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Abstract We crossed Luyuan343, containing the
Gossypium barbadense (GB) genomic component,
with Lumianyan22, a high-yielding Gossypium hirsu-
tum (GH) variety, to evaluate the introgressive exog-
enous genomic components that contribute to fiber
quality in upland cotton. A total of 158 of 334 mapping
simple sequence repeats (SSR) loci screened from
18,467 SSR primer pairs were identified as putative
GB introgression loci. Twenty-four quantitative trait
loci (QTLs) for fiber quality and lint percentage were
detected by WinQTLCart 2.5 based on three pheno-
typic datasets collected over 2 years in two different
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locations. Of these QTLs, 20 were mapped in the
introgression chromosomal regions; the GB alleles
contributed to improved fiber quality at eight loci,
which were located in the introgression segments of
chromosome (Chr.) 3, Chr.7 and Chr.25. A total of
eight digenic epistasis and nine significant QTL x
environment (QE) interactions were identified by
QTLNetwork-2.2. Fiber elongation was found to be
most easily influenced by environment since all QTLs
for this trait showed significant QE interaction with
large effects. Fiber length, fiber strength, and lint
percentage were scarcely affected by environment as
no or minor QE interaction effects for these traits were
detected. Genome-wide identification of the intro-
gressive GB components and mapping of the fiber-
related QTLs indentified in this study will be benefi-
cial for the simultaneous marker-assistant selection of
improved fiber quality and lint yield in upland cotton
breeding.
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Abbreviations

SSR  Simple sequence repeat
QTL  Quantitative trait locus
QE QTL x environment
MAS Marker-assisted selection
GB Gossypium barbadense
GH Gossypium hirsutum
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Introduction

Cotton is the leading natural fiber crop in the world, and
its genome presents unique opportunities to dissect the
evolution of the natural fiber, ‘lint.” Over the past
decades, the widespread use of high-speed fiber
spinning machinery has increased the global demand
for high-quality fiber. This calls for advances in cotton
breeding programs that increase fiber quality and yield
(Campbell et al. 2011). The Gossypium genus com-
prises approximately 50 species, including 45 diploids
and five allotetraploids. There are four domesticated
and cultivated species within the genus, i.e., the New
World allopolyploids G. hirsutum (Upland cotton) and
G. barbadense (Sea Island cotton) (2n = 52) and the
Old World diploids G. arboreum and G. herbaceum
(2n = 26) (Wendel et al. 2010). The two cultivated
allotetraploid species have very different agronomic
and fiber quality characteristics (Chee et al. 2005). Due
to its higher lint yield and broad adaptation,
G. hirsutum is the most widely cultivated species and
is grown in more than 40 nations in both tropical and
temperate regions of the world. Although G. hirsutum
accounts for almost 90 % of the total world production
of cotton, G. barbadense is still cultivated in several
regions of Central Asia, Egypt, Sudan, India, USA, and
China because of its superior fiber quality, including
long, strong, and fine fibers. However, its relatively low
yield has limited its importance to <10 % of the total
world production (Wendel et al. 2010). Upland cotton
generally has low-quality fibers, i.e., shorter or coarse
fibers of relatively lower strength. The unique fiber
properties of G. barbadense make it an ideal candidate
for improving fiber quality for upland cotton breeding.
Extensive efforts have been made on crossing and/or
backcrossing G. hirsutum and G. barbadense in order
to enhance the fiber quality in Upland cotton (Camp-
bell et al. 2010, 2011; Mehboob-ur-Rahman et al.
2012). A series of introgression lines carrying desirable
quantitative trait locus (QTL) alleles for fiber quality
have been developed. Although there is no hybridiza-
tion incompatibility between the introgression line
and G. hirsutum, negative effects (unfavorable corre-
lations due to linkage drags), such as low lint yield and
poor disease-resistance, were often encountered in
the breeding process for improving the fiber qual-
ity using the high-fiber quality introgression lines
(Meredith 2005). It remains very difficult to resolve
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these complications in conventional cotton breeding
programs.

DNA markers provide a useful approach for reduc-
ing unfavorable correlations by marker-assisted selec-
tion (MAS). Several QTLs for fiber quality have been
identified (Draye et al. 2005; Chen et al. 2009; Shen
et al. 2007; Lacape et al. 2010; Sun et al. 2011; Zhang
et al. 2012); however, the majority of mapping
populations are derived from interspecific hybridiza-
tion of G. barbadense x G. hirsutum. Therefore, few
of these QTLs can be directly applied in breeding
programs. Introgression lines, which form a secondary
gene pool, make it possible to transfer favorable alleles
into elite cultivars. Several studies on QTL mapping to
enhance fiber quality in Gossypium genus report the
use of germplasm containing introgression genomic
components from other species (Shen et al. 2007,
Zhang et al. 2009, 2012; Sun et al. 2011). However,
these studies do not provide any evidence of associ-
ation between the introgression genetic components
and the detected fiber quality QTLs. Recently, Zhang
et al. (2011) identified QTL alleles for improved fiber
quality from a wild Hawaiian cotton species Gossypi-
um tomentosum. Also, Xu et al. (2012a) identified
QTLs for fiber micronaire from a wild species
G. klotzschianum introgressed into upland cotton.

In our previous study (Wang et al. 2011), we
preliminarily analyzed the genetic effect of introgres-
sive chromosomal segments from G. barbadense on
fiber-related traits in upland cotton using a germplasm
of superior fiber quality. After screening 4,050 simple
sequence repeats (SSRs), we identified 42 loci as
putative introgression alleles. Most of these were
found to be clustered on the putative G. barbadense
introgression chromosomal segments of chromosome
(Chr.) 2, Chr.16, Chr.23, and Chr.25. Our study
demonstrated that the majority of the favorable alleles
for fiber quality traits were derived from the intro-
gressive genomic components.

We undertook the current study to (1) further
identify the introgression components at a genome-
wide level; (2) dissect the association between QTLs
responsible for fiber quality and the G. barbadense
introgression chromosomal segments by constructing
a longer and relatively saturated linkage map; (3)
search stable QTLs which could be used in MAS for
further improving the fiber quality and lint yield
simultaneously in upland cotton breeding.
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Materials and methods
Plant materials

Luyuan343 (LY343) is a high-fiber quality upland
cotton germplasm developed by a natural cross between
G. barbadense cv. Ashimouni with an unknown upland
cotton followed by artificial selection for 13 generations
(Su et al. 2000; Wang et al. 2011). It had once been
cultivated in some cotton-growing region of China due
to its excellent fiber quality. Lumianyan22 (LMY?22) is
a transgenic insect-resistant upland cotton cultivar
developed in our laboratory and approved by the
Chinese Ministry of Agriculture. It is now cultivated in
China for its desirable lint yield performance; however,
it does not have very good fiber quality. All parental
lines were self-pollinated for several generations before
making hybrid combinations.

Population development and phenotypic
evaluation

LMY22 was crossed with LY343 at Linqing Exper-
imental Station, Shandong Cotton Research Center
(LES/SCRC) in 2006. The F| hybrids were planted on
Hainan Island in the winter season of the same year
and self-pollinated to produce F, seeds. The F,
population comprising 209 individuals were grown
at LES/SCRC and self-pollinated to produce the next
generation in 2007. The F,.; family seeds were
randomly divided into two groups for planting in
different environments. One group was planted on
Hainan Island in the winter season of 2007, and the
other group was grown at LES/SCRC in the spring
season of 2008. Traditional cotton cultural practices
were applied at both locations. Fiber samples of F,
individuals were harvested from the gin-out of self-
pollinated bolls at LES/SCRC, and F5.; fiber samples
were collected from the two test sites at Hainan Island
and LES/SCRC.

The fiber quality parameters, including fiber length
(FL, mm), fiber strength (FS, cN - Tex_l), fiber length
uniformity (FU, %), fiber elongation (FE, %) and
fiber micronaire (FM, fineness value) were tested by
the Supervision, Inspection and Test Center of Cotton
Quality, Ministry of Agriculture of China (Anyang,
Henan province, P.R. China) using a high-volume
precision instrument (HVI; Zellweger-Uster, Knox-
ville, TN). Lint percentage (LP), one of lint yield

components, was evaluated following conventional
cotton breeding methods.

Molecular markers and assays

Genomic DNA from the 209 F, plants, the mapping
parents, and cv. Ashimouni (the donor G. barbadense
parent of LY343, the superior introgression line) was
extracted as described by Paterson et al. (1993). Most of
SSR primers were downloaded from CMD (http://
www.cottonmarker.org) and CottonDB (http://www.
cottondb.org) which have been exploited to construct
interspecific and intraspecific genetic maps for QTL
mapping in tetraploid cotton (Zhang et al. 2002, 2009,
2012; Lacape et al. 2003, 2010; Rong et al. 2004, 2007;
Guo et al. 2007; Shen et al. 2007; Lin et al. 2009; Sun
etal. 2011). The additional SSR primer sequences were
kindly provided by Dr Zhengsheng Zhang (Southwest
University of P.R. China). All primers were synthesized
by Invitrogen (Shanghai, China). The affirmative poly-
morphic primers were used to genotype F, plants. PCR
amplification and the polyacrylamide gel electrophore-
sis/silver staining survey were performed according to
the procedure described by Zhang et al. (2002). The
putative introgression G. barbadense alleles were
identified and affirmed as described in our previous
report (Wang et al. 2011).

Data and QTL analysis

The linkage map was constructed using MAP-
MAKER/EXP 3.0 (Lander et al. 1987) with a LOD
score of 6.5. The Kosambi mapping function was used
to convert the recombination frequency to genetic map
distance (centiMorgen, cM). The linkage groups were
assigned to chromosomes based on genetic linkage
map from CottonDB (http://www.cottondb.org) and
the published literature (Guo et al. 2007; Zhang et al.
2012; Yu et al. 2012).

Five fiber quality traits and one of the yield
components, LP, collected from F,, F,.; at Linging
and Hainan were used to map QTLs. The composite
interval mapping (CIM) procedure using WinQTL-
Cart 2.5 (Wang et al. 2006) was selected to detect
QTLs. The window size was set at 5 ¢cM and the walk
speed at 1 cM. LOD threshold values were estimated
by 1,000 permutations to declare significant QTLs
(Churchill and Doerge 1994). QTL confidence inter-
vals (90-95 %) were set as map intervals
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«Fig. 1 Distribution of quantitative trait loci (QTLs) for fiber
quality and lint percentage (LP) on the linkage map constructed
in this paper. The putative introgression genomic components
and QTLs for fiber quality and LP are shown in this figure. The
linkage group bars filled with red color represent the introgres-
sion genomic regions and the corresponding markers are
represented by red letters. The distorted segregation loci are
shown in italics. The green, red and black bars with slash
represent the QTLs detected in three, two and one datasets of F,
in Linging and F,.; in Linging and Hainan, respectively. QTL
bars and lines indicate 1 LOD and 2 LOD likelihood intervals.
The names of the QTLs presented in the Fig. 1 are also shown in
the tables. (Color figure online)

corresponding to a decline of 1 LOD on either side of
the peak. The linkage maps and QTLs were as
presented by MapChart 2.2 (Voorrips 2002). QTL
nomenclature follows a method developed in rice by
McCouch et al. (1997). The designation begins with
‘g,” followed by an abbreviation of the trait name, the
name of chromosome, and the serial number.

To further dissect the genetic architecture of the
fiber-related traits, we analyzed our data by QTLNet-
work-2.2 (Yang et al. 2008). All detected QTLs and
epistatic loci were fitted by a full-QTL model to
estimate the main- effect QTL and epistasis and their
interaction effects with environment by the MCMC
(Markov Chain Monte Carlo) algorithm. The QTLs
detected by QTLNetwork 2.2 to be located in the same
or adjacent region of the QTLs detected by WinQTL-
Cart 2.5 were considered to be the same QTLs.

Validation of QTLs using the F5.g advanced
population

An advanced population of F,.g was developed from
the same LMY22 x LY343 cross as the QTL map-
ping population. Individuals were randomly selected
and self-pollinated from the initial F, population.
Progenies by consecutive single seed descent (a ran-
domly harvested selfed individual in a certain progeny
is derived from a single seed of the last generation)
were grown at LES/SCRC and in the following winter
were planted on Hainan Island until F,.g lines were
developed. A total of 359 lines of the F,.g were planted
in trial plots at LES/SCRC in 2011. Fiber sample
collection and phenotypic evaluation were conducted
as that of F,.3 family lines. We extracted DNA from all
the 359 advanced lines for marker genotype survey.
Based on the genotype of the nearest marker to the

QTL, we selected homozygous lines for LMY?22 and
LY343 alleles to compare the differences in fiber
quality traits and LP by analysis of variance using DPS
software (Tang and Feng 2007) as described in our
previous work (Wang et al. 2011).

Results

Molecular linkage map construction
and identification of putative introgression
G. barbadense genomic components

A total of 284 of the 14,417 SSR markers screened
exhibited polymorphism between the mapping parents
and genotyped F, populations. The ratio of polymorphic
loci was only 1.82 %. Integrating the results from our
previous study (Wang et al. 2011), we increased the total
number of polymorphic loci to 366, of which 87 showed
skewed Mendelian segregation. The linkage map com-
prises 43 linkage groups with 334 loci spanning
1,779.2 cM, covering approximately 35.36 % of the
tetraploid cotton genome (Stelly 1993). Thirty-nine
linkage groups were assigned to 25 chromosomes, with
the exception of Chr.14, which contained only one
polymorphic SSR marker.

A total of 158 of the polymorphic loci assembled
into the linkage groups were identified as the putative
introgression G. barbadense (GB) loci, which distrib-
uted on 20 chromosomes. The introgression segments
covered 646.91 cM and accounted for 12.86 % of
tetraploid cotton genome. The length of the introgres-
sion segment per chromosome was found to range
from 3.94 cM (Chr.26) to 94.42 cM (Chr.10) (Fig. 1).

QTL mapping, epistasis, and their interactions
with environments

The phenotypic characteristics of the F, population,
as well as those of the F,.; in two environments and
the mapping parents, were described in our previous
study (Wang et al. 2011). Based on our three
datasets, a total of 24 QTLs were detected by
WinQTLCart 2.5, including 19 for fiber quality and
five for LP. These QTLs were mainly targeted on
nine chromosomes, and 20 of the QTLs were in the
introgression chromosomal regions. The GB alleles
contributed to increase fiber quality at eight loci
(Fig. 1; Table 1).
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Fig. 1 continued

A total of 18 QTLs with additive effect (A) were
detected by QTLNetwork-2.2 based on the mixed liner
model, among which 14 QTLs were also detected by
WinQTLCart 2.5 (Table 2). Nine of the additive effect
QTLs showed significant interaction with environ-
ment. Eight digenic epistastic interactions with addi-
tive x additive (AA), and/or additive x dominative
(AD), dominative x additive (DA), dominative X
dominance (DD) effects were identified, the majority
(6/8) of which occurred between several pairs of
genetic background loci not linked to any QTL. Only
one epistastic interaction showed significant AAE
effect (Table 3).

Fiber length

Four FL QTLs were detected by WinQTLCart 2.5,
each explaining 6.98-16.36 % of the phenotypic
variance. All of these QTLs were located in the
introgression chromosomal regions, and the GB allele
contributed to increased fiber length at three loci (¢FL-
C7-1, gFL-C16-1,and gFL-C25-1). Three of the QTLs
with significant additive effect were detected by
QTLNetwork 2.2. One epistasis interaction between
qFL-C16-1 and qFL-C25-1 was identified which
explained 1.35 % of the total phenotypic variance.
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No QTL showed significant interaction with
environment.
Fiber uniformity

Only two FU QTLs were detected by WinQTLCart 2.5.
The phenotypic variance explained by each individual
QTL was 7.3 and 9.17 %, respectively. Both of the FU
QTLs were mapped in non-introgression regions, and
the favorable alleles were derived from the G. hirsutum
parent (GH, LMY?22). When analyzed by QTLNet-
work-2.2, two QTLs with additive effect were detected,
and both showed significant QTL x environment (QE)
interaction. Two epistasis interactions between the
genetic background loci on Chr.8 and Chr.11 with AA,
DA, and DD epistastic effects were identified.

Fiber fineness (fiber micronaire)

Fiber micronaire is regarded as an indication of both
fineness (linear density) and maturity (degree of cell-wall
development), and a somewhat low FM value has been
used as a predictor of desirable fine cotton fibers with
adequate maturity, while a relatively high FM value
represents thick cotton fibers (Montalvo 2005). We used
the FM value for fiber fineness evaluation in our study.
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Table 1 Fiber trait quantitative trait loci (QTLs) detected in F, and F,.3 population using composite interval mapping
QTL? Environment® Chr. Nearest marker  Position (cM) LOD Additive Dominant R* (%)°
Fiber length
qFL-C3-1 Fr3 (LQ) C3 (A3) CGR5620 136.6 3.89 —-0.4 -0.4 7.77
qFL-C7-1 F> (LQ) C7 (A7) DC40182 55.7 5.14 —0.54 0.41 9.9
Fr3 (LQ) C7 (A7) DC40182 61.9 4.77 —0.52 0.07 9.41
qFL-Cl6-1 F, (LQ) Cl16 (D7) CGR55% 17.5 5.97 0.66 0.35 10.13
F5.3 (HN) Cl16 (D7) CGR5139 19.8 5.54 0.73 0.05 9.04
qFL-C25-1 F>3 (HN) C25 (D6) HAU2022 4 8.28 —0.69 —0.05 16.36
F>5 (LQ) C25 (D6) HAU2022 1 3.83 —-0.42 —0.09 6.98
Fiber uniformity
qFU-C2-1 F, (LQ) C2 (A2) COTO064 50.4 4.04 0.49 —0.19 7.3
qFU-C2-2 Fy5 (LQ) C2 (A2) CGR6099 30.1 4.18 0.6 0.15 9.17
Micronaire
qgFM-Cl16-1 F>3(LQ) Cl16 (D7) DPL4008 18.2 5.98 —0.19 0.06 11.39
qgFM-C23-1 Fr5 (LQ) C23 (D9) BNL1317 18.1 7.2 —-0.14 —-0.22 12.33
qgFM-C23-2  F,3 (LQ) C23 (D9) CMO007 24.5 5.68 —0.15 -0.2 10.45
Fiber elongation
qFE-C3-1 F,.5 (HN) C3 (A3) BNL3408 117.3 4.23 —0.04 —0.02 8.94
qFE-C3-2 Fr3 (HN) C3 (A3) HAU0292 134.6 6.53 —0.04 —0.01 12.79
qFE-C3-3 F>3(LQ) C3 (A3) MUCS547 126.9 8.89 —0.21 —-0.03 12.31
qFE-C7-1 F»(LQ) C7 (A7) DPL0757 75.2 5.93 0.1 —0.01 14.73
qFE-C15-1 F5.3 (HN) C15 (D1) DPL0090 24.4 4.09 0.03 0 6.85
F>5 (LQ) C15 (D1) DPL0090 24.4 14.64 0.26 0.03 20.66
qFE-CI18-1 Fr53 (LQ) C18 (D13) HAUI1212 49.3 4.28 0.13 —0.03 5.29
qFE-CI18-2 Fr5 (LQ) C18 (D13) PGML1145 62.6 3.95 0.13 —0.05 5.69
Fiber strength
qFS-C2-1 F>3 (HN) C2 (A2) HAUS80 63 3.86 0.49 0.36 7.3
qFS-C7-1 F»(LQ) C7 (A7) DC40182 56.7 12.52 —1.76 0.66 26.21
F55 (LQ) C7 (A7) SHIN1447 52.7 12.34 —1.61 0.6 25.58
F>.3 (HN) C7 (A7) DC40182 57.7 7.11 —0.69 0.23 13.74
qFS-C7-2 F>(LQ) C7 (A7) DPL0852 76.2 11.73 —1.88 0.53 27.09
Lint percentage
qLP-C7-1 F,.5 (HN) C7 (A7) DC40182 56.7 4.84 1.27 —0.08 8.97
qLP-C15-1 Fr5 (LQ) C15 (D1) DPL0504 22.5 3.96 0.01 0 7.59
qLP-C17-1 F»(LQ) C17 (D3) HAU1396 29.9 7.79 1.24 0.82 15.52
Fy5 (LQ) C17 (D3) HAU1396 29.9 7.21 0.01 0 14.88
F53 (HN) C17 (D3) HAU1396 30.9 4.44 1.04 0.63 7.97
qLP-C23-1 F>3(HN) C23 (DY) BNL1414 20.7 39 1.09 0.19 6.54
qLP-C23-2 F>5 (HN) C23 (DY) PGML732 24.7 4.03 1.06 0.09 6.76

# ”C” in the first and the third column stands for chromosome

> F>(LQ), Fa.5 (LQ), Fa3 (HN) indicate F, at Lingqing, F,.3 at Lingging and Hainan in china, respectively

¢ Phenotypic variation explained by QTL

Three fiber fineness QTLs were detected by WinQTL-
Cart 2.5, each explaining 10.45-12.33 % of the pheno-
typic variance. Two of the QTLs were mapped in the

introgression chromosomal segments, and the GH parent
(LMY22) conferred the favorable allele at three loci.
Only one additive effect QTL (gFM-C16-1) was detected
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Table 2 Estimates of additive and additive x environment interaction of quantitative trait loci for fiber quality and lint percentage

across three environments by mixed linear model

QTL? Interval Position (¢cM) AP h2° AE1° AE2° AE3P h2.C
Fiber length 25.31

qFL-C7-1%* DC40182-DPL0757 61.9 —0.5393 10.3

qFL-C16-1* CGR5139-HAU1764 20.8 0.3691 3.99

qFL-C25-1*% HAU2022-BNLS827 0.0 —0.4879  11.02

Fiber uniformity 8.49 3.16
qFU-C2-2% CGR6099-C2-0031 30.7 0.3769 5.19 —0.2166 1.44
qFU-C7-1 DC40182-DPL0757 61.9 —0.2520 33 0.2710 1.72
Micronaire 3.67

qgFM-C16-1* TMB2566-BNL1026 15.6 —0.1259 3.67

Fiber elongation 12.34 31.58
qFE-C3-3* MUCS547-HAU0292 130.0 —0.0638 2.46 0.1087 —0.1299 8.66
qFE-C7-1* DC40182-DPL0757 61.9 0.0401 0.59 —0.0534 1.55
qFE-CI15-1* DPL0090-HAU1721 254 0.0871 576  —0.1132  —0.0583 0.1708  13.52
qFE-CI18-1* HAU2332-HAU3406 50.7 0.0452 2.3 —0.0565 0.0939 5.68
qFE-C26-1 NAU3236-DPL0010 0.0 —0.0464 1.23 0.0436  —0.0726 2.17
Fiber strength 23.26 1.98
qFS-C7-1% SHIN-1447-DC40182 55.7 —1.5198  17.07 0.3554  —0.4880 1.98
qFS-C8-1 CGR6103-CGR5837 28.9 —0.5123 2.58

qFS-C4-1 BNL3089-NAU3592 7.0 0.4906 3.61

Lint percentage 17.62 1.98
qLP-C7-1% SHIN-1447-DC40182 55.7 0.4836 1.95 0.5925  —0.4644 1.98
qLP-C15-1* DPL0090-HAU1721 26.4 0.6788 247

qLP-C17-1* HAU1396-SHIN-1504 29.9 1.1688 9.39

qLP-C23-2% PGML732-HAU1572 24.7 0.7739 3.81

* QTL detected by QTLNetwork-2.2; * QTL was detected by CIM in the same or neighbour region interval
® Effect of genetic source: A, additive effect; AE1, AE2, AE3 indicate additive x environment interaction effect at Linqing in 2007

and at Hainan and Linqing in 2008, respectively

¢ The heritability of corresponding genetic source; /2 the heritability of additive effect; h2,, the heritability of additive by

environment interaction

by QTLNetwork-2.2, and no significant QE interaction
and epistasis effect were observed.

Fiber elongation

Seven QTLs for FE were detected by WinQTLCart 2.5.
The phenotypic variance explained by individual QTLs
ranged from 5.29 to 20.66 %. All of the QTLs were
mapped in the introgression regions, and the GB allele
contributed to increased elongation at three loci (¢FE-
C3-1, gFE-C3-2, and gFE-C3-3). Five FE QTLs with
additive effect were detected by QTLNetwork-2.2, and
four of the QTLs were located on the same marker
intervals or adjacent region as the QTLs detected by

@ Springer
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WinQTLCart 2.5. All five QTLs showed significant QE
interaction effects in one or more environments, and the
QE effects were remarkably larger than the additive
effect. One epistasis interaction between the genetic
background loci on Chr.7 and Chr.6 with AD effect was
detected, and significant AAE interaction was also
identified. Our results suggest that fiber elongation was
markedly influenced by environment.

Fiber strength

Three QTLs for FS were detected by WinQTLCart 2.5,
explaining 7.3-27.09 % of the phenotypic variance.
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These QTLs were all mapped in the introgression
segments, and the GB allele contributed to increase
fiber strength at two loci on Chr.7. One of the
QTLs, gFS-C7-1, was detected in all the three
datasets and explained 13.74, 26.21, and 25.58 % of
the phenotype variance in each population, respec-
tively. When analyzed by QTLNetwork-2.2, two
additional QTLs (gFS-C8-1 and gFS-C4-1) besides
qFS-C7-1 were detected with additive effect. gFS-
C7-1 showed QE interaction with a minor effect
(h2, = 1.98). Two epistasis interactions were identi-
fied, one between qFS-C7-1 and background locus on
Chr.7 and the other between two background loci on
Chr.16 and Chr.17.

Lint percentage

We detected five QTLs for LP by WinQTLCart 2.5,
explaining 6.54-15.52 % of the phenotypic variance.
The favorable alleles of the five QTLs were all derived
from the GH parent. gLP-C17-1 could be detected in all
three datasets and explained 15.52, 14.88, and 7.97 %
of the phenotype variance, respectively. This QTL was
flanked by an expressed sequence tag (EST)—SSR
marker, HAU1396, at a distance ranging from 0.1 (F,
and F, .3 at Linging) to 0.9 cM (F,.; at Hainan). When
analyzed by QTLNetwork 2.2, four of the QTLs (except
for gLP-C23-1) were also detected, and only gLP-C7-1
showed significant QE interaction. Two epistasis inter-
actions were identified between genetic background
loci, one between loci on Chr.16 and Chr.2 and the other
between loci on Chr.16 and Chr.17.

Confirmation of the QTLs in advanced breeding
population

One of the challenges faced by MAS during breeding
programs is the stability of a QTL across different
generations. In order to confirm the stability of the
identified QTLs in early generations, we performed an
association analysis based on the genotype of the
nearest marker to each QTL using Fg advanced
population from the same cross. Of the 24 QTLs, 19
showed significant differences between homozygous
genotype of LMY22 and LY343, including four QTLs
for FL, one for FU, six for FE, three for FS, and five for
LP. QTLs for fiber fineness were not found in the
advanced population (Table 4).

@ Springer

We identified four QTLs responsible for FL with a
significant difference in the advanced generation. The
introgression alleles at three QTLs (gFL-C3-1, gFL-
C7-1, qFL-C25-1) increased FL by 0.35-1.08 mm,
while at gFL-C16-1, the GH allele increased FL by
0.79 mm. All three QTLs responsible for FS were
detected in the advanced Fg generation and showed
significant difference. The introgression line allele
increased FS by 2.71 and 2.73 ¢N - Tex " for the two
QTLs (gFS-C7-1, gFS-C7-2) located on Chr.7. Five
QTLs responsible for LP identified in F, and F5.;
populations were also detected in the Fg generation.
The GH alleles conferred an increase in LP by 1.13
(gLP-C7-1) t0 2.03 % (qLP-C15-1).

Discussion

Identification of introgressive exogenous genomic
components at the genome-wide level

Reinisch et al. (1994) constructed the first allotetrploid
cotton genetic map comprising 705 restriction frag-
ment length polymorphism marker loci assembled into
41 linkage groups and covered 4,675 cM by using an
interspecific (G. hirsutum x G. barbadense) mapping
population. Rong et al. (2004) subsequently con-
structed a sequence-tagged site genetic map composed
of 2,584 loci at 1.72-cM intervals in 26 linkage groups
and covered 4,447.9 cM using the same population.
Since then several tetraploid cotton maps have been
constructed using various types of molecular markers
among which PCR-based markers, such as SSRs, are
in common use (Guo et al. 2007; Yu et al. 2012). These
interspecific tetraploid maps are close to the overall
map length of tetraploid cotton and cover all 26
chromosomes in the allotetraploid cotton genome.
Several other relatively well-covered intraspecific
G. hirsutum maps have been constructed by SSRs
(Zhang et al. 2009, 2012) and other PCR-based
markers (Lin et al. 2009). It is worthwhile to note
that all the markers exploited for interspecific mapping
could be applied to intraspecific mapping in
G. hirsutum.

In an attempt to identify introgressive exogenous
genomic components at a genome-wide level, we
constructed intraspecific maps using the markers
previously exploited in interspecific mapping. A total
of 18,467 SSR primer pairs, including 4,050 SSRs
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Table 4 Validation of quantitative trait loci in advanced Fg breeding population
QTL Marker” No. lines Homozygous phenotype Difference” F P

LMY22 LY343 LMY22 LY343
Fiber length
gFL-C3-1 CGR5620 179 178 322 33.28 1.08 38.46 1.55 x 107°
qFL-C7-1 DC40182 149 200 32.18 33.14 0.96 28.92 1.39 x 1077
qFL-C16-1 CGR5139 228 128 33.03 32.24 —-0.79 17.97 2.87 x 1077
qFL-C25-1 HAU2022 149 198 32.53 32.88 0.35 3.66 5.67 x 1072
Fiber uniformity
qFU-C2-1 COTO064 213 133 85.23 85.07 —0.16 1.25 0.26
Fiber elongation
qFE-C3-1 BNL3408 166 181 5.98 5.81 -0.17 33.08 1.95 x 1078
gFE-C3-2 HAU0292 182 170 5.98 5.78 —0.2 5015 7.86 x 1072
qFE-C3-3 MUCS547 176 179 5.96 5.82 —0.14 23.86 1.57 x 107°
qFE-C7-1 DPL0757 149 198 5.99 5.79 —0.2 54.4 1.23 x 1072
qFE-CI15-1 DPL0090 188 166 5.87 591 0.04 2.01 0.16
qFE-CI18-2 PGMLI1145 165 146 5.87 591 0.05 2 0.16
Fiber strength
qFS-C2-1 HAUS880 216 141 35.54 34.98 —0.56 3.8 5.19 x 1072
qFS-C7-1 DC40182 149 200 33.75 36.46 2.71 121.24 220 x 107
qFS-C7-2 DPL0852 157 195 33.83 36.56 2.73 127.78 1.82 x 107%°
Lint percentage
qLP-C7-1 DC40182 149 200 34.26 33.12 —1.13 6.47 1.14 x 1072
qLP-C15-1 DPLO0504 190 165 34.62 32.58 —-2.03 21.84 423 x 107¢
qLP-C17-1 HAU1396 179 167 34.32 32.82 —-1.5 13.57 2.66 x 1074
qLP-C23-1 BNL1414 227 131 34.26 32.7 —1.57 11.81 6.59 x 1074
qLP-C23-2 PGML732 224 131 34.41 32.52 —1.88 17.26 4.09 x 1073

? The nearest marker to QTL

® The difference is equal to the phenotypic value of LY343 minus that of LMY22

reported in our previous study (Wang et al. 2011),
were applied to screen for polymorphism between the
mapping parents LMY22 and LY343. Of the 334
mapping SSR loci, 158 were identified as putative
introgression G. barbadense loci. All of the introgres-
sion loci distributed on 41 introgression segments that
were assigned to 20 chromosomes. The total intro-
gression segments covered 646.91 cM and accounted
for about 12.86 % of the tetraploid cotton genome.
Identification of genome-wide introgression compo-
nents by screening SSRs covering most of the
tetraploid cotton genome greatly facilitated our anal-
ysis of the association between fiber quality QTLs and
the G. barbadense introgression chromosomal
segments.

Genetic effects of the putative introgression
chromosomal segments from G. barbadense
on fiber-related traits

Exploitation and utilization of favorable exogenous
alleles in related species can facilitate the broadening
of the genetic base of popular crop cultivars and cause
dramatic improvements in various desirable traits
(Tanksley and McCouch 1997; Zamir 2001, 2008).
Marker-guided introgression of exogenous genomic
components into cultivated crop varieties for potential
application in MAS has been reported in several crops,
such as tomato (Fernie et al. 2006; Korff et al. 20006,
2008; Zamir 2008; Barone et al. 2009; Chapman et al.
2012), rice (Steele et al. 2006; Xu et al. 2012b), wheat
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(Pestsova et al. 2006), maize (Zheng 2008), and oat
(Yu and Herrmann 2006).

Cultivated G. hirsutum, which dominates the world’s
cotton fiber production, lacks a genetic base for fiber
quality improvement. However, other species in Gos-
sypium genus, especially the cultivated tetraploid
species G. barbadense, provide an ideal gene pool for
superior fiber quality (Wendel et al. 2010; Mehboob-ur-
Rahman et al. 2012). Numerous QTLs for fiber quality
traits have been mapped using molecular markers, but
few have been applied in breeding selection since most
of the studies selected G. barbadense varieties as one of
the mapping parents. Superior fiber quality germplasm
lines introgressed by other Gossypium spp. have been
used as a parent to map fiber-related QTLs (Shen et al.
2007; Lin et al. 2009; Zhang et al. 2009, 2012; Sun et al.
2011). However, these studies do not provide any
evidence of association between the introgressive
genetic components and the detected QTLs. Recently,
Zhang et al. (2011) identified QTL alleles for improved
fiber quality from a wild Hawaiian cotton, G. fomen-
tosum, and Xu et al. (2012a) identified QTLs for FM on
Chr.7 from a wild species, G. klotzschianum, that were
introgressed into Upland cotton.

In this study, a total of 24 QTLs for fiber quality and
LP were identified by WinQTLCart 2.5, of which
20 were located in the introgression segments of
G. barbadense. The GB allele contributed to the
improvement of only fiber quality traits at eight loci,
including three for FL, two for FS, and three for fiber
elongation. While for fiber uniformity, fineness, and LP,
the favorable alleles were derived from the GH parent.
gFL-C7-1 and gFS-C7-1, which could be detected in
more than two environments and explained relatively
large phenotypic variances, were located in the same
introgression chromosomal segment on Chr.7. gFL-
C25-1, which was detected in two environments with a
large genetic effect, was located in the introgression
region of Chr.25. These introgression segments might
carry important genes controlling the desirable superior
fiber quality. Further studies targeting these regions
would be beneficial to further our understanding of the
genetic mechanism of superior fiber formation.

QTLs for fiber quality are frequently clustered
on a chromosomal region

Classical quantitative genetic studies have revealed
that there is a strong correlation among various traits
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that determine fiber quality (Kloth 1998). In our
previous study (Wang et al. 2011), we reported that
there is a positive correlation between FL and FU and
FS, while there is a strong negative correlation
between fiber quality and LP in the F, and F».;
population from the cross of LMY22 x LY343.
Recent QTL mapping studies have shown that QTLs
for fiber quality or yield traits are clustered on the
same chromosomal region (Chen et al. 2009; Lacape
et al. 2010; Sun et al. 2011; Zhang et al. 2012). In this
study, QTL-rich regions were found on several
chromosomes (four QTLs on Chr.3, five on Chr.7,
four on Chr.23; see Fig. 1). Some regions consisted of
QTLs for fiber quality (Fig. 1, Chr.3), while other
QTL-rich regions were related not only to fiber quality
but also to LP (Chr.7, Chr.23). A QTL-rich region on
Chr.7 was associated with FL, FS, fiber elongation,
and LP, and the direction of genetic effects of QTLs
for FL and strength traits was consistent, but the
direction was opposite for the two fiber quality traits
and LP. These results further explain the positive
phenotypic correlation between FL and FS, and the
negative correlation between fiber quality and LP.
Knowledge of the co-location of various QTLs on a
definite chromosomal region would be helpful when
the aim is to improve different fiber quality parameters
simultaneously.

Highly heritable and stable QTLs could be
candidates for MAS in Upland cotton breeding
programs

The heritability of fiber quality and yield components
is moderate to high, suggesting that these traits could
be manipulated by MAS (Paterson et al. 2003). Our
study shows that the heritability of QTLs with additive
effect for FL, FS, and LP (25.31, 23.2, and 17.62 %,
respectively) was higher than that for other fiber
properties (8.49, 3.67, and 12.43 % for FU, FM, and
FE, respectively) (Table 2). It also shows that the
QTLs for these traits had no or only a minor QE
interaction effect, indicating that these traits were
scarcely affected by environment and MAS would be
useful in improving these traits. However, FU and FE
were markedly influenced by environments as all of
the QTLs for these two traits showed significant QE
interaction, especially those for FE whose heritability
of QE interaction effect was much larger than that of
the additive effect. Although the QTL for FM showed
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no QE interaction, the heritability of the additive effect
was only 3.67 %. Therefore, these QTLs for FU, FE,
and FM should be carefully chosen for in MAS
manipulation.

The environment-stable QTL is very important for
MAS during breeding programs. Five QTLs (gFL-C7-
1, gFL-Cl6-1, gFL-C25-1, qFS-C7-1, and gLP-C17-
1) could be detected in more than two datasets with no
or only minor QE interaction. These five QTLs could
be confirmed in Fg population. The QTL for FS, gFS-
C7-1, was detected in all the datasets and could
explain large phenotype variance. The region near the
qFS-C7-1 locus was also associated with FL, FE, and
LP and was located within the introgression G.
barbadense chromosomal region. Sun et al. (2011)
identified an important QTL responsible for FS on
Chr.7 using an introgression line; this QTL could be
detected in different generations and different envi-
ronments. Zhang et al. (2009, 2012) also identified an
important region on Chr.7 associated with five fiber
quality QTLs using Yumian 1 as mapping parent; this
region introgressed with G. barbadense chromosomal
fragments, suggesting that this introgression region in
Chr.7 (A7) might carry important genes controlling
fiber quality traits. Another important QTL for LP
(gLP-C17-1) was also detected across all datasets and
explained phenotypic variation, ranging from 7.79 to
15.52 %. Since the region near the gLP-C17-1 locus
was not associated with fiber quality, stacking this
QTL for improving yield trait was not expected to
penalize any fiber quality parameters. It should be
noted that gLP-C17-1 was tightly linked with an EST-
SSR HAU1396 (Fig. 1; Table 1). BLAST results
indicate that this EST is orthologous to Arabidopsis
REVOLUTA, which is related to the band of interfas-
cicular fiber characteristic of Arabidopsis. These
QTLs could be candidates for MAS in an Upland
cotton breeding program.

QTLs for fiber quality and LP mapping in non-
homologous regions could facilitate pyramiding
favorable alleles by MAS for simultaneous
improvement of cotton fiber quality and lint yield

Nineteen QTLs detected in our study were found to be
responsible for fiber quality and five for LP. These
QTLs were mainly located on nine chromosomes,
three of which were in the A-subgenome and six in the
D-subgenome (Fig. 1; Table 1). The phenotypic

variation explained by any individual QTL ranged
from 5.29 to 27.09 %, and the number of QTLs
detected for each trait was more than two. In analyzing
the distribution of these QTLs carefully, we found that
the majority of the QTLs for the same traits were
mapped in non-homologous regions, except for gFL-
C7-1 and gFL-C16-1, which were mapped in the
homologous chromosomal pair of Chr.7 (A07) and
Chr.16 (DO07). This result is similar to that reported
previously by Rong et al. (2007) that the A- and D sub-
genomes of the tetraploid cotton contributed QTLs for
lint fiber development at largely non-homologous
locations. This suggests that variations in sub-genome
contributions to QTLs may depend on polyploid
lineages (Fonceka et al. 2012) and could be explained
by high variation in the expression of the A- and
D-subgenomes (Adams et al. 2003; Chaudhary et al.
2009; Flagel and Wendel 2010). Classical genetic
May 1999) and recent QTL mapping studies have
shown that fiber quality traits are controlled by
multiple genes with different genetic effects. As a
result, transgressive segregation of phenotypic values
of fiber quality and yield is a normal phenomenon in
mapping and breeding populations. It is reasonable to
assume that the transgressive segregated individuals in
the population might contain more favorable alleles
than any one of the two parents. Thus, we can pyramid
the favorable alleles or QTLs for a definite phenotype
when a particular species harbors several QTLs for
one trait, which are then mapped in the non-homeol-
ogous locations. For example, we can stack gFL-C3-1,
qFL-C7-1, gFL-C16-1, and gFL-C25-1 up via MAS
for pyramiding the favorable alleles for FL to improve
the FL trait in breeding programs. Our study demon-
strates that the G. barbadense alleles (qFL-C3-1, gFL-
C7-1, and gFL-C25-1) and the G. hirsutum allele
(gFL-C16-1) contribute to improvement of FL and
yield in the hybrid populations.

Conventional breeding programs based on pheno-
typic selection have improved fiber quality in Upload
cotton to a certain extent. However, the complicated
inheritance and unfavorable correlations between fiber
quality and lint yield have generally limited breeding
efficiency. Combining powerful molecular tools and
conventional breeding methods will provide effective
approaches to developing cotton cultivars with
improved fiber quality. We can pyramid favorable
alleles of QTLs for mapping fiber quality and LP in
non-homologous regions by MAS, with the aim of
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simultaneously improving cotton fiber quality and lint
yield. However, to reduce the negative effect of the
unfavorable correlation of the introgression alleles, we
should develop larger segregation populations for fine
QTL mapping and for further MAS in breeding
programs. Therefore, exploitation of additional mark-
ers (new SSRs and SNPs) for mapping the target
introgression chromosomal region would enable high-
resolution dissection of the QTLs for fiber quality and
lint yield performance. This in turn would enhance the
possibility of being able to effect simultaneous
improvement of both fiber quality and lint yield by
MAS in Upland cotton.
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