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Abstract

Cottonseed contains 16% seed oil and 23% seed protein by weight. High levels of palmitic acid provides a degree of stability
to the oil, while the presence of bound gossypol in proteins considerably changes their properties, including their biological
value. This study uses genetic principles to identify genomic regions associated with seed oil, protein and fibre content in
upland cotton cultivars. Cotton association mapping panel representing the US germplasm were genotyped using amplified
fragment length polymorphism markers, yielding 234 polymorphic DNA fragments. Phenotypic analysis showed high genetic
variability for the seed traits, seed oil range from 6.47-25.16%, protein from 1.85-28.45% and fibre content from 15.88—
37.12%. There were negative correlations between seed oil and protein content. With reference to genetic diversity, the average
estimate of F'gT was 8.852 indicating a low level of genetic differentiation among subpopulations. The AMOVA test revealed
that variation was 94% within and 6% among subpopulations. Bayesian population structure identified five subpopulations
and was in agreement with their geographical distribution. Among the mixed models analysed, mixed linear model (MLM)
identified 21 quantitative trait loci for lint percentage and seed quality traits, such as seed protein and oil. Establishing genetic
diversity, population structure and marker trait associations for the seed quality traits could be valuable in understanding the
genetic relationships and their utilization in breeding programmes.

[Badigannavar A. and Myers G. O. 2015 Genetic diversity, population structure and marker trait associations for seed quality traits in cotton

(Gossypium hirsutum). J. Genet. 94, 87-94]

Introduction

Cotton is grown worldwide for its natural fibre and source
of oil, and the cottonseed meal is used as feed for ruminant
livestock (Wallace et al. 2009). Cottonseed oil is a versa-
tile vegetable oil derived from the seeds of the cotton plant
after the cotton lint has been removed, and comprises about
16% of a seed by weight. It is typically composed of about
26% palmitic acid (C16:0), 15% oleic acid (C18:1) and 58%
linoleic acid (C18:2). The cottonseed meal is the byproduct
after oil extraction and used as a source of fodder protein
in the livestock industry, but its use in agriculture is limited.
Constituting nearly half of a seed’s weight, the meal contains
23% high biological-value protein. Edible cottonseed con-
tains 64 g of protein per 100 g of edible cottonseed and a
source of nine essential amino acids, potassium and complex
carbohydrates (Heuzé et al. 2013). To balance the oil, protein
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and fibre content in the existing germplasm / cultivars, there
is a need to survey the genome to identify genes/controlling
elements responsible for these metabolic pathways. Improv-
ing the overall productivity of cotton and value of cottonseed
by manipulation of quality of cotton seed oil, protein content
and removal of toxic gossypol may contribute to increasing
the value of cotton both as a fibre and food crop (Mansoor
and Paterson 2012).

Protein and oil concentration, kernel index and percen-
tage in cotton are controlled by multiple genes (Singh et al.
1985; Dani and Kohel 1989; Ye et al. 2003), and are strongly
influenced by the environment (Kohel and Cherry 1983).
Seed traits may be simultaneously controlled by seed nuclear
genes, cytoplasmic genes and maternal nuclear genes (Ye
et al. 2003). Previous studies have shown significant nega-
tive associations between oil and protein content (Kohel and
Cherry 1983; Chen et al. 1986; Sun et al. 1987). Such factors
may hinder progress in the simultaneous improvement of
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these traits in conventional cotton breeding programmes.
Genetic mapping provides a useful tool to understand the
architecture of quantitative traits at the molecular level. DNA
markers linked to QTL controlling seed protein content have
been identified in soybean (Chung et al. 2003; Panthee et al.
2005), rice (Tan et al. 2001), barley (See et al. 2002) and
field pea (Tar’an et al. 2004). DNA markers associated with
loci controlling seed oil content or fatty acid composition
have been identified in soybean (Kianian ef al. 1999), rape-
seed (Zhao et al. 2006), sunflower (Bert ef al. 2003), oilseed
mustard (Gupta e al. 2004) and canola (Hu ef al. 2006). In
cotton, 11 single QTLs have been associated with oil and
protein content (Song and Zhang 2007). Amino acid-specific
epistatic QTLs have also been detected, which explain
4.43-9.55% of the phenotypic variation. Using chromosome
substitution lines, chromosome 4 (from the G. barbadense
genotype 3-79, introgressed into a G. hirsutum TM-1
background) was associated with seed oil, protein and fibre
percentage (Wu et al. 2009). A backcross inbred line (BIL)
population involving G. Airsutum (as recurrent parent) and G.
barbadense identified 17 QTLs for oil content, 22 for protein
and three for gossypol content (Yu et al. 2012). Most of the
QTL studies on cotton, using traditional mapping methods,
are unique to a specific genetic background (biparental cross
populations). Association mapping (AM) identifies QTLs
that are detected in random set of genotypes from a diverse
genetic background (Gupta et al. 2005). The concept of AM
has been known for many years, but the increased availability
of molecular markers and the refinement of statistical tools
have created renewed interest in this approach (Achleitner
et al. 2008). Cotton provides a good platform for genome-
wide AM to catalogue genes for fibre traits owing to its vast
genetic variation. Few recent reports demonstrated the feasi-
bility of conducting linkage disequilibrium (LD) based AM
for fibre traits in tetraploid (Abdurakhmonov et al. 2008;
Zeng et al. 2009) and diploid (Kantartzi and Stewart 2008)
accessions. This study was conducted to identify and map
genomic regions associated with seed protein, seed oil and
fibre content in diverse collection of upland cultivars using
AM principles.

Materials and methods

Plant material

The plant material consist of 75 upland cotton germplasm
lines derived from different geographical regions, namely,
Louisiana (25), Arkansas (17), South Eastern (SE) (22),

Delta (4), and Texas/southwest (SW) (7) (table 1 in elec-
tronic supplementary material at http://www.ias.ac.in/jgenet.
Most of the genotypes were selected from advanced breed-
ing lines tested in the Regional Breeder’s Trial Net-
work (RBTN), a multistate testing programme of public
breeding lines covering different cotton producing regions
(http://www.cottonrbtn.com). Plants were field grown as
per the Louisiana Cooperative Extension Service guide-
lines at the Dean Lee Research Station in Alexandria, LA.
Leaf samples from the representative plants were collected
and bulked for DNA extraction. Phenotypic data on yield
were obtained from the RBTN trial website (http://www.
cottonrbtn.com) of the USA. Replicate data on lint per-
centage was averaged to calculate variances using SAS
2009 (SAS 9.1.3, SAS Institute, Cary, USA). Deltapine,
DP 393 (PVP 200400266) was considered as the check
variety and all the comparisons were made in relation
with the performance of this cultivar. LP values of other
cultivars in the panel were adjusted based on the relative
performance of the check variety, DP 393.

From remnant planting seeds, 10 g of acid delinted seeds
for each cultivar were sent to the Department of Agricultural
Chemistry, LSU AgCenter, Baton Rouge, Louisiana, to deter-
mine total oil, protein and fibre contents. The seed quality
traits were determined following the modified American Oil
Chemist’s Society (AOCS) methods of analysis protocols.
Seed protein was estimated using the nitrogen combustion
method (AOAC 990.03) (AOAC 1999); crude fat/oil content
by petroleum ether as solvent using Soxtec System HTO6;
and crude fibre content by AOCS 962.09. Two replications
were run and averaged over each cultivar. Correlation anal-
ysis between LP and seed traits was performed using PROC
CORR in SAS.

Genotyping with amplified fragment length polymorphism
(AFLP) markers

Sixty-four primer combinations were used to generate AFLP
data (see table 1 in electronic supplementary material) fol-
lowing the procedure given by Vos et al. (1995) with minor
modifications. Sample DNA was digested with EcoRI and
Msel restriction enzymes and oligonucleotide adapters spe-
cific to these restriction sites were ligated to the resulting
fragments through incubation (37°C for 180 min) with DNA
ligase. Preamplifications were done using EcoR I+A and

Table 1. Univariate analysis of LP and seed quality traits in upland cotton germplasm lines.

Trait Min. Max. Mean SE Variance SD Median
Protein 18.05 28.45 23.80 0.31 7.28 2.69 24.30
Oil 6.47 25.16 18.09 0.32 7.80 2.79 18.02
Fibre 15.88 26.53 19.83 0.23 4.20 2.05 19.37
LP 35.67 57.35 42.97 0.57 22.67 4.76 41.53

SE, standard error; SD, standard deviation; LP, lint percentage.
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Mse I+C oligo primers and selective amplification was car-
ried out using the IR dye labelled EcoRI4+ANN oligo primers
(MWG Biotech, Ebersberg, Germany). Touchdown poly-
merase chain reaction (PCR) was used for selective ampli-
fications using the following profile: initial denaturing step
at 94°C for 2 min followed by initial 12 cycles at 94°C for
30 s, 65°C for 30 s (with 0.7°C decrement at every cycle)
and 72°C for 1 min, then followed by 23 cycles at 94°C for
30 s, 56°C for 30 s, and 72°C for 1 min with a final exten-
sion step at 72°C for 2 min. The PCR amplified products
were run on a LI-COR 4300 Sequencer (LI-COR, Lincoln,
USA) and scored. The nomenclature of AFLP loci was fol-
lowed according to Lacape et al. (2003), Myers et al. (2009)
and Badigannavar et al. (2012), indicating the enzyme primer
combinations with band size.

Molecular diversity and cluster analysis

For each marker used, subpopulationwise diversity statistics
including the number of observed and effective alleles, Nei’s
genetic distances (Nei and Li 1979), expected heterozygosity
and Shannon’s information index were calculated using
GenAlEx 6.5 software (Peakall and Smouse 2012). Allelic
diversity at a given locus can be determined by polymor-
phic information content (PIC) and was calculated using the
formula, ‘PIC= 1 — ) f?, where f; is the frequency of the
ith allele (Weir 1996). PROC ALLELE was used to calculate
PIC values and frequency estimate was done using PROC
FREQ (SAS 9.1.3, SAS Institute, Cary, USA). Genetic
differentiation among the subpopulation was estimated
using hierarchical analysis of molecular variance (AMOVA;
Excoffier et al. 2005) in GenAlEx 6.2. Dice similarity coeffi-
cient was calculated using the formula D = 2a/(2a + b + ¢),
where a is the number of fragments present in both acces-
sions, b and c are the numbers of fragments that are present in
either accession, respectively (Sneath and Sokal 1973). From
the similarity data, genetic distance was calculated for each
pair of germplasm lines and dendrogram was generated using
the neighbour joining (NJ) analysis in MEGA 4.0 (Kumar
et al. 2004) software.

Population structure and association analysis

A Bayesian model based clustering was performed using
the software program ‘STRUCTURE’ 2.3.2 (Pritchard ef al.
2000). The admixture model was selected in the software

and allele frequencies among populations were assumed to
be correlated. Each run was carried out using 10,000 itera-
tions and 10,000 replications. A total of 2-10 k clusters
were evaluated and the optimum number of cluster was
determined by LnP(D) probabilities (Evanno et al. 2005).
A graphical display (bar plot) of the population structure
was generated using DISTRUCT software (Rosenberg et al.
2002). The pairwise kinship (K matrix) was calculated
using SPAGeDi software (Hardy and Vekemans 2002). The
K matrices and Q matrix describing the assignment of each
genotype to specific clusters were used in mixed linear model
association analyses. The mean phenotypic data was used
for association analysis. Significant marker trait associations
were tested using two different models, a general linear
model (GLM) and a mixed linear model (MLM) in TASSEL
2.1 software (Bradbury et al. 2007). In GLM model, pop-
ulation substructure of cotton mapping panel was incorpo-
rated as covariates. In MLM, association was estimated by
simultaneous accounting of multiple levels of population
structure (Q matrix), relative kinship among the individ-
uals (K matrix) and eigenvectors of PCoA as described
by Yu et al. (2006).

Results

Phenotypic analyses

Of the upland cotton germplasm lines studied, 69 were
developed by public breeding programmes and six by com-
mercial seed companies which originate from five relatively
distinct geographical regions. Among the traits analysed, LP
varied from 35.67 to 57.35% (average 42.97%) (table 1).
Among the seed traits, seed protein content ranged from
18.05 to 28.45% (average 23.8%), oil content ranged from
6.47 to 25.16% (average 18.09%), and fibre content varied
from 15.88 to 26.53% (average 19.83%). LP showed greater
genetic variability followed by protein as compared to other
traits. High heritability values (up to 90%) were observed for
quality parameters, while LP showed moderate heritability
(49%).

The correlations among the yield and quality traits are
presented in table 2. There were significant negative corre-
lations between fibre content with oil and protein percentage
(P = 0.0001). While not significant, protein and oil percent-
ages were negatively correlated (—0.224) which complicates

Table 2. Correlation coefficients among LP and seed quality traits.

Trait LP Protein Oil
LP 1

Protein —0.240 1

Oil 0.027 —0.224 1
Fibre content 0.033 —0.340* —0.61**

* Significant at P < 0.05; ** significant at P < 0.01.
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Table 3. Genetic diversity parameters among cotton subgroups.

Subgroup N, * Ne I H, UH.,
LA 1.885 1.357 0.369 0.231 0.240
ARK 1.829 1.395 0.386 0.248 0.269
SE 1.966 1.517 0.477 0.313 0.328
DELTA 1.560 1.436 0.372 0.244 0.325
SW/T 1.910 1.557 0.492 0.329 0.362

*N,, no. of different alleles; Ne, no. of effective alleles; /, Shannon’s index; H., expected
heterozygosity; UH., unbiased expected heterozygosity; LA, Louisiana; ARK, Arkansas; SE,

South Eastern; SW/T, southwest/Texas.

their simultaneous improvement into a single cultivar. All
other correlations, particularly those between LP with seed
quality traits were not significant.

Genetic analyses

A total of 234 polymorphic loci were obtained when screened
across 75 cotton germplasm lines. The Shannon index, a
measurement used to compare diversity between two or more
subpopulations ranged between 0.35 and 0.49 (table 3). The
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number of effective alleles was highest for SW/T (1.57)
while lowest for LA genotypes (1.36). The heterozygosity for
the AFLP markers ranged from 0.23 (LA) to 0.32 (SW/T).
The frequency distribution values for relative kinship
revealed that the genetic relatedness ranged from 0 to 0.9
(figure 1). Although 60% of the pairwise kinship estimates
were below 0.5, there were moderate peaks around 0.7
and 0.8. Genetic relatedness is often prominent among elite
genotypes, as they share common genotypes in their
breeding programmes. The PIC measures how different
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Figure 1. Dendrogram representing genetic relationship among upland cotton germplasm lines generated by NJ analysis.
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Figure 2. Bar plot representing population structure of upland cotton lines grouped into five
subpopulations. Each individual genotype is represented by a line partitioned in five coloured
segments that represent the estimated membership fractions to each one of the five subgroups.
The bar plot was generated using Structure (Pritchard er al. 2000) software following the

admixture model.

populations are distinguished based on probability of ran-
domly chosen alleles. The frequency distribution for PIC
using AFLP markers ranged from 0 to 0.40 with more than
90% of them falling between 0.16 and 0.40.

Population structure and genetic diversity study

Using the entire upland cotton AM panel, population struc-
ture was analysed using software ‘STRUCTURE’. The
parameters used for this analysis produced the highest log-
likelihood score when K was 5. The identified subgroups
highly correspond to the five geographical regions from
where these lines have been derived. The bar plot indicated
LA genotypes showing uniformity with fewer admixtures,
mainly from Delta, SW/T and Ark ancestral genes (figure 2).
Substantial amount of admixture was seen to occur among
the clusters.

To estimate genetic diversity within and among the prede-
fined subpopulations, Wright’s Fgr index (Wright 1951) was
calculated (table 4). Based on the pairwise Fgr estimates,
SW/T (southwest/Texas) and Delta were closely related
(0.0078), while Delta and LA group were highly diverse
(0.141). The average estimate of Fgr was 0.052 indicating a
low level of genetic differentiation among the groups. Esti-
mates of molecular variation present in the upland geno-
types revealed that although 94% of the genetic diversity
was attributable to differences within populations, still there
was 6% variation among groups (P = 0.001) (table 5). NJ
analysis of genotypic data for the upland germplasm lines
identified five major clusters as per their geographical
distribution (figure 1). To correlate STRUCTURE results and
that of NJ analysis, we compared the assignment of each

of these germplasm lines into a defined cluster. Except for
few cases, overall, there was good agreement for the phylo-
genetic relationships between the two estimates. Germplasm
lines originated from Louisiana formed one major cluster,
while Arkansas formed two major clusters. SE also formed a
major cluster and SW, Texas and Delta germplasm lines were
highly diverse and were found scattered.

Association analyses

AM was performed for LP and seed quality traits using
GLM and MLM models using TASSEL software. The
effectiveness of these models in controlling false positives
was determined by monitoring the partial R? values. GLM
was tested to identify single marker effects on quantita-
tive traits. Partial R> was least for GLM models across all
the traits. But models using PCA eigenvectors explained
more variation (16-30%) than the models with structure (12—
25%). The naive MLM model, which included the kinship
matrix, explained more genetic variation (up to 50%) com-
pared to naive GLM model (15%). LP showed high amount
of partial R? across all the models compared to seed qual-
ity traits. Using MLM (Q+K model) 21 significant QTLs
were found associated with four traits (table 6). Five each
QTLs were associated with LP, protein and fibre content,
while six QTLs were associated with seed oil. E3M6_260
and E4M4 242 markers were found to be significantly asso-
ciated with seed oil and fibre content. The partial R* val-
ues ranged from 28.47 to 88.90%. Seed protein was signif-
icantly associated with five QTLs, among them, E6M2 640
recorded the high partial R? value (91.8%).

Table 4. Pairwise Fgt values estimated for cotton subgroups.

Fst LA* ARK SE DELTA
ARK 0.0823

SE 0.0909 0.017 0

DELTA 0.141 0.0492 0.0174 0
SW/T 0.0983 0.0212 0.0095 0.0078

* Fst, Wright’s fixation index.
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Table 5. Analysis of AMOVA for upland cotton germplasm lines between and within five subgroups.

Source of variation df Sum of squares Estimated variance % variance P value
Among pops 4 268.47 2.33 6 0.001
Within pops 70 2409.77 34.42 94 0.001
Total 74 2678.41 36.75

Discussion percentage is expected to decrease. Simultaneous improve-

An appropriate association mapping panel should encompass
diverse genetic background such that efficient marker system
could be employed to infer true associations (Flint-Garcia
et al. 2005). In this study, phenotypic data on LP and seed
quality traits suggested wide variability for protein, oil and
fibre content. Previously G.hirsutum and G. arboreum cot-
ton accessions also reported wide variability for oil and seed
weight (Kohel 1978; Song and Zhang 2007). We noticed
6.47% of seed oil in G. herbaceum and 25.65% in G.hirsutum
accessions.

Seed quality traits are directly influenced by the lint
percentage, seed cotton yield, seed number, seed weight, seed
coat content, moisture level and environmental factors. We
observed positive correlations between LP and oil, while
negative correlations between LP and protein content were
also noticed. Typically, high yielding plant has a high LP
which is most easily achieved by decreasing seed size. In
this study, fibre content was determined from hulled seeds.
The hull is expected to be higher in fibre than the embryo,
such that seed size decreases with increase in per cent fibres.
Similarily, since a majority of seed protein is in the embryo,
with the increase in lint percentage (smaller seed), protein

ment of oil and protein is complicated, owing to their nega-
tive correlation. According to Kohel ez al. (1985) and Got-
mare et al. (2004), the relationship between percentage of
protein and oil are significantly negative. Oil and protein
percentages in seed also decrease with harvest date, but the
greatest change is in the amount of oil (Kohel and Cherry
1983). Several studies have been conducted to understand the
inheritance pattern and gene action governing quality traits
(Mert et al. 2004). Seed index was found to be predominantly
under the control of genes acting additively. This trait could
casily be manipulated through selection for the production
of pure line varieties. Oil content is governed by dominant
genes (Singh ez al. 1985), while significant epistatic interac-
tion was observed for oil percentage and seed index (Dani
and Kohel 1989). Although the effects of environment and
genotype on oil and protein content are well documented
and relationships between yield, seed quality and fibre prop-
erties in cotton have been identified, studies on the inheri-
tance and genetic factors governing these traits have not been
widely addressed. This may be due to the lack of understan-
ding of the complex pathways and multiple genes interacting
in an epistatic manner controlling these traits.

Table 6. Significant QTL (P < 0.05) for LP and seed quality traits in upland cotton identified using MLM in TASSEL.

Trait AFLP marker P value R%*
LP E3M6 260 0.0009 58.53
E4M1 365 0.0032 53.53
E4M4 242 0.0001 46.12
E6M4 249 0.004 34.50
E5SM3 65 0.016 39.10
Oil E3M2 145 0.002 28.47
E5M7 180 0.004 34.90
E5SM7 195 0.005 35.03
E4M3 214 0.013 36.00
E6M4 358 0.015 30.45
E3M6 260 0.017 45.89
Protein E6M2 640 0.005 81.18
E4M1 382 0.010 88.90
E4M4 217 0.011 84.09
E4M1 353 0.013 88.22
E6M3 190 0.013 88.33
Fibre E3M6_260 442 x1074 60.03
E5MS5 415 0.0013 39.55
E3M2 145 0.0052 69.27
E6M4 303 0.0074 54.31
E3M8 125 0.0086 62.11

*Adjusted R2, indicates the percentage of explained variation.
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Genomewide AM is successful only if appropriate me-
thods are implemented to control the effect of population
structure. Inclusion of population structure would minimize
type I errors due to the spurious associations between non-
linked loci. The six models used in this study, accounting for
Q (population structure) or for K (kinship estimates) or PCA
(eigenvectors of PCA) primarily aimed at reducing the type |
error. For all the traits under study, the models controlling
relative kinship performed better than the model controlling
population structure. Similarly, model controlling structure
is better than PCA in explaining the phenotypic variation. In
addition, MLM models identified 21 QTL for LP and seed
quality traits. Among all, E3M6 260 was significant for LP,
seed oil and fibre content, while E3M2 245 was associated
with seed oil and fibre content. The number of QTLs also
decreased drastically with high partial R? value when popu-
lation structure was included in the MLM model. Although
inclusion of PCA values did change R? values substantially,
but Q+K MLM models recorded higher partial R? across all
the traits.

During the recent years, molecular marker technology
was successfully applied in cotton diversity studies, creating
genetic linkage maps and identifying QTL for fibre traits
using biparental cross derivatives or association mapping
panel. Compared to other field crops, association mapping
in cotton has not been explored to a great extent. A recent
study by Kantartzi and Stewart (2008) identified 30 marker
trait associations with 19 SSR markers in G. arboreum
germplasm lines. The MLM models greatly reduced type 1
error and revealed true associations for fibre traits. However,
measurement of the LD patterns for genomic regions and
extent of LD among different populations of the target orga-
nisms is the start point to design and execute association
mapping. A recent study reported significant LD between
pair of SSR loci within 36-37 c¢M distance in the diverse
upland cotton germplasm lines (Abdurakhmonov et al.
2008). Due to relatively less number of markers used in
finding associations may result in low resolution.

Our results demonstrated the efficiency of MLM models
in identifying true associations for seed quality traits. Adding
more number of markers and expanding the mapping panel
would result in greater precision and power. Looking at
the complex pathways involved in the synthesis of oil and
protein, the addition of more markers to catalogue multi-
environment phenotypic variations would also improve the
understanding of the genetic factors governing these traits.
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