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Abstract Cotton is one of the most important oil-
producing crops and the cottonseed meal provides
important protein nutrients as animal feed. However,
information on the genetic basis of cottonseed oil and
protein contents is lacking. A backcross inbred line
(BIL) population from a cross between Gossypium
hirsutum as the recurrent parent and G. barbadense
was used to identify quantitative trait loci (QTLs) for
cottonseed oil, protein, and gossypol contents. The
BIL population of 146 lines together with the two
parental lines was tested in the same location for three
years in China. Based on a genetic map of 392 SSR
markers and a total genetic distance of 2,895.2 cM, 17
QTLs on 12 chromosomes for oil content, 22 QTLs on
12 chromosomes for protein content and three QTLs
on two chromosomes for gossypol content were
detected. Seed oil content was significantly and
negatively correlated with seed protein content, which
can be explained by eight QTLs for both oil and
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protein contents co-localized in the same regions but
with opposite additive effects. This research repre-
sents the first report using a permanent advanced
backcross inbred population of an interspecific hybrid
population to identify QTLs for seed quality traits in
cotton in three environments.
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Introduction

Cotton provides the most important natural fiber for the
textile industry globally. Cotton is also a food and feed
crop in that cottonseed as a byproduct produces edible
oil for human consumption and protein meals for animal
feed (Cherry et al. 1978a; Cherry 1983; Cherry and
Leffler 1984). Cotton produces 150 kg of cottonseed for
every 100 kg of lint fibers produced (O’Brien et al.
2005). As an oilseed crop, cottonseed production ranks
third after soybean and rapeseed worldwide (USDA-
FAS 2011). The use of its oil as biofuel has attracted
increased attentions in recent years (Karaosmanoglu
et al. 1999; Meneghetti et al. 2007). However, effort in
genetics, breeding, and cultural practices to improve
cottonseed quality including oil and protein contents is
minimal and intermittent.

Cottonseed oil and protein contents are quantitative
traits and both are usually negatively correlated with

@ Springer



192

Euphytica (2012) 187:191-201

one another (Hanny et al. 1978; Wu et al. 2009). The
two traits are affected by genotypic, developmental
and environmental factors during cottonseed devel-
opment (Cherry et al. 1981; Cherry and Leffler 1984).
Cottonseed oil and protein contents vary in growing
seasons, locations, and years (Cherry et al. 1978a,
1978b, 1981; Kohel and Cherry 1983; Turner et al.
1976a). Environmental factors include temperature
(Gipson and Joham 1969) and fertilizers (Anderson
and Worthington 1971; Leffler et al. 1977; Elmore
et al. 1979) among others. Great genetic variations
among cotton species and cultivars in cottonseed oil
(17-27%) and protein (12-32%) contents also exist
(Kohel 1980; Kohel et al. 1985; Wu et al. 2009; Dowd
et al. 2010). However, the genetic basis controlling oil
and protein contents has received little attention.
Kohel (1980) estimated a moderate heritability based
ona20 x 5 NCII design and low heritability based on
F,/F; regression for cottonseed oil content. Other
quantitative genetic designs including diallel crossing
and generation mean analysis were also used to
estimate genetic parameters for oil and protein con-
tents. General and special combining abilities, both
additive and non-additive including dominant efforts,
and maternal effect were detected (Kohel 1980; Dani
and Kohel 1989). Using a set of chromosomal
substitution lines and an AD genetic model, Wu
et al. (2009, 2010) confirmed low-moderate genetic
variances for seed oil and protein content but moderate
genetic variances for oil and protein index. Both
dominant and additive variances and maternal effect
existed for the four seed quality traits but additive
variance for oil content was not detected (Wu et al.
2009, 2010). Song and Zhang (2007) reported 11
QTLs for kernel percentage, kernel oil percentage,
kernel protein percentage, and seven amino acids
using a BC;S; population derived from a G. hirsutum
x G. barbadense cross.

However, the potential of cottonseed as food and
feed has not fully utilized as it contains the toxic
terpenoid gossypol. Gossypol can be removed from
the cottonseed through genetic approaches or chem-
ical techniques. Genetic variation in gossypol content
exists among cotton species and genotypes. Gossypol-
containing glands are distributed in all the cotton plant
bodies including leaves, stems, flowers, bolls and
seeds. Gossypol-free cotton plants and seeds can be
bred by introduction of double recessive genes glgl;
from Hopi cotton (McMichael 1960) or a dominant
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GI5 gene from an Egyptian cotton (Kohel and Lee
1984). Gossypol-free glandless seed and glanded
plants can be found in certain wild Australian cotton
species but the introgression of the trait to Upland
cotton has not been successful (Zhu et al. 2005;
Benbouza et al. 2009). Gossypol content is usually
higher in G. barbadense than in G. hirsutum and it also
differs between genotypes in Upland cotton. However,
there has been no report on QTLs controlling the
quantitative variation of gossypol content in cotton.
In the present study, a backcross inbred line (BIL)
population was developed from a cross between
Upland cotton and G. barbadense and used to identify
QTLs for seed quality traits including oil, protein, and
gossypol contents. Several consistent QTLs were
identified in different tests and many QTLs for
cottonseed oil and protein contents were co-localized.

Materials and methods
Generation of the BIL population and field tests

An interspecific BIL population of 146 lines was used
in this study. The BIL population was developed from
a cross between Upland cotton (G. hirsutum) SG 747
and G. barbadense Giza 75 through two generations of
backcrossing using SG 747 as the recurrent parent
followed by four generations of selfing. The 146 BILs
and the two parents were planted in China Cotton
Research Institute, Chinese Academy of Agricultural
Sciences, Anyang, Henan province in 2006, 2008, and
2009. This location represents one of the three major
cotton production regions in China, i.e., Yellow River
valley. The 148 entries were arranged in a randomized
complete block design with two replications and
single row plots. Seeds were sown in April and crop
managements followed local recommendations. The
plot length was 8 m with a row spacing of 0.8 m and
seedlings were thinned to 32 plants per plot.

Determination of cottonseed oil, protein,
and gossypol content

At plant maturity, 25 open bolls from each plot in each
field test were hand harvested and ginned for evalu-
ation of seed quality traits. Cottonseed harvested in
2006 was sent to Beijing Nutrient Research Institute,
Beijing, China, to determine oil and protein content by
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the Soxhlet (De Castro and Garcia-Ayuso 1998) and
Kjeldahl (Feil et al. 2005) extraction methods,
respectively. Using the same methods, cottonseed
harvested in 2009 was also measured for oil and
protein contents at Agricultural Product Testing
Center at Zhenzhou, Henan, China. National standards
GB/T 14772-2008 for oil and GB 5009.5-2010 for
protein were followed. To reduce the cost in mea-
surements, seed from the two replicates was combined
based on genotypes in 2006 and 2009, respectively.
Seed samples harvested in 2008 and 2009 were also
sent to Zhejinag University, Hangzhou, China, for
determination of oil, protein, and gossypol contents
using near infrared reflectance spectroscopy (FOSS
NIR System 5000). Detailed information can be found
in Wang et al. (2001) for oil, in Wang et al. (2010) for
protein and in Birth and Ramey (1982) for gossypol.

Statistical Analysis

The results from 2008 were statistically analyzed
using SAS. However, the results from Beijing 2006,
Zhejiang 2009 and Zhenzhou 2009 were pooled to
conduct the analysis of variance using SAS Proc
MIXED with tests as replicates.

DNA extraction, maker analysis, and map
construction

The genomic DNAs were extracted from young leaves
of the 146 individual BIL lines and the two parents using
a mini-prep method as described by Zhang and Stewart
(2000). Simple sequence repeat markers (SSRs) were
used to construct a genetic map for the BIL population
using MAPMAKER ver. 3.0b program (Lander et al.
1987). The linkage map was published elsewhere (Yu
et al. 2012). MAPMAKER has been used in construct-
ing linkage maps for BIL populations of other crops
including rice (e.g., Matsubara et al. 2008).

QTL mapping

QTLs were identified by composite interval mapping
(Zeng 1994) using Windows QTL Cartographer 2.0
(Basten et al. 2001). This software has been used to
detect QTLs in BIL populations of other crops such as
rice (e.g., Yamagishi et al. 2004). The windows size
was set at 5 cM and the walk speed at 1 cM. The

maximum ten background markers were used for
genetic background control and LOD threshold values
were estimated by 1,000 permutations to declare
significant QTLs (Churchill and Doerge 1994).
A LOD score of >2.5 was selected to detect significant
QTLs. A location QTL confidence interval (95%) was
set as a mapping distance interval corresponding to
one LOD decline on either side of the peak. QTLs for
the same trait across different years and environments
were declared as a “common” QTL when their
confidence intervals overlapped. The QTL nomencla-
ture followed McCouch et al. (1997) in that a QTL
designation begins with “q”, followed by an abbre-
viation of the trait name, year, location, chromosome
name, and finally a serial number.

Results

Analysis of variance and performance
of the BIL population

In the three years when the BILs were tested (Table 1),
the Upland cotton (Gh hereafter) parent SG 747 had
5.0% lower seed oil content than the Gossypium
barbadense Egyptian cotton (Gb hereafter) parent
Giza 75 (33.08 vs. 34.81%), but 2—6% higher protein
content (30.88 vs. 30.16% in 2008; 39.25 vs. 37.06%
in 2006 and 2009). The mean oil and protein contents
of BILs were closer to the recurrent parent, as
expected for the BC,-derived BIL population. How-
ever, the ranges of the BIL population in both seed oil

Table 1 Cottonseed oil, protein and gossypol contents of
parents and their backcross inbred line (BIL) population, and
variation and heritabilities in the BIL population

Trait Oil%: Pro%: Goss%: Oil%: Pro%:
08 08 08 06 +09 06 + 09

SG 747 33.02 30.88 1.02 33.13 39.25
Giza 75 3489 30.16 1.00 34.72 37.06
BIL-Min 2822 28.63 0.65 27.73 3592
BIL-Max 36.76 3427 1.39 36.28 44.84
BIL-Mean 3348 30.66 0.96 32.06 39.69

F 4.18 490 274 2.34 22.66
LSD (0.05)  2.03 1.29  0.19 2.78 1.11
H (b) 0.81 0.83 0.73 0.70 0.96

06: 2006; 08: 2008; 09: 2009; Goss gossypol; H(b) broad-sense
hertitability
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and protein contents were beyond the values of the two
parents, indicating transgressive segregations. For
example, based on the results in 2008 (Table 1), the
BIL with the lowest oil content was significantly lower
(28.22%) than the lower recurrent parent (RP), while
the BIL with the highest oil content (36.76%) was
significantly higher than the RP, but the increase in oil
content than the donor parent was insignificant. The
same trend was noted when data from 2006 and 2009
were analyzed (Table 1). This indicated that both
QTLs for reducing and increasing seed oil content
have been transferred into the Upland cotton parent
SG 747 through two generations of backcrossing.

For protein content, similar results were obtained.
The BIL with the lowest protein content (28.63%) was
significantly lower than the lower Gb parent, while the
BIL with the highest protein content (34.27%) was
significantly higher than the higher Gh parent. The
same is true for the combined results from 2006 and
2009. This also indicated that both QTLs for reducing
and increasing protein content have been transferred
into the Upland cotton parent SG 747 through two
generations of backcrossing.

For seed gossypol content, the two parents were
similar (ca. 1%). However, transgressive segregation
was also observed in that BILs with significantly lower
(0.65%) or higher (1.39%) gossypol content were
identified (Table 1).

Heritabilities for the three traits were moderately
high to high (0.70-0.96; Table 1), indicating that the
majority of the phenotypic variation was due to
genotype. Therefore, selection for increasing seed oil
or protein content is expected to make progress.

To evaluate the consistency between testing meth-
ods on oil and protein determination, correlation
analysis was performed between tests (Table 2). It
appeared that the results from the oil and protein
analyses in Zhejiang 2008 and 2009 and Zhenzhou
2009 were highly correlated, but the oil contents were
not correlated with the oil analysis performed in
Beijing 2006. This indicated that the methods that
were used in Zhejiang and Zhenzhou were overall
congruent in determining seed oil and protein contents
but different from that used in Beijing when deter-
mining cottonseed oil content. The results between
2008 and 2009 were also consistent. The lack of

Table 2 Coefficients of
correlation between tests in

Trait or trait pair Coefficient of correlation

cottonseed oil, protein, and 0il%
gossypol contents and
between the three
cottonseed quality traits
based on a backcross inbred
line population

Beijing 2006 1
Zhejiang 2008
Zhejiang 2009
Zhenzhou 2009

Protein%

Zhejiang 2008

Zhejiang 2008 1
Zhejiang 2009
Zhenzhou 2009
Oil—Protein%

Zhejiang 2008 —0.905
Zhejiang 2009 —0.818
Zhenzhou 2009  —0.809
Gossypol—0il%
Zhejiang 2008 0.195
Zhejiang 2009 0.287
Gossypol—Protein%
Zhejiang 2008 —0.347
Zhejiang 2009 —0.538
ro.0s, at=1as = 0.157: o1, Zhenzhou 2009 —0.538

df=146 = 0.204

Beijing 2006

Zhejiang 2008 Zhejiang 2009  Zhenzhou 2009

0.111 0.05 0.061
1 0.532 0.455
1 0.862

1

Zhejiang 2009  Zhenzhou 2009
0.629 0.527
1 0.833

1

@ Springer



Euphytica (2012) 187:191-201

195

correlation between results from 2006 and these from
2008/2009 may be in large part due to genotype X
environment interactions.

The coefficients of correlation (—0.81 to —0.91)
between seed oil and protein contents were highly
significantly negative in three tests performed in
Zhejiang 2008 and 2009 and Zhenzhou 2009. This
indicated that cotton genotypes with higher oil content
usually have lower protein content, or vice versa.
Therefore, simultaneously improving seed oil and
protein contents would be difficult.

Gossypol content is significantly and positively
correlated with oil content, but significantly and
negatively correlated with protein content. But the
correlations were not very close. This indicated that
reducing seed gossypol content may increase oil
content but reduce protein content in cottonseed.

Brief description of the linkage map

A total of 392 SSR markers were developed for the
BIL population to construct a linkage map of 29
linkage groups with a total genetic distance of
2,8952 cM and an average genetic distance of
7.4 cM per marker. The results were published else
(Yu et al. 2012). The linkage map was used to identify
QTLs for seed oil, protein, and gossypol contents, as
described in the following.

QTLs for seed oil content

Seventeen QTLs distributed on 12 chromosomes were
detected from four tests (Table 3; Fig. 1) including, 4
from Beijing 2006, 8 from Zhejiang 2008, and only 3
and 2 QTLs from Zhejiang and Zhenzhou 2009,
respectively. Interestingly, 2, 3 and 3 QTLs were
detected on c12, c19, and c21, respectively. The three
QTLs detected on c21 may be one common QTL since
they were located in a similar region (peaked at
54.2-74.9 cM). The QTL on cl2 at the peak of
127 cM and the two QTLs on c21 at the peaks of
54.2-60.5 contributed to the phenotypic variation
(PV) by 22-26%. Therefore, they may be considered
as major QTLs for seed oil content.

Except for the QTL on c1 whose allele from the Gb
parent had positive additive effect, all the oil QTL
alleles from the Gh parent, the lower parent in oil
content, had positive additive effects. This may
explain the negative transgressive segregation in oil

content in the BIL population, because the Gb alleles
for most of the oil QTLs detected had negative
additive effects. There may be more positive alleles
from the Gb parent contributing to the positive
transgressive segregation in cottonseed oil content,
but this experiment failed to detect most of them.

QTLs for seed protein content

A total of 22 QTLs distributed on 12 chromosomes for
cottonseed protein content were detected including, 16
from Zhejiang 2008, 4 from Zhejiang 2009 and 2 from
Zhenzhou 2009 (Table 3; Fig. 1). Chromosome c3
and c19 each carried 3 QTLs, while c5, c12, c20, c21,
and c24 each carried 2 QTLs. The two QTLs on c3,
c21, and c24 may be common QTLs because of their
close proximity within a 25 cM region.

Although the Gh parent had higher cottonseed
protein content than the Gb parent, the difference was
insignificant. Unexpectedly, all the QTL alleles from
the Gh parent displayed negative additive effects on
protein content. This may explain the positive trans-
gressive segregation in protein content of the BIL
population because the alleles from the Gb parent had
positive contributions to the PV of protein content in
cottonseed. In the current study, positive QTL alleles
from the Gh parent were not detected. Also, similar to
oil content, 9 QTLs for protein content contributed to
the protein PV by more than 20% based on simple
regression analysis.

QTLs for seed gossypol content

Three QTLs on two chromosomes (c13 and c19) were
detected (Table 3; Fig. 1). The two QTLs on c19 were
separated by >90 cM and also possessed opposite
gene effects. Therefore, they are different QTLs. Each
of the QTLs contributed to PV by ca. 6% and therefore
they were minor QTLs.

Co-localization of QTLs

A number of QTLs for cottonseed oil and protein
contents were found to be co-localized on chromo-
somes. For example, one oil QTL and two protein
QTLs on c3, one oil and one protein QTL on c5, one
oil and one protein QTL on c12, one oil and one
protein QTL on c15, one oil and one protein QTL on
c16, one oil and one protein QTL on c19, three oil and
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Table 3 QTLs, chromosome locations and effects for cottonseed oil, protein, and gossypol content in a backcross inbred line
population

Trait Evironment QTLname Chr Position LOD Marker Interval A R?
oil Zhejiang2008  qOil2-c1-1 I 367 202 NAU3135-CIR004 112 7.45
Protein  Zhejiang2008  qProl-c2-1 2 362 484 NAU3684-BNL3971 194 33.39
oil Zhejiang2009  qOil3-c3-1  [NGMM 489 253 BNL3259-NAU3541 247 8.94
Protein  Zhejiang2008 qProl-c3-1 [N 409  3.17 BNL3259-NAU3541 179 32.11
Protein ~ Zhejiang2009  gqPro2-c3-1 - 16 2.44 NAUS5289-CIR068 -1.32 5.77
Protein  Zhejiang2009 qPro2c32 NGB 697 299 NAU3671-CIR228 238 15.15
Protein  Zhejiang2008  qProl-c4-1 4 968  2.14 NAU3093-NAUS5236 -1.68 34.98
oil Zhejiang2008  qOil2-c5-1 5 1.6 337 NAU3607-NAU3405 132 8.24
Protein  Zhejiang2008  qProl-c5-1 5 1.6 3.65 NAU3607-NAU3405 -0.99 9.85
Protein  Zhenzhou2009 qPro3-c5-1 5 949 223 BNL3992-BNLI038 1.43 5.61
Protein  Zhenzhou2009 qPro3-c6-1 6 0 260 CIR203-BNL2569 179 6.55
oil Beijing2006  qOill-cl1-1 11 852 227 BNL3442-NAU3341 1.73 5.45
oil Beijing2006  qOill-c12-1 12 271  2.64 NAU3041-CIR362 1.68 6.47
oil Zhejiang2008  qOil2-c12-1 12 127 226 BNL4059-BNL2717 3.26 23.64
Protein  Zhejiang2008  qProl-c12-1 12 514 2.17 NAU0943-NAU3109 -1.41 1391
Protein ~ Zhejiang2008  gqProl-c12-2 12 129 3.42 BNLA059-BNL2717 -2.23 27.15
Protein  Zhejiang2008  qProl-cl4(2)-1 14 235 225 BNLOS91-CIR097 1.77 34.04
oil Zhenzhou2009 qOildc15-1 S 515  3.06 BNLI667-NAU3680 2.78 15.98
Protein  Zhejiang2008 qProl-c15-1 SN 752  2.63 BNL2646-NAU3922 194 31.69
oil Zhejiang2008  qOil2-c16-1 16 655 3.06 BNL2734-NAU5024 1.53 10.65
Protein  Zhejiang2008  qProl-c16-1 16 655 5.0 BNL2734-NAU5024 143 18.09
oil Beijing2006  qOill-c19-1 19 541 292 BNLI690-BNLI611 2.38 7.24
oil Zhejiang2008  qOil2-c19-1 19 142 259 NAU3405-BNL1706 1.34 11.48
oil Zhejiang2009  qOil3-c19-1 19 1572 2.01 BNLI671-NAU3946 157 13.18
Protein  Zhejiang2008  qProl-c19-1 19 851 215 NAU3416-NAU3664 1.47 14.11
Protein  Zhejiang2008  qProl-c19-2 19 1324 528 CIRI79-BNLI671 153 30.52
Protein  Zhejiang2009  qPro2-c19-1 19 162 374 NAU3405-BNL1706 157 10.24
oil Zhejiang2008  qOil2-c20-1 20 | 257 215 NAU3434-NAU3S3I 1.00 5.78
Protein  Zhejiang2008  gProl-c20-1 20 | 255 213 NAU3407-NAU3S31 -0.69 5.99
Protein  Zhejiang2008  gProl-c20-2 20 577 325 BNLOI19-NAU3368 0.14 19.79
oil Zhejiang2008  qOil2-c21-1 21 GOBY 245 BNLI1404-BNL3449 1.98 25.60
oil Zhejiang2009  qOil3-c21-1 21 49N 279 NAU3381-NAU3731 1.94 7.09
oil Zhenzhou2009 qOil4-c21-1 21 [SA5N 258 BNL1404-BNL3449 247 22.20
Protein  Zhejiang2008  qProl-c21-1 21 BEEN 343 NAUS212-BNL1404 170 32.50
Protein  Zhejiang2009  qPro2-c21-1 21 605N 2.08 BNL1404-BNL3449 171 16.96
oil Zhejiang2008  qOil2-c24-1 24 624 322 DPLO068-BNL3638 0.74 18.40
Protein  Zhejiang2008  qProl-c24-1 24 424 410 NAU3904-NAU3158 2.12 28.17
Protein  Zhejiang2008  qProl-c24-2 24 604 2.87 DPLO068-BNL3638 -0.59 33.10
oil Beijing2006  qOill-c25-1 25 644 256 NAU3306-BNL3103 234 8.12
Gossypol Zhejiang2008  qGosl-c13-1 13 359 2.22 BNL1438-BNL2652 0.10 5.79
Gossypol Zhejiang2008  qGosl-c19-1 19 92.3 245 NAUS5347-BNL1878 0.09 6.47
Gossypol Zhejiang2009  qGos2-c19-1 19 0 2.35 NAU3656-DPL0247 -0.24 5.90
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Fig. 1 A linkage map with quantitative trait loci (QTLs) for cottonseed oil, protein, and gossypol contents in a Gossypium hirsutum x
G. barbadense backcross inbred line (BIL) population

two protein QTLs on c21, one oil and two protein
QTLs on c24, one protein and one gossypol QTL on
c19, were all co-localized in the same regions of their
respective chromosomes.

Furthermore, several common QTLs or QTL clus-
ters for the same trait were detected in the same test or
different tests. For example, a QTL for protein content

was detected within a 30 cM region on c3 in both
Zhejiang 2008 and 2009; and a QTL for oil content
was detected within a 40 cM region on c19 in Beijing
2006 and Zhejiang 2008. Interestingly, one QTL for
oil content was detected within a 20 ¢cM region on c21
in three tests (Zhejiang 2008 and 2009 and Zhenzhou
2009), where a QTL for protein was also detected
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Fig. 1 continued

within a 14 cM region in two of the three tests.
Another QTL for protein was detected in an 18 cM
region on c24 in Zhejiang 2008, where an oil QTL was
also detected.

Discussion

Heritability and transgressive segregation in seed
quality traits

There have been a few reports on heritabilities and
genetic effects concerning cottonseed oil and protein
contents using classical quantitative genetic tech-
niques such as diallel crossing and generation mean
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analysis in a single environment (Kohel 1980; Dani
and Kohel 1989; Ye et al. 2003). The results reported
in the current study represent the first study on the
genetic basis of cottonseed oil and protein contents
using a permanent genetic population tested in repli-
cated field trials in different environments. Compared
with fiber yield and quality traits, moderately high to
high broad-sense heritabilities were estimated for
cottonseed oil, protein, and gossypol content. This is
not unexpected since the measurements were on an
average genotype basis rather than on single plant
basis with no replicates. Therefore, selection for high
cottonseed oil or protein content can be efficiently
accomplished using replicated genotype means as the
selection unit.
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Since the BILs were developed by two generations
of backcrossing followed by several times of selfing,
the BIL population carried an overall 11% of the Gb
genetic materials. However, the actual percentage of
Gb genetic materials differed among individual BILs,
following a binomial distribution. For the three seed
quality traits, both negative and positive transgressive
segregations were observed, indicating the successful
transfer of both negative and positive QTL alleles
from the donor Gb parent to the recipient Gh parent.
However, from a cotton breeding’s perspective, only
the positive transgression in oil and protein content
and negative transgressive segregation in gossypol
content will be beneficial. The best BIL increased
cottonseed oil by ca. 10% than the current parent, and
even by 5% than the donor parent (Table 1). For
cottonseed protein content, the introduction of Gb
alleles resulted in its increase by ca. 12% in the best
BIL than the recurrent parent (Table 1). The BIL with
the lowest cottonseed gossypol (0.65%) content had
gossypol content 37% lower than the recurrent Gh
parent (1.0%). The results demonstrate that back-
crossing followed by selfing is an efficient method to
enhance cottonseed oil or protein content and to
reduce gossypol content in interspecific breeding
between Upland cotton and G. barbadense.

Numbers of QTLs controlling cottonseed oil
and protein content

Wu et al. (2009, 2010) studied cottonseed quality traits
using 13 chromosome substitution (CS-B) lines each
of which carried a Gb chromosome or an arm in one or
five Upland cotton backgrounds. In the TM-1 genetic
background (Wu et al. 2009), more than eight
chromosomes or arms are involved in determining
cottonseed oil and protein contents. For example, Gb
chromosome 2, 6, 17, and 18 were associated with
increase in protein content, while Gb chromosome 4,
7, 14sh, and 15sh were associated with reduction in
protein content. For cottonseed oil content, Gb chro-
mosome 4 and 18 had positive effects, while Gb
chromosome 2, 6,7, 17, 5sh, 14sh, 22sh, and 22Lo had
negative effects. Both the short and long arm of
chromosome 22 contributed to oil content negatively.
In crossing with five Upland cotton cultivars, Wu et al.
(2010) further confirmed that Gb chromosome 2, 4, 25,
Ssh, 14sh, and 15sh had significant additive effects on
protein content, while Gb chromosome 4, 17, 18, 15sh,

and 22Lo carried significant additive effects on oil
content. The authors also detected significant homo-
zygous dominant effects on oil content from seven Gb
chromosomes or arms and heterozygous dominant
effects on oil content from 12 Gb chromosomes or
arms (except for chromosome 4) in one or more than
one genetic background. This clearly indicated almost
each Gb chromosome may carry genetic factors
affecting cottonseed oil or protein content.

In the current study, 17 QTLs for cottonseed oil
content were identified to be located on 12 chromo-
somes, six of which were on five chromosomes (c1, c3,
c5, cl1, and c12) of the Ah sub-genome and 11 were
on seven chromosomes (c15, c16, c19, c20, c21, c24,
and c25) of the Dh sub-genome. For cottonseed
protein content, 22 QTLs were found on 12 chromo-
somes (c2, c3, ¢4, c5, ¢c6, cl12, cl5, cl6, c19, c20, c21,
and c24), and six chromosomes in each of the two sub-
genomes carried 10 or 12 QTLs. Therefore, almost
half (12/26) of the chromosomes in the tetraploid
cotton contain genetic factors affecting cottonseed oil
or protein formation. The results obtained in this study
support the notion that genetic factors controlling
cottonseed oil and protein are scattered on many
cotton chromosomes, as demonstrated by Wu et al.
(2009, 2010) using chromosome substitution lines.

Trait association, QTL co-localization
and implications in breeding

This study also detected significant negative correla-
tion between oil and protein content in cottonseed, as
Turner et al. (1976b), Leffler et al. (1977), Hanny et al.
(1978), and Shaver and Dilday (1982) reported.
However, the association between the two traits was
weak in a set of chromosome substitution lines, their
parents and five Upland cotton cultivars (Wu et al.
2009). Similar to Hanny et al. (1978) and Shaver and
Dilday (1982), this study also detected a weak but
positive correlation between cottonseed oil and gos-
sypol content and negative correlation between pro-
tein and gossypol content.

In the current study, nine chromosomes (c3, c5,
cl2, cl5, cl6, c19, c20, c21, and c24) were found to
carry QTLs for both cottonseed oil and protein
contents, consistent with Wu et al. (2009, 2010).
Interestingly, 8 of the 9 chromosomes carried QTLs
for both oil and protein contents but with opposite
additive effects, which were located in a close
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proximity. The results for the first time provide
evidence that the negative association between cot-
tonseed oil and protein contents is likely due to
pleiotropy or tightly linked QTLs for both oil and
protein formation. It implies that breeding for increas-
ing both oil and protein contents in cottonseed is
difficult and will need to break the tight linkage
between QTLs in a repulsion phase for the two traits.
High resolution mapping of QTLs for both cottonseed
oil and protein contents will shed more light on the
relative importance of pleiotropy and linkage in
determining the association of the two traits.

Another interesting finding of this study is that
almost all the positive alleles for oil and protein
content were from the Gh and Gb parents, respec-
tively. This is unexpected based on the parental
differences in that the Gh parent had lower oil but
higher protein content than the Gb parent. According
to Wu et al. (2010), of the five Gb chromosomes with
significant additive effects on oil content, four had
positive effects; of the six Gb chromosomes with
significant additive effects on protein content, five had
negative effects. The results from this study appeared
to be contradictory to Wu et al. (2010). Further studies
will be needed to clarify this important issue.

QTLs for cottonseed gossypol content

Glandedness in cotton plants are controlled by two
major genes GI,Gl; and different alleles and they are
located on cl12 and c26, respectively. The double
recessive mutant glrgl; resulted in glandless cotton
plants and seed (Percy and Kohel 1999). Several other
major glanded loci were also reported. In this study,
three QTLs (1 on c13 and 2 on c19) were identified to
contribute to quantitative variation in cottonseed
gossypol content and none of them were located on
c12 and c26, indicating that these QTLs are different
genes from the two major glanded genes. Especially,
the QTL allele for qGos2-c19-1 from the Gb parent
had a positive effect contributing to increased gossy-
pol content. This may partially explain the positive
transgressive segregation of gossypol content in the
BIL population.
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