering of
original SSR data set for a 5% minor allele frequency
generated the SSR data set from 109 primer pairs, which
covered ~55% of the cotton genome with an average of
~5.5 SSR primer pairs per each 20 chromosome span-
ning at an average of 142 cM distance/chromosome
(Table S2).
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Genetic distance estimates

The Neighbor-Joining (NJ) analysis revealed that these
variety accessions have a narrow genetic base. The mean
genetic distance (GD), generated by the NJ algorithm of
PAUP analysis (Saitou and Nei 1987), among all Upland
accessions ranged from 0.005 to 0.26 with an average of
0.12. The average GD within the G. hirsutum accessions of
specific ecotypes (Uzbekistan, Latin American and
Australian) was very close and ranged from 0.12 to 0.14.
The highest GD among G. hirsutum varieties was observed
within the Australian ecotype group (0.26). As expected,
G. hirsutum varieties from these diverse three ecotypes was
very close to TM-1 having only an average GD of
0.12-0.14. Once again, Australian varieties had the highest
GD with TM-1 line (Table 4; Fig. 1).

Analysis of molecular variance (AMOVA)
To estimate genetic diversity within and among predefined

groups (Uzbekistan, Latin American and Australian cotton
accessions), we also analyzed Wright’s Fgr index using
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AMOVA test. Although differentiation among groups was
highly significant (P < 0.0001), 91.76% of total genetic
variance was attributed to the difference within groups,
and only 8.24% variance was observed among the prede-
fined groups (Table 5). The total Fgr value was equal to
0.0824 (P < 0.0001). We observed highly significant
(P < 0.0001) genetic variation of 6-10% between Uzbe-
kistan, Latin American and Australian cotton cultivars with
the highest genetic distance (Fst = 0.095, P < 0.0001)
observed between Uzbekistan and Latin American cultivar
groups (Table 6).

Additionally, due to dominantly scored data, population
differentiation estimates (Fst) between the predefined
cotton germplasm groups were also analyzed using a
Bayesian approach for dominant markers without prior
knowledge of inbreeding coefficients. Several Bayesian
models were run and the smallest deviance information
criterion (DIC = 4382.43) was observed with full model.
The results of the 'V (analogous to Weir and Cockerham’s
Fsr) test that corresponds to the amount of genetic differ-
entiation among groups and the Bayesian analog of Nei’s
Gst (Nei 1973) revealed the low level of population dif-
ferentiation (~ 5%) among the predefined groups of cotton
germplasm in our study (data not shown). Although the
greatest proportion of genetic variance of cotton germplasm
groups was attributed to within population groups, those
small variations observed among predefined groups (both
at the in group specific and pairwise level) were highly
significant (P < 0.0001), suggesting the existence of pop-
ulation structure.

Mex_RD
1.00

1.00

Mex_ELO
0.06

. the same trait correlations in two

Mex_STR
.39

1.00
—0.18*

ek P < 0.0001

Mex_UI
1.00

10
0.33%%*
0.18%*%*

>

** P <0.01

Mex_UHM
1.00
0.37%%*
0.71%%*
0.08
0.37%%%

>

* P <0.05

0.16*
—0.33%

1.00
—0.33%

Mex_MIC

0.13
—0.12

1.00
—0.16*
0.36%**
0.09
0.377#%%*
—0.02
0.847##*

Uzb_RD

Uzb_ELO
1.00

0.1

0.11

0

0.23%%*
0.09
0.35%:%*
0.11

Assessment of population structure and kinship

Since the memberships of individuals to specific clusters
(Q-matrix) and the relatedness of individuals (K-matrix)
are crucial when conducting LD-based association map-
ping (Pritchard et al. 2000; Yu et al. 2006; Zhao et al.
2007), we measured these parameters. The model-based
approach (K = 3) using prior population information
revealed shared ancestry information among the predefined
groups of Uzbekistan, Latin American, and Australian
cotton accessions (Fig. 2). All 303 Uzbek variety cotton
accessions were assigned to cluster 1 with the minimum
probability of 0.57, out of which 264 accessions had more
than a 80% probability of being in cluster 1. Thirty-six of
the Uzbek cotton accessions may have shared a recent
ancestry with the Australian accessions and other four
Uzbek cotton varieties may share recent ancestry with the
Latin American accessions. One Uzbek accession shared
the recent ancestry from both Latin American and Aus-
tralian clusters, suggesting the use of one or more common
ancestral stocks in the Uzbek and Australian Upland cotton
breeding programs (Fig. 2).

Uzb_STR
1.00
0.283
030555

—0.06
(.29
0.14
0.50%**

—0.17*
0.3 1585

Uzb_UI
1.00
0.39%3k:%
0.26%3%:*

—0.11
0.38%3%:*
0.18*
0.41%%*
0.07
0.39:k:%

0.59
0.09
0.52%%%
0.10
0.407%%%

0.26%%
0.02
0,48+

0
0.68%%%

1.0

Uzb_UHM

—0.25

0.27%%%
.07
0.20%*

Uzb_MIC
1.0

—0.04
0.24%%*
0.307%%*
0

—0.03
0.00
0.01

—0.01
0.04

Mex_UHM
Mex_UI
Mex_STR
Mex_ELO
Mex_RD

Uzb_UHM
Uzb_UI
Uzb_STR
Uzb_ELO
Uzb_RD

Mex_MIC

MIC Micronaire; UHM fiber length; Ul uniformity; STR fiber strength; ELO elongation; RD reflectance;

Table 3 Correlation of fiber quality traits from the Uzbekistan (Uzb) and Mexican (Mex) environments
environments were bolded

Uzb_MIC

Traits
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Table 4 Summary of genetic distances (GD) of studied cotton accessions obtained from NJ analysis (Saitou and Nei 1987)

Accession Overall GD GD with G. hirsutum  GD with G. barbadense GD with G. No. of accessions
(TM-1) (3-79) tomentosum
Range Average Range Average  Range Average Range Average
Variety (All) 0.005-0.26 0.12 0.1-0.23 0.13 0.40-0.47 0.43 0.35-0.44 0.39 337
Uzbekistan varieties 0.005-0.25 0.12 0.1-0.19  0.13 0.40-0.47 0.43 0.35-0.44 0.39 303
Latin American varieties 0.05-0.22 0.13 0.1-0.15 0.12 0.41-0.45 0.43 0.38-0.41 0.39 18
Australian varieties 0.02-0.26 0.14 0.1-0.23 0.14 0.41-0.45 0.43 0.37-0.42 0.38 13
T™-1 - - - - 0.42 - 0.38 -
Fig. 1 Rooted and Unrooted N N

Neighbor-joining (NJ) trees for
the variety cotton accessions
including 337 accessions; the
control lines and ecotypes are
color coded for simplicity.
Branch length is shown

— 001 changes e T — 001 changes
Taple S Analysis of molecular Source of variation d.f. Sum of Variance Percentage P-value
variance (AMOVA) LS
squares components of variation
Among populations 2 307.252 3.84392 8.24 <0.0001
Within populations 332 14,211.733 42.80642 91.76 <0.0001
Total 334 14,518.985 46.65034
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Table 6 Pairwise and population specific Fgr estimated based on
Weir and Cockerham approach

Groups Uzbekistan  Latin American  Australian
Uzbekistan (304) 0.082*

Latin American (18)  0.095* 0.084*

Australian (13) 0.066* 0.060* 0.084*

Diagonal elements are population specific Fsr; below diagonal ele-
ments are pairwise Fgr; * Significant at P < 0.0001

All 18 varieties from the Latin American ecotype were
assigned to the second cluster with the minimum proba-
bility of 59%. In this cluster, three cotton accessions shared
recent ancestry with the Uzbek cluster, and there was a
zero posterior probability that the Latin American cotton
varieties had a recent ancestry with the Australian cluster.
All of the Australian varieties were assigned to cluster 3
with a minimum probability score of 0.57. In this Austra-
lian cluster, two Australian cotton accessions shared a
putative ancestor with the Uzbek varieties and five acces-
sions may have shared recent ancestry with Latin American
cottons.

The pairwise kinship values varied 0-0.7. We observed
that the majority of the pairs of cotton accessions (55%)

1.00
0.80
0.60
0.40
0.20
0.00

1

had zero estimated kinship values, while 22-23% of the
pairs had a value of 0.05, and 20% of the pairs had a value
0.1-0.20. The remaining pairs of accessions (1-2%) had
>0.25 kinship values, suggesting involvement of some
common parental genotypes in the breeding history of
these germplasm groups.

Pairwise linkage disequilibrium and LD decay

In a total of 335 variety accessions of G. hirsutum and
40,470 pairwise comparisons of 285 highly polymorphic
SSR marker loci, 22, 13 and 9% of SSR marker pairs were
in significant LD at P < 0.05, P < 0.01 and P < 0.005,
respectively. Based on r* estimates, only 4% of SSR marker
pairs showed significant LD at /% > 0.05 and ~1% of
marker pairs were in LD at # > 0.1. We also tried to
determine the structure of haplotypic LD in the genome
since a strong block-like LD structure simplifies LD map-
ping of complex traits (Zhang et al. 2002). Triangle plots for
pairwise LD between SSR markers demonstrated significant
LD blocks in the genome-wide LD analysis (Fig. S1). To
identify the average genome wide sizes of these blocks, or
so called a genome-wide LD decay, r* LD values were
plotted as a function of genetic distance in cM (Fig. 3). The

Fig. 2 The summary plots of Q-matrix estimates for the variety accessions: cluster 1-Uzbekistan (defined with the red color); cluster 2- Latin
American (defined with green color); cluster 3-Australian ecotypes (defined with blue color)

Fig. 3 LD decays within a 1.00
distance. Inner fitted trend line
is a non-linear logarithmic 0.90
regression curve of 7> on genetic .
- . 0.80
distance. LD-decay is
considered below r* = 0.1 0.70
threshold based on trend line
(Witt and Buckler 2003) 0.60
* Unlinked markers
r? g.so
0.40 \\
0.30 -
\ i
0.20
0.10
0.00 3 : o34 : N . :
0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300

Genetic distance, cM
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significant pairwise LD (+* > 0.1) was observed between
some SSR loci pairs within 50 cM distance. However,
genome-wide averages of this pairwise LD decays within
the genetic distance at 25 cM with > 0.1 (Witt and
Buckler 2003), demonstrating the portion of significant LD
generated by linkage. Genome wide LD at > > 0.2 was
reduced to ~5-6 cM revealing potential for association
mapping. We observed a number of unlinked markers
(located in different chromosomes) showing significant LD
between pairs of loci (Fig. 3), suggesting the existence of
LD generating factors other than linkage in the cotton
genome. A separate chromosome-wise analysis revealed
non-uniform distribution of LD in cotton chromosomes, but
due to unequal number of markers assayed per each chro-
mosome we did not present or discuss the results.

Association mapping of fiber quality traits

We performed association mapping of SSR loci with fiber
quality (MIC, UHM, UlI, STR, ELO, Rd) traits from the
two environments using the MLM, GLM, and SA analyses
implemented in TASSEL. In all three independent models
of association analyses, out of ~285 highly polymorphic
SSR loci used for association mapping, 22 (~8%) SSRs
were associated with MIC, 28 (~10%) were associated
with UHM, 12 (4%) were associated with UI, 24 (8%) were
associated with STR, 21 (7%) were associated with ELO,
and 13 (~5%) were associated with Rd traits assayed in
the Uzbekistan environment. Likewise, between 5 and 9%
of the SSRs showed significant associations with the one of
each fiber traits assayed in the Mexican environment
(Table 7). The portion of these SSR markers, associated
with fiber quality traits at P < 0.01 significance level in
MLM, explained between 1 and 6% phenotypic variation in
Uzbekistan environment, and between 2 and 6% in the
Mexican environment. The MLM test in fiber trait asso-
ciations explained 7-53% phenotypic variations (data not

shown) of assayed fiber traits in both environments.
Although correlation of association mapping results
between two diverse environments was not significant with
all traits (data not shown), 3 SSRs associated with MIC, 11
SSRs associated with UHM, 7 SSRs associated with STR,
and 5 SSRs associated with ELO traits were common in
both Uzbekistan and Mexican environments (Tables 7, 8).

The MLM generates more accurate correlations with
less inflated Type I error (Yu et al. 2006). Between 78 and
96% of the MLM-derived significant (P < 0.05) associa-
tions for fiber traits in our study were supported by 1,000-
time permutated P-values of the GLM and SA tests at
P < 0.05 (Table S3), suggesting usefulness of majority of
the MLM-derived associations in two distinct environ-
ments. However, the MLM-derived significant associations
are subject for multiple testing corrections (J. Yu, personal
communication). We used more precise Sidak approach of
Bonferroni adjustment (data not shown), pact method
(data not shown) and pFDR approach (Table S3) to adjust
the MLM-derived P-values for multiple testing. These
three methodologies performed almost similarly to adjust
P-values of MLM. In that, most of the MLM-derived sig-
nificant associations did not tolerate (at g < 0.05 level)
multiple testing corrections, leaving only one SSR marker
(BNL3661_199) associated with UHM in the Mexican
environment, three SSR markers (BNL3661_199,
CIR166_111, BNL3661_197) associated with STR in the
Mexican environment, and four SSR  markers
(CIR166_111, JESPR65_108, BNL827_246, CIR166_114)
associated with Rd in the Uzbekistan environment (see
Table S3). Further, to validate the MLM-derived signifi-
cant associations, we also calculated a BF,;, from the
MLM-derived P-values as a symmetric decreasing prior BF
(Katki 2008; personal communication). Between 7 and
43% of the MLM-derived significant associations (Table 7)
were supported by a BF.;, at ‘moderate to strong’
(BFin < 0.13) and ‘strong to very strong’ (BF,;, < 0.05)

Table 7 Summary of the association mapping of fiber quality traits using MLM, GLM and SA tests in TASSEL

Traits No. of significant associations*

Uzbekistan environment Mexican environment

Common markers*** Number of BF,;, supported associations

(<0.13)

Uzbekistan environment Mexican environment

Micronaire (MIC) 22 (12)** 16 (12)
Fiber length (UHM) 28 (13) 26 (12)
Uniformity (UI) 12 (3) 18 (9)
Fiber strength (STR) 24 (11) 23 (10)
Elongation (ELO) 21 (8) 27 (18)
Reflectance (Rd) 13 (6) 15 (7)

30) 83 8(N
11 (5) 13 (8) 9(3)
- 4 (1) S
72 3 92
50) 6(2) 5@
- 72 2

* Note that in this table, only a number of the MLM-derived significant associations (P < 0.05) supported by 1,000-time permutated P-values
(P < 0.05) of the GLM and SA tests are given (see supplementary materials for TableS3); ** In parenthesis, the number of fiber related SSRs
that coincided with published in literature is given; *** Number of SSR loci showing the same-trait associations (MLM, P < 0.05) in the both

environments (refer to Table 8)
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Table 8 SSR markers associated with the same fiber quality traits in the Mexican and Uzbekistan environments

# Marker names Mexican environment

Uzbekistan environment

F-value (MLM)

P-value (MLM)

F-value (MLM) P-value (MLM)

Micronaire (MIC)

1 BNL3255_230 11.9
2 BNL2986_156 9.6
3 BNL2986_154 4.2
Length (UHM)

1 BNL3661_199 25.5
2 BNL3661_197 114
3 BNL3545_187 8.3
4 BNL1122_170 7.3
5 BNL1604_116 7

6 JESPR92_378 6.2
7 BNL2986_156 5.8
8 BNL3806_199 5.6
9 BNL1694_237 52
10 BNL4108_172 5.2
11 BNL3650_337 4.7
Strength (STR)

1 BNL3661_199 16.8
2 BNL3661_197 12.3
3 BNL2571_253 10.9
4 BNL1122_170 8.8
5 CIR347_246 5.1
6 CIR347_249 4.4
7 BNL3806_199 39
Elongation (ELO)

1 BNL3650_337 12.5
2 JESPR229_110 5.5
3 BNL3482_137 4

4 BNL4108_166 4

5 CIR180_220 39

0.00068+¢* 5 0.0266%°
0.0022% 55 0.01948
0.0421 9.4 0.0024%¢
0.0000009%¢5¥ 8.7 0.0034%8
0.0009% 3.9 0.04838°
0.00437# 8.1 0.00477¢
0.00757 8.1 0.00477¢
0.00877 11.1 0.0010%*
0.01378 3.8 0.0510%°
0.0167% 8.2 0.00462
0.0191% 5.6 0.0190%
0.0233¢8° 7 0.0088752
0.02378 9.7 0.0020%
0.0310% 8 0.0050"s¢
0.00006+¥ 4 0.04748°
0.0005%¥ 5.1 0.02438
0.0011%&¥ 42 0.04218°
0.0032%e 53 0.0219 &
0.0246% 4 0.0457%
0.03748° 6.6 0.01077¢
0.0494%8 5.4 0.0207%°
0.0005% 4.4 0.0363%
0.02002° 5 0.02618°
0.0456 6.7 0.0103"&
0.04698 5.1 0.02528°
0.05018° 6.6 0.01097&

t BF,.i» with strong to very strong evidence for association (<0.05); i BF,,in with moderate to strong evidence for association (>0.05-0.13);
& significant in GLM test after 1,000-time permutation test at P < 0.05; * significant in SA test after 1,000-time permutation test at P < 0.05;

¥ significant in pFDR test at ¢ < 0.05. Bold-faced values significant in MLM test (P < 0.05), but were not supported by either BF,;,, or
permutated GLM and SA tests in Mexican environment; they were included because of their significance in Uzbekistan environment

evidence level (Goodman 2001; Table S3), suggesting
a reliable portion of the MLM-derived significant
associations.

We also compared fiber trait-associated SSR markers
from our study with reported SSR markers from QTL-
mapping analyses in various experimental populations
(Han et al. 2004; Mei et al. 2004; Shen et al. 2005; Lacape
et al. 2005; Zhang et al. 2005a; He et al. 2005, 2007; Lin
et al. 2005; Wang et al. 2006; Abdurakhmonov et al.
2007a). Other published QTL-mapping studies were not
compared because of the use of a different marker system.
Thorough analysis of the literature data revealed that the
majority of SSRs (or their alleles) showing association with

the main fiber quality traits in the Mexican and Uzbekistan
environments were also found to be associated with fiber
quality traits in other linkage-mapping studies in cotton
(Table S3; see for example Fig. S2). Twelve (54%) SSR
markers associated with MIC trait, 13 (46%) SSRs asso-
ciated with UHM, 3 (25%) SSRs associated with UI, 11
(45%) SSRs associated with STR, 8 (38%) SSRs associated
with ELO and 6 (46%) SSRs associated with RD traits in
the Uzbekistan environment coincided with earlier reported
SSRs (or their alleles) linked to fiber quality (Table 7,
shown in parenthesis; Fig. S1). Likewise, a number of SSR
markers associated with fiber quality in the Mexican
environment in our study coincided with previously
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reported SSR markers of various QTL-mapping studies for
fiber quality traits (Table 7). This supports the LD-based
association mapping results (Kraakman et al. 2004) of our
study that used diverse sets of cultivated cotton germplasm
resources. The remaining SSRs are new unreported mark-
ers revealing associations with fiber quality traits in diverse
set of cotton germplasm (Table S3). We also checked
whether those SSRs markers showing significant associa-
tions in diverse environments are in pairwise LD or not.
The comparison of LD values (rz) and association results
from the MLM (P < 0.05) revealed that 85% of the SSRs
significantly associated with fiber quality traits in MLM
were in significant LD with other SSR loci at r* > 0.1 (Fig.
S2 and Fig. S3).

Discussion

We explored the Uzbek cotton germplasm collection, one
of the largest, with a broad geographic and genetic diver-
sity coverage that provided us an opportunity to identify
the extent of a genome-wide LD and apply an ‘association-
mapping’ approach in cotton. The application of LD-based
association mapping for cotton facilitates comprehensive
utilization of natural genetic diversity conserved within
cotton germplasm collections worldwide (Abdurakhmonov
2007), as the case with in other plant germplasm resources
(Rafalski and Morgante 2004). Assessing a moderately
large number of cotton accessions in our study, we
observed a wide range of diversity in fiber quality traits
within specific environments and between environments
demonstrating (1) existence of potential genetic variation
for primary fiber quality traits within G. hirsutum germ-
plasm that is useful for future breeding programs; and (2)
the influence of environmental factors in the development
of fiber quality traits. Fiber quality trait correlations within
the Uzbekistan and Mexican environments, as well as
between these two diverse environments suggested differ-
ent performance of the same cotton cultivars and genetic
make-up in the specific environment (s) that should be
taken into account when breeding for these complex traits
(Zhang et al. 2005b). It should be mentioned that we used
only two environments fiber trait data in our study due to
funding constraints of growing of these accessions in
multiple environments in both Uzbekistan and Mexico.
This is the first time effort in phenotypic measurements of
fiber quality traits of Upland cotton accessions in such
moderately large samples.

The genetic distance analysis based on SSR markers
further revealed the narrow genetic clustering all of variety
accessions in our study at molecular level. A number of
studies on the genetic diversity of Gossypium species
revealed a low level of genetic diversity within Upland

@ Springer

cotton germplasms inferred from isozymes (Wendel et al.
1992), random amplified polymorphisms (RAPDs; Tatineni
et al. 1996; Igbal et al. 1997, 2001), restricted fragment
length polymorphisms (RFLPs; Brubaker and Wendel
1994), amplified fragment length polymorphisms (AFLPs;
Pillay and Myers 1999; Abdalla et al. 2001) and SSRs (Liu
et al. 2000b; Gutierrez et al. 2002; Zhang et al. 2005b;
Rungis et al. 2005; Lacape et al. 2007; Abdurakhmonov
et al. 2007b). Our results obtained from phylogenetic
analysis of an Upland cotton variety germplasm from
diverse ecotypes/breeding programs (Uzbekistan, Austra-
lia, Latin America) further confirms the narrow genetic
base of Upland cotton variety accessions and supports an
evidence for the occurrence of a genetic ‘bottleneck’ dur-
ing domestication events of the Upland cotton with
rigorous selection for early maturity (Igbal et al. 2001).

The extent of genome-wide LD and potential cause
of LD in cotton genome

We scored our SSR data as a dominant marker type.
Although a dominant type of coding has limited statistical
power compared to co-dominant markers in population-
based analyses due to missing heterozygote information,
previous studies suggested that it can be successfully
applied to in genetics analyses (Pritchard et al. 2000;
Hollingsworth and Ennos 2004; Hardy 2003), including LD
quantification and association mapping (Hansen et al.
2001; Kraakman et al. 2004, 2006; Malosetti et al. 2007;
Iwata et al. 2007; Tommasini et al. 2007; Li et al. 2007;
Abdurakhmonov and Abdukarimov 2008) with the use of a
large number of loci and samples. Accordingly, the mod-
erately large sample size and the large number of
heterozygous SSR loci used in this study should give
unbiased estimates of the genetic distance, genome-wide
LD, population structure, and kinship.

The amplified SSR fragments per primer pairs in the
cotton accessions (2—15 marker/primer pairs) were com-
parable with those reported in literature (Liu et al. 2000b;
Lacape et al. 2007). The percentage of SSR loci pairs in LD
observed in cotton was comparable with reports in maize
(10%) (Remington et al. 2001), and sorghum (8.7%)
(Hamblin et al. 2004), yet it was comparatively lower than
that obtained in other studies. In different maize population
groups, 49-56% of the SSR pairs were in significant LD
(Stich et al. 2005, 2006). Also a high percentage of SSR
pairs in LD was reported for population groups of culti-
vated barley (45-100%) germplasm (Kraakman et al. 2004;
Malysheva-Otto et al. 2006) as well as for the drum wheat
elite germplasm (52-86%) (Maccaferri et al. 2005). The
low percentage of pairwise LD between SSR loci in cotton
could also be associated with higher recombination rate
observed in allopolyploid cottons (Brubaker et al. 1999) as
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well as mutation, and experimental hybridizations under-
taken in the recent breeding history of Upland cotton
germplasm. This is the first reported insight into a genome-
wide LD level for cotton measured with SSR markers.

The size of LD blocks in plants is largely influenced by
a recombination rate, mating system (selfing vs. out-
crossing), genetic isolation, population subdivision and
admixture, selection, mutation, and effective population
sizes (Tenaillon et al. 2001; Ching et al. 2002; Liu et al.
2003; Rafalski and Morgante 2004). The genome-wide
averages of LD block size for cotton was comparable with
LD decay estimates reported in some local Arabidopsis
populations, sugar cane, sorghum, barley, durum wheat,
and grapevine (Nordborg et al. 2002; Flint-Garcia et al.
2003; Kraakman et al. 2004; Malysheva-Otto et al. 2006;
Maccaferri et al. 2005; Barnaud et al. 2006), yet was larger
than those reported in Arabidopsis, maize, sugar beet, and
wheat (Kraft et al. 2000; Remington et al. 2001; Breseg-
hello and Sorrells 2006). It should also be noted that our
estimate of genome-wide averages for the extent of LD in
cotton may not represent LD patterns of specific genomic
regions or population groups. Each of these specific regions
or populations of interest might require a quantification of
LD patterns for successful association mapping.

The decay of LD with the genetic distance demonstrates
that linkage is the main factor in conserving LD between
SSR loci in cotton that is useful for a genome-wide asso-
ciation mapping (Stich et al. 2005, 2006). However, we
observed a number of unlinked markers showing signifi-
cant LD (r2 > 0.1) between pairs of SSR loci, revealing the
existence of other LD generating factors than linkage in the
cotton genome (Nordborg et al. 2002; Stich et al. 2006).
One of those factors is selection since we observed a
number of unlinked marker pairs in significant LD. How-
ever, this might also be the result of co-selection of loci
during breeding for multiple traits (co-adapted genes) that
is common in cotton breeding programs worldwide.
Relatedness is another factor that might also generate LD
between unlinked loci pairs when predominant parents
exist in germplasm groups. In cotton accessions tested
about 22% accession pairs had >10% kinship values,
suggesting the potential effect of relatedness in observed
LD. The other factors such as genetic drift or bottlenecks
might have also generated LD in the G. hirsutum cotton
genome (Huttley et al. 1999; Stich et al. 2005). There is an
evidence of a genetic bottleneck occurring in the domes-
tication of Upland varieties because of rigorous selection
for early maturity (Lewis 1962; Igbal et al. 2001).
Although we did not separately estimate a pairwise LD
level of specific predefined groups due to small sample
sizes and dominantly scored SSR data, theoretically, pop-
ulation stratification is the one of the main forces
generating LD (Stich et al. 2005, 2006). LD generated by

selection, population stratification, and genetic drift might
be theoretically useful for association mapping (less num-
ber of markers are needed) in a specific population groups
and situations, yet it tends to reveal spurious marker-trait
associations (Pritchard et al. 2000; Stich et al. 2005, 2006).
This underlies the necessity for serious consideration of
population structure and relatedness to perform population-
based association mapping in cotton germplasm resources,
at least, in our samples.

Prospects of association mapping in cotton
and its application in mapping of fiber quality traits

In contrast to the human genome, where a very high den-
sity of molecular markers is needed for association
mapping in the majority of cases (Kruglyak 1999), the
cotton genome may require significantly fewer numbers of
markers for effective LD-mapping of complex traits,
which is also the case reported for other crops (Kraakman
et al. 2004; Barnaud et al. 2006). Considering the tetraploid
cotton genome with a total recombinational length of about
5,200 cM and an average 400 kb per cM (Paterson and
Smith 1999), the high threshold (r2 > 0.2) LD block sizes
of ~5-6 cM distance in cotton is large enough to conduct
an association mapping of complex traits that would
require a maximum of ~ 1,000 polymorphic markers for
successful association mapping. This number could be cut
down to ~200-250 markers if the extent of LD were
considered at the r° > 0.1 threshold, which is extended up
to a 25 cM distance. However, this conclusion is pre-
liminary due to the polyploid nature of the Upland cotton
genome, dominantly coded SSR data, and our inability to
identify the linkage phase of marker data in our study. This
needs to be further explored.

Because of the existing population stratification attri-
butes and unbalanced number of accessions in our cotton
germplasm groups, we applied the MLM approach of Yu
et al. (2006) considering both population structure (Q) and
kinship (K) to eliminate possible spurious associations. We
identified a number of SSR markers significantly associated
with the main fiber quality traits of cotton in the two
diverse environments. Nevertheless, majority of the MLM-
derived significant associations of fiber quality traits in
both environments did not tolerate to multiple testing
corrections using different statistical methodologies, sug-
gesting only a few markers could represent reliable
associations. The results of correction for multiple testing,
however, could be misleading due to (1) known conser-
vativeness of multiple testing adjustment methodologies
such as Bonferroni corrections and (2) unknown influence
of other P-value adjustment methods used to the model
based MLM approach. In that, results have already been
corrected to minimize the spurious associations, which
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represent less inflated Type I error (Yu et al. 2006; Zhao
et al. 2007). Perhaps, a modified statistical approach (e.g.
Bonferroni adjustment with a reduced number of inde-
pendent tests) should be applied to adjust MLM P-values,
which requires further studies (Dr. J. Yu, personal com-
munication). Hence, to reliably interpret the MLM-derived
significant associations in our study, we used minimum BF
estimation for the MLM association results because “even
without formal Bayesian analysis, the use of minimum
Bayes factor may provide an antidote for the worst infer-
ential misdeeds” (Goodman 2001). Although it is not a
perfect, minimum BF estimates over P-values of the MLM
approach in our study, may help to understand overall
impact of our associations (Katki 2008). Accordingly, at
least, a portion of significant MLM-associations in our
study, which were supported by BF,,;, estimate at ‘mod-
erate to strong’ and ‘strong to very strong’ level, should be
meaningful correlations.

Additionally, more support and validity of the MLM-
derived significant associations in our study come from
following other evidences: (1) the majority of the signifi-
cant associations found using the MLM approach were also
supported by the GLM and SA tests, accounting for pop-
ulation structure and multiple test issues. (2) The MLM
correlation identified several common SSR markers
showing significant association (supported also by both
GLM and SA) with the fiber quality traits (MIC, UHM,
STR, ELO) in both the Uzbekistan and Mexican environ-
ments implying not only association of these markers with
structural fiber gene(s), but also correctness of the model
that validates the association results (Table 8). Further-
more, (3) the majority of SSRs associated with the main
fiber quality traits in our study coincided with reported
fiber quality trait-associated SSRs from QTL-mapping
studies in various experimental populations, which is use-
ful in the judging of the association results (Kraakman
et al. 2004). At the same time, we detected additional, new,
and unreported SSR markers associated with fiber quality
traits in our cotton germplasm. The common SSRs showing
significant associations in both environments are potential
markers for effective MAS programs in cotton. In contrast,
SSR markers detecting significant associations only in one
specific environment (in the case with Ul and Rd traits)
suggested the importance of environment on these two
traits, and the environment specific expression of QTLs
responsible for these traits that needs to be considered in
future MAS programs.

Currently, a very few SSR markers are efficiently used
in MAS programs in cotton because majority of marker
information has been derived from populations of
bi-parental crosses with limited genetic background,
covering a few meiotic events since experimental hybrid-
ization. Initial association study in cotton (Kantartzi and

@ Springer

Stewart 2008) reported several SSR markers associated
with fiber quality traits in diploid cotton germplasm.
Compared to our study, those markers were obtained from
association analysis of significantly less number of cotton
germplasm resources. SSR markers associated with the
main fiber quality traits in our study were detected across
the genetic background of several hundred diverse cotton
accessions from different geographic locations, enabling us
to utilize multiple meiotic events occurred since history of
germplasm development. Also these markers provided a
broad scan view of variation associated with important
QTL regions of the cotton genome because these markers
were pre-selected from previously published reports as a
prior linked markers with important fiber QTLs that
increase the power of association mapping (Ball 2005).
Hence, these markers should have more potential to be
efficient markers for MAS programs and provide very
valuable information useful for genetic improvement of
Upland cotton.

Taken together, the moderately large extent of LD in the
cotton genome illustrates the significant potential for LD-
based association mapping of complex traits in cotton with
a relatively small number of markers. Conversely, the
mapping resolution may be limited, in particular, with
breeding germplasm. The potential LD generating forces in
cotton, discussed herein, suggest that population structure
and relatedness should be taken into serious account to
perform unbiased population-based association mapping in
cotton germplasm resources. The first insights of LD-based
association mapping using MLM approach, reported
herein, highlight the potential and feasibility of this
approach in cotton. A number of SSR markers associated
with fiber quality traits, discovered using G. hirsutum
germplasm resources in the two very diverse environments,
will not only be useful for marker-assisted breeding
programs in the development of cultivars with superior
fiber qualities, but will also provide insights on the envi-
ronment-specific functions of genes controlling the fiber
development.
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