Theor Appl Genet (2012) 125:1263-1274
DOI 10.1007/s00122-012-1911-x

ORIGINAL PAPER

Molecular diversity, genomic constitution, and QTL mapping
of fiber quality by mapped SSRs in introgression lines derived
from Gossypium hirsutum X G. darwinii Watt

Bin Wang * Yichun Nie + Zhongxu Lin -
Xianlong Zhang - Junjie Liu - Jing Bai

Received: 30 September 2011/ Accepted: 5 June 2012/ Published online: 26 June 2012

© Springer-Verlag 2012

Abstract Because the genetic basis of current upland
cotton cultivars is narrow, exploring new germplasm
resources and discovering novel alleles relevant to impor-
tant agronomic traits have become two of the most impor-
tant themes in the field of cotton research. In this study,
G. darwinii Watt, a wild cotton species, was crossed with
four upland cotton cultivars with desirable traits. A total of
105 introgression lines (ILs) were successfully obtained. By
using 310 mapped SSRs evenly distributed across the
interspecific linkage map of G. hirsutum x G. barbadense,
these 105 ILs and their corresponding parents were ana-
lyzed. A total of 278 polymorphic loci were detected among
the 105 ILs, and the average length of introgression seg-
ments accumulated to 333.5 cM, accounting for 6.7 % of
the whole genome. These lines included many variations.
However, high similarity coefficients existed between lines,
even between those derived from different parents. Finally,
all the ILs and their upland cotton parents were used for
association mapping of fiber quality in three environments.
A total of 40 SSRs were found to be associated with five
fiber quality indexes (P < 0.05) with some being detected
in multiple environments and traits. The contribution rate
for trait variation was 6.31 % on average, ranging from 2.00
to 14.79 %. This study develops novel ILs for cotton
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genetics and breeding and provides the basis for future
research into fine mapping of genes related to fiber quality,
analyses of candidate gene association, and molecular
marker-assisted breeding.

Introduction

Introgression lines (ILs), which are also called chromo-
some segment substitution lines (CSSLs), are optimal tools
for the fine mapping of QTLs and genes and for evaluating
gene action without complicated dominant and epistatic
effects (Zhu et al. 2009; Zhao et al. 2009; Ali et al. 2010).
Due to a series of backcrossing and self-crossing events,
most apparent traits except for a few ILs have been found
to be similar to those of the receptor parent. These ILs are
distinct from each other by several DNA polymorphisms,
which were substituted by different segments from the
donor parent. QTL mapping can be executed conveniently
through simple statistical methods, such as one-way anal-
ysis of variance (ANOVA) and ¢ testing. Both single-
chromosome segment substitution (SCSS) lines and ILs
with overlapping segments can be used to increase the
precision of fine mapping (Takershi et al. 2005; Chen et al.
2009; Ye et al. 2010).

Molecular evaluation of germplasm resources includes the
evaluation of genetic diversity, molecular identification, and
the discovery of novel alleles. Genetic diversity and genomic
structure of germplasm resources are the basis for germplasm
identification and the application of those genetic resources.
They could lay the foundation for the introduction, cultiva-
tion, and protection of germplasm resources suitable for
breeding. The discovery of novel alleles could help the
research community determine the laws that govern target
traits, which would be useful for marker-assisted breeding.
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The Gossypium darwinii Watt, (AD)s genome, allote-
traploid cotton, is only found in the Galapagos Islands,
and it belongs to the Karpas rafinesque subgenus with
G. hirsutum (upland cotton), G. barbadense, G. tomentosum,
and G. mustelium. According to the classification of cotton
germplasm resources, G. Darwinii Watt and upland cotton
belong to the first germplasm bank and can hybridize with
each other directly ( Pan 1998). G. darwinii Watt has genes
that may confer drought resistance, nematode resistance,
and fiber fineness (Liang 1999). These genes can be
introduced into upland cotton to improve upland cotton
cultivars. Because the genetic diversity of upland cotton is
narrow, it is necessary to widen its genetic basis (Brubaker
and Wendel 1994; Igbal et al. 1997). G. darwinii Watt may
be suitable for this purpose.

In order to widen the genetic basis of current upland
cotton cultivars, to explore new germplasm resources, and
to discover novel alleles with superior fiber quality,
G. darwinii Watt was crossed with G. hirsutum cv. Ejingl1,
and the offspring were backcrossed with different upland
cotton cultivars with outstanding traits as part of a multi-
target breeding program. This project is aimed at over-
coming the shortcomings of upland cotton cultivars while
maintaining their superior traits. A set of 105 progeny ILs
of advanced generations were obtained. We then evaluated
the genetic diversity of these ILs and analyzed the distri-
bution of chromosome fragments introgressed from
G. darwinii Watt by mapped SSRs. QTL mapping of fiber
quality was conducted in three different environments to
determine QTLs for fiber quality from G. darwinii Watt.

Materials and methods
Plant materials and population development

The plant materials for population development and the
scheme of population development are described in Fig. 1.

Fig. 1 Development of
introgression lines
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The F, generation was made by crossing G. darwinii Watt
as the male parent with Ejingl as the female parent during
the winter of 2003 in China’s Hainan Province. Ejingl is a
high-yield upland cotton cultivar, notable for its high boll
weight and lint percentage. Its maturity and fiber quality
are also good. The F, generation was planted in the winter
of 2004 in Hainan and backcrossed with Ejing1 as the male
parent to produce the BC; population. The BC; population
was backcrossed with Ejingl and Jingchu201, respectively,
to produce the BC, population in the summer of 2005 in
Wuhan, Hubei Province. Jingchu201 is an upland cotton
cultivar with high yield production and fine fiber quality.
The BC, population was planted in the winter of 2005 in
Hainan Province, and backcrossed with Ejingl, Jing-
chu201, Ekang9g,, and IR; to produce the BC; population.
IR; is a highly insect-resistant line. Ekang9g, is trans-
formed from Ekang9 with two Bt genes. It is highly disease
and insect resistant and has excellent yield (Nie et al. 2002;
Li and Zhang 2004). From the BC; generation, ILs were
selected according to agronomic traits such as yield and
fiber quality and according to morphological markers such
as epidermic villus, leaf shape, plant type, and anther color.
During 2006 and 2007, the BC; plants were shuttle-planted
in Wuhan and Hainan, where they were self-pollinated four
times. Finally, a total of 105 ILs were obtained.

These 105 ILs were classed into four populations
according to the materials involved in population devel-
opment. They were named Popl, Pop2, Pop3, and Pop4,
which included 38, 33, 16, and 18 lines, respectively.

DNA extraction and marker analysis

The 105 ILs were planted in the experimental field of
Huazhong Agricultural University (E1) in 2008. Total
genomic DNA was extracted from young leaves with the
modified CTAB method (Paterson et al. 1993). Markers
were selected at an average of 10 cM from the interspecific
linkage map of cotton constructed in our laboratory (Zhang
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et al. 2008). A total of 310 markers were selected. Poly-
merase chain reaction (PCR), electrophoresis and silver
staining were performed based on the protocols described
by Lin et al. (2005).

Measurement of fiber quality and statistical analysis

In 2008, 20 bolls were hand harvested from the middle
portion of the plants in El and fibers were tested for
quality. In the next year, all the materials mentioned above
were planted in the experimental fields in Ezhou in China’s
Hubei Province (E2) and Huangzhou, also in Hubei Prov-
ince (E3). Cotton fibers were harvested within the same
month and sent to be tested. Five indexes of fiber quality
were tested, including fiber up-half mean length (UHML),
fiber uniformity index (UI), fiber elongation (ELO), fiber
strength (STR), and fiber micronaire value (MIC).

Basic statistical parameters of fiber quality of the 105
ILs and their upland cotton parents were calculated using
Data Processing System 7.05 software (http://www.
chinadps.com). These data included mean value, standard
deviation, variation range, skew, kurt, and correlations of
one index in different environments.

Analysis method of molecular diversity and genome
structure

SSR fragments were coded “1” for presence, “0” for
absence, and “-” for missing data. Genetic diversity, the
average number of genotype and alleles on each locus,
actual heterozygosity, and polymorphism information
content (PIC) were calculated by using PowerMarker
software V 3.25 (Liu and Muse 2005).

Polymorphism percentage (P), Shannon index (I),
number of valid alleles (Ne), genetic differentiation
(PhiPT), gene flow (Nm), and expected heterozygosity
(He) were estimated using the AMOVA function of
GENALEX6.2 software (Peakall and Smouse 2006).

The genetic similarity matrices were determined using
SIMQUAL from the NTSYS-pc 2.10e statistical package
based on Jaccard’s algorithms (Adams and Rolf 2000).

According to the positions of SSR markers in the
interspecific linkage map, Graphical GenoType2.0 soft-
ware (Berloo 2008) was used to analyze the introgression
fragments from all parents except Ejingl. The genotype of
Ejingl served as background. The number and length of
introgression fragments were calculated using Microsoft
Excel®.

QTL mapping method

Because fiber quality is a quantitative trait and these ILs
were a biased population, the Q + K + MLM model was

used for association mapping of fiber quality. To evaluate
the population structure for further association mapping,
STRUCTURE version 2.1 (Pritchard et al. 2000a, b) soft-
ware package was used to analyze the population structure
of these ILs. MCMC was set to 50,000, while burn-in was
set to 100,000 and K value was set to 2~ 10. Each K value
was repeated three times. According to the largest LnP
(D) and the most stable principles of «, we could not find
suitable K value for the germplasm lines. So, we calculated
Q value matrix of K = 4 according to the population his-
tory and took the Q value as a covariance to correct false
association analysis for association mapping. Kinship was
observed among the lines. Because both the population
structure and the kinship certainly reflected the linkage
disequilibrium, the Q value matrix and kinship matrix were
taken into account as part of the covariance matrix. The
TASSEL package was used to analyze molecular marker
data and fiber quality in three different environments
individually by QO + K + MLM model (Yu et al. 2006).
For association mapping, the 5 % minor allele frequency-
filtered SSR datasets were used. The P values of markers
associated with QTLs were regulated by the method of
controlling false discovery rate (Benjamini and Hochberg
1995).

Results
Polymorphism between parents

A total of 310 polymorphic loci containing 603 alleles were
detected by 295 SSR primer pairs between upland cotton
parents and G. darwinii Watt. Among them, 25 loci showed
polymorphism between upland cotton parents. All the 310
loci that were found to be polymorphic between parents
were located on the interspecific genetic linkage map
(Zhang et al. 2008). They were found to be uniformly
distributed over 44 linkage groups of the 26 chromosomes,
covering the whole genome.

Genetic diversity of ILs

A total of 278 polymorphic loci between all parents were
also detected in the ILs. According to the definition of
polymorphic loci for a population in which all allele fre-
quency is <99 %, 22 rare loci and 256 polymorphic loci
were detected in the ILs; the allele frequency was >5 % for
119 loci (42.8 %) and <5 % for 159 loci (57.2 %).

The number of alleles on each locus was 2.109 on
average. The average effective number of alleles (Ne) was
1.185. The mean number of genotypes per locus was 2.831;
the average gene diversity was 0.135; and the average
observed heterozygosis (Ho) was 0.054. The average PIC
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value was 0.122, and the Shannon index (I) was 0.225. The
overall expected heterozygosity (He) was 0.127.

The results of the analysis of molecular variance of pop-
ulations revealed that the variation among populations
accounted for only 5.66 % of the total variance and variation
within populations accounted for 94.34 % within populations
(Table 1). The pronounced homology between populations
may result from common parents, and the biggest differences
within populations were attributed to different parents in later
backcrossing events. The genetic differentiation (PhiPT) was
0.057, and gene flow (Nm) was 4.16 (P < 0.01). This indi-
cated that the division of these 105 ILs was random. There
was strong gene flow between populations.

The genetic relationship among these ILs was very
close. Among the 105 ILs, the Jaccard genetic similarity
coefficients (data not shown) ranged from 0.562 to 0.958
with an average of 0.759. The lowest genetic similarity
coefficient, 0.562, was observed between HD698 and
HD722. It belonged to Pop3 and Pop4, respectively. The
highest genetic similarity coefficient, 0.958, was observed
between HD717 and HD718, both of which were from
Pop4 and derived from the same parents.

Introgression analysis

The 310 markers covered 91.94 % of the cotton genome.
As shown in Fig. 2, there were a maximum of 20

Table 1 AMOVA of populations (pops)

introgression loci on chromosome 12 and a minimum of 4
introgression loci on chromosomes 7 and 15, respectively.
On average, there were 11 introgression loci on each
chromosome. A total of 144 introgression loci were located
in the At sub-genome and 134 in the Dt sub-genome. The
introgression length of At and Dt sub-genomes were
2,311.0 and 2,289.3 cM, respectively. The introgression
percentages of the At and Dt sub-genomes were 83.6 and
85.2 %, respectively. The longest introgression was
328.7 cM in length on chromosome 19, and the shortest
was 53.4 cM on chromosome 7. The average introgression
length of each chromosome was 176.9 cM. The percentage
of chromosomal introgression length was highest on
chromosome 24 (99.96 %) and lowest on chromosome 13
(52.23 %).

Graphical genotype analysis (GGT) showed that the
distribution of the 278 introgressions accounted for
84.38 % of the cotton genome (Fig. 3). Among the 105
ILs, the average length of introgression segments derived
from parents other than Ejingl accumulated to 333.5 cM,
accounting for 6.7 % of the whole genome. The length of
introgression fragment from G. darwinii Watt was
241.6 cM per line on average, accounting for 4.8 % of the
whole genome. There were 1,596 introgression segments
from G. darwinii Watt and the number of single-line
introgression segments ranged from 3 to 29 with an aver-
age of 15 (supplementary file 1). The background, Ejingl,
accumulated to 4,602.9 cM, accounting for 91.8 % of the
whole genome.

Source df SS Est. var. Percentage P value Among the lines that had Jingchu201 as a backcross
of variance parent, the average introgression length from Jingchu201
Among pops 3 479456 3806 5.66 <0.001 was 54.2 cM per line, .accountm.g for 1.1 % of the whole
Within pops 102 6,466.610 663.398 94.34 <0.001 ginomge' The a"ezrage lgtmgressmn lengths lfrom IR; and
Total 105 6.946.066 67.204 100 Ekang9g, were 72.1 and 1.1 cM, respectively, accounting
for 1.4 and 0.02 % of the whole genome.
Fig. 2 Distribution of : .
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Fig. 3 Genotypes of five parents and 105 ILs. A, B, C, D, and combinations of A and B, A and C, A and D, A and E, and B and D,
E indicate the genotypes of Ejingl, G. darwinii Watt, Jingchu201, respectively. “—” indicates missing fragments
IR;, and Ekang9g,, respectively. H, I, J, K, and N indicate allele
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Table 2 Basic parameters of five fiber quality indexes of 105 ILs and four upland cotton parents in three environments

Indexes Environments Introgression lines Ejingl Jingchu201 IR; Ekang9g,
Mean SD Range CV (%) Skew Kurt

UHML El 27.50 1.84  23.05-32.29 6.69 0.18 —0.21 27.11 29.07 2897  28.90
E2 26.91 1.66  21.65-31.50 6.17 0.06 1.09 27.14 28.28 28.21 27.00
E3 27.71 1.45  24.48-31.57 5.23 032 —0.28 2657 28.97 28.74  28.97

Ul El 84.38 148  77.10-86.40 1.75 1.57 4.63  84.40 86.57 85.80  84.63
E2 84.19 1.73  78.10-87.55 2.05 —0.87 146 8524 85.75 85.73  84.58
E3 83.52 1.39  79.95-86.60 1.66 -0.15 —-047  82.58 84.70 84.88  84.70

MIC El 563 075 4.17-17.15 13.32 0.14 —1.07 5.38 533 5.74 5.31
E2 525  0.69 3.60-6.90 13.14 056 —0.30 4.86 5.28 5.70 4.75
E3 538  0.60 4.18-6.70 11.15 044  —0.50 5.61 5.25 5.70 5.25

ELO El 644  0.14 6.10-6.80 2.17 0.02 —-0.29 6.30 6.43 6.47 6.47
E2 6.25  0.09 5.95-6.50 1.44 —0.31 1.16 6.21 6.28 6.31 6.18
E3 6.64 0.14 6.25-6.95 2.11 0.00 —0.46 6.46 6.65 6.71 6.65

STR El 27.50 1.92  23.10-34.40 6.98 0.50 096 2645 27.97 2720  27.33
E2 27.85 230  22.50-34.10 8.26 0.16 0.17  26.78 28.23 2729  26.85
E3 29.11 1.62  26.05-34.50 5.57 0.42 025 2720 29.25 28.86  29.25

Statistical analysis of fiber quality

The basic parameters of the five indexes in the three envi-
ronments were different, but their trends were almost con-
sistent (Table 2). The correlations of one single index in
three environments were significant, almost very significant
(supplementary file 2). The micronaire value, the compre-
hensive index of fiber fineness and maturity, is more easily
influenced by environment. This is probably why the CV %
of micronaire value was the largest. As shown in Table 2,
the CVs % of UHML, MIC, and STR were larger, indi-
cating that the variation of the three indexes among lines
grown in the same environment was very large and that
more phenotypic variation gathered in these lines. Most of
the frequency distributions of these five indexes in the three
environments were continuous, which revealed that the
fiber quality was controlled by quantitative trait locus
(supplementary file 3). MIC was not correlated with ELO
and negatively correlated with the other three indexes.
Apart from this, correlations between every two indexes
were found to be very positively significant. This was true
of all the three environments (supplementary file 4).

Association mapping of fiber quality

When the 0.05 minor allele frequency filtered SSR datasets
was used, the number of markers associated with fiber
quality in the three environments was 36, 40, and 28,
respectively. A total of 40 SSRs were associated with these
five fiber quality indexes and 21 of them were multi-
detected in different environments (Fig. 4). The
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contribution rate for fiber quality variation was 6.31 % on
average, ranging from 2.00 to 14.79 %, while the mean
contribution rate of the MLM model for fiber quality
variations in the three environments was 37.3, 30.7, and
26.7 % per marker, respectively.

A total of 18 markers were found to be associated with
several traits in three environments, and 15 of them were
detected in different environments for more than one index.
The other three markers were found to be associated with
only single trait in different environments. Nine markers
were found to be associated with multiple traits in El, ten
in E2, and six in E3.

Fiber upper-half mean length (UHML)

A total of ten markers were associated with UHML, and the
percentage of phenotypic variation explained by the
markers (R?) ranged from 2.31 to 11.93 %. Among them,
four markers were detected in more than one environment.

Fiber uniformity index (UI)

There were 15 markers associated with Ul in the three
environments and R? ranged from 2.00 to 14.79 %. Four
markers were detected in more than one environment.
Fiber micronaire value (MIC)

Fifteen markers were found to be associated with MIC. The

R? of these markers ranged from 3.23 to 13.72 %. Four
markers were detected in more than one environment.
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Fig. 4 The localization of
QTLs for fiber quality in the
genetic map which was
described by Zhang et al.
(2008). “Trait-M” refers to
markers found to be associated
with one fiber quality index in
more than one environment
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Fig. 4 continued

@ Springer

LG29/Chr16
44—(-DPLSOT &
18.2 ——1— BNL1022 J,? .E
352 ——TMBI706 =
LG34/Chr19

0.0 —~— DPL792
202 ——+— MUSB1056

46.5 — —HAU117
526 | BNL1075

808 —|{— DPL584
944 |- DPL169

108.0 —— NAU1372a
114.4 —| [~ BNL3492a

143.1 ——— DPL8%8

c 30 =%
171.3 — -1~ BNL3875 D; I— g g

187.5 ——+— BNL3602
201.9 ——— DPL309

2249 ——— BNL3401
2393 ——+— TMB2527
2544 ——— BNL3662
2654 ——— MUSBS977a
281.7 —{—+— DPL163
310.8 ——— BNL3535

3246 ——— BNL2821a

LG38/Chr22

0.0 —~+— NAU2120

245 —{-1— BNL3%45
51.4 ——— TMBO0B6
751~ |- DPL489
758" |~MUSB1050b EE
(9]
104.5 ——— HAU0B6a
1232 ——MUSB1112a

137.1 ———TMB1648

LG41/Chr24
0.0 —— CIR026

269 —-— JsP161

529 —|-1 DPL461

73.1 —-—Muss250

895 ——MUCSI13
1066 —{—DPL1e1 D
1209 ——DPL534 =
1489 ——— DPL231
1751 ———STV25
2085 —|—— CIR289
2320 ——— JESPR307

LG30/Chr17 LG32/Chr18 LG33/Chr18
- TMB1540 —F— TMB2762 — MUSBBB5a
i [ iy mc 00 ™ 0.0 MU: ﬂ
- L3408a a1 . hile )
272—-opas  ME G BNL193 :
P | - 38.9 | HAUO4Zb
67.2 ——— BNL4079 64.7 L TMB2553
o N =
s71——nsre EfS
1035 —-— TMBI1767>
1156 —-|— TMBO834a
162.6 ——— MUSS603
LG35/Chr20 LG37/Chr21
9.8 —F— MUSS096 0.0 —— BNL2895
287 —— DPL442 .’E 21.0 ——— TMBEZ8b c
x
& M- -musesse ., [1E B
454 —| - MUSB953a B, L O
71.5——— TMB1838 56.1 | [~ TMB1262
- OPLI3S 77.9 | JsP129
97.0 ——+— CM23
117.3—— STV100b -
120.0 —— MUSBS810 I.— E%
1427 —— CS173 =
1428 ——— DPL181
173.6 ——— MUSS467 166.2 ——— DPL62
185.5 ——— STVI17
195.0 —— CIR013
218.5 —/— TMB1493
LG39/Chr23 LG40/Chr23
00— CIR286 0.0 —(— MUSS298
125 —|-— STV164b 43 ﬁi mucsos _= 94
230 c @ 171 Jespros B2 D7
M
=1 [z 0= N5 72
53.1 —-}TMB1700 = =
636 ——— TMB0109
722 ——DPL79
@22 cso15a
106.4 —|-|— BNL1579
1317 —-|— TMB1758
189 -DPL22 B3 U3
156.8 ——— DPL307
LG44/Chr26
0.0 —— BNL341
27 —-MUCS064  _
: 428 | -pPLego []Z
N 5 o
\5 493 TMB0O83 ©
£ 67.8 —|— STV122
837 —— HAU103
107.8 —— BNL2557

132.3 —\— BNL1600



Theor Appl Genet (2012) 125:1263-1274

1271

Fiber elongation (ELO)

A total of 15 markers were found to be associated with
ELO in the three environments, and R? ranged from 4.29 to
14.43 %. Four markers were detected in more than one
environment.

Fiber strength (STR)

A total of 13 markers were found to be associated with
STR. R” ranged from 3.34 to 11.78 %. Six of these markers
were detected in more than one environment.

Among the 54 EST-SSRs, 4 EST-SSRs were found to be
significantly associated with fiber quality (Table 3) and
two of them (MUSS162 and MUSS250) were found to be
highly homologous to certain proteins. MUSS250 was
found to be highly homologous to cotton integral mem-
brane protein PIP1-3.

Discussion

The companion ILs developed in this study
to previously developed ILs

Due to their utility for fine mapping and map-based clon-
ing, ILs have become a hot spot in cotton research. Most of
the previously reported cotton ILs were derived from
interspecific backcrosses between G. barbadense (such as
3-79, hail, and hai7124) as the donor parent and upland
cotton cultivars (such as upland cotton genetic standard
line TM-1, cultivar CCRI45, and early maturity cultivar
CCRI36) as the receptor parent. In order to develop ILs
with fewer segments and single-segment sustained lines
(SSSLs) and introgressions covering the whole cotton
genome, molecular marker-assisted selection was used to
choose ILs during backcrossing (Saha et al. 2004; Wang
et al. 2008; Yang et al. 2009). However, most of these ILs
were derived from two parents, which limited their vari-
ance. It would be difficult to choose new lines capable of
surpassing their parents with respect to agronomic traits. If
the segments from donor parents contributed less to these
traits than the receptor parents did, then the traits of these
ILs might be the same as those of the receptor parents and
therefore difficult to use in breeding.

This main goal of this study was to introduce the vari-
ations from G. darwinii Watt into upland cotton and to
select ILs suitable for future breeding. As a result of
complicated mating design, these ILs came to possess
many exotic chromosome segments derived from their five
parents. Some loci showed multiple polymorphisms, which
would be beneficial to QTL mapping. The selection method
adopted in this project not only improved target traits

across the whole population, but also maintained high
variances (Table 2). We assert that these ILs would be
useful in both genetic research and breeding.

Molecular diversity and genomic structure

By exploring the genetic diversity of the ILs using mapped
SSRs, we found that these ILs had pronounced genetic
diversity and that polymorphic loci were abundant among
all the ILs. Loci with allele frequencies >5 % accounted
for only 42.8 % of the 278 polymorphic loci, indicating
that allele frequencies of more than half of the loci were
under 5 % and that few of the ILs had specific fragments.
A comparison of the average effective number of alleles
(Ne) to the total number of alleles (Na) showed a large gap.
This also illustrated the uneven distribution of alleles
caused by the role of artificial selection during population
development.

Clustering results showed that the genetic similarity
coefficients of these ILs from different populations were
relatively small and they included relatively large numbers
of variations. They could be used to select variations
suitable for cotton breeding. AMOVA results showed that
the differences among lines within the population consti-
tuted the highest proportion of the total variations. This
may have been caused by backcrossing or existing gene
flow (Nm) among the four populations.

All the 278 introgressions accounted for 84.38 % of the
cotton genome, and the introgression length of all segments
in 105 ILs accounted for 6.4 times the cotton genome. The
length and number of introgressions in At sub-genome
were equal to the Dt sub-genome, indicating that the var-
iance of these ILs was genome-wide. However, 32 intro-
gressions were not found in the ILs. The major reason for
these lost introgressions is that the selection was based on
traits, and the alleles that did not foster those traits were
discarded during selection. In spite of loss of some donor
segments, the ILs introduced not only chromosome seg-
ments from G. darwinii Watt, but also chromosome seg-
ments from other upland cotton cultivars, which might be
valuable for the improvement of upland cotton. There is no
doubt that the rich molecular diversity of these ILs would
be beneficial to QTL mapping and material selection.

Markers associated with fiber quality

Association results showed that QTLs of fiber quality were
distributed in 26 linkage groups and formed clusters in
some intervals, such as LGO1/CHRO1, LG39/CHR23, and
LG37/CHR21. All of these are beneficial to fine mapping.

In this study, some markers, such as TMBI1738,
MUSS162, and DPL191, were found to be associated with
single fiber indexes in multiple environments, indicating
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Table 3 Summary of EST-SSR loci associated with fiber quality identified

Marker LG/CHR EST ID ORF Putative function Association index
MUSS162 04/03 CON_001_07795 N/A Putative protein ELO (E2, E3)
MUSS172 04/03 CON_001_10145 1-354 - UI (E3)
MUSS250 41/24 CON_014_04369 643-939 Putative aquaporin PIP1-3 MIC (E2)
HAUO76a 02/01 EE592816 112-507 - ELO (E1)

that these QTLs were more stable in these environments.
Markers associated with multiple traits were also fre-
quently observed. Many markers, such as BNL3875,
TMB2899, and DPL222, were associated with several fiber
indexes. This phenomenon was similar to the high corre-
lation of fiber quality indexes. However, we have no evi-
dence to verify the relationship between them or prove
whether they are pleiotropic genes or gene clusters. Fine
mapping of these intervals may tell us the truth about these
complicated correlations.

Two markers, BNL3255 and DPL45, were detected in
specific environments. Obviously, the expression levels of
the QTLs associated with these markers were clearly
influenced by environmental conditions. However, these
QTLs are very important and valuable, because they
might be expressed differently in multiple genetic back-
grounds, and their effects might be detected in different
studies.

Effects of ILs on QTL mapping

The development of ILs in this study was based on phe-
notype selection, and the selection of agronomic traits
might have many positive or negative effects on the QTL
mapping. The first point of this was that the selection
method in advanced generation may lead to a reduction in
the diversity of the population phenotype. The range of the
phenotype may narrow under the selection. However, the
frequency of the phenotype of these ILs remained with
normal distribution, except fiber uniformity in E1. A lower
phenotype variance could indirectly improve the phenotype
variance explanations (PVE) and facilitate the discovery of
QTLs (Li et al. 2010). In this study, markers found to be
associated with main effect QTLs (R2 > 5.0 %) accounted
for 48.5, 71.3, and 79.2 % in three environments. There
was a strong ability to detect the main effect QTLs and
more QTLs would be found in this population. Selection of
unfavorable traits in advanced generation had a positive
effect on QTL mapping in this population. The positive
effects of selection of unfavorable traits in advanced gen-
eration were also supported by the results of studies of
advanced backcrossing QTL (AB-QTL) (Septiningsih et al.
2003; Tanksley and Nelson 1996; Thomson et al. 2003;
Jing et al. 2008).

@ Springer

However, selection also had some negative effects on
QTL mapping. During the development of the population,
artificial selection only affected limited genomic regions
and eliminated many alleles on them that would lead to
significantly lower genetic diversity at these loci compared
to that at the whole genome (Barrero et al. 2011). In our
study, the loss of donor segments and selection of unfa-
vorable traits also led to omission of the QTLs or reduction
effects in some genomic regions. As a result, QTL mapping
in these genomic regions in this population became too
difficult to be accurate or effective. To solve this problem,
some ILs should be chosen from earlier generation lines to
assess the ILs containing these lost introgressions. Further
study can then be carried out on the improved population,
which accounts for more of the cotton genome. QTL
mapping in the later population could be more accurate and
effective.

Comparisons of QTLs to previous studies

A total of seven markers out of all of the associated
markers were consistent with previous reports (supple-
mentary file 6). The functions predicted for MUSS250
showed that it was highly homologous to integral mem-
brane proteins PIP1-3, a kind of aquaporins, exclusively
expressed in cotton fiber cells (Liu et al. 2008). In this
study, MUSS250 was found to be associated with MIC. For
this reason, we speculated that the expression of GhPIP1-3
might influence MIC, but this is yet to be proved.

BNL3255 was found to be associated with fiber strength
and located in the QTL intervals controlling fiber elonga-
tion and fiber strength (Shen et al. 2005). However, some
contrasting results were also reported. BNL3255 was
linked with the QTLs for fiber length, fiber micronaire
value, fiber elongation, and fiber strength (Abdurakhmonov
et al. 2008; An et al. 2010; Zhang et al. 2010; He et al.
2011). This might be a pleiotropic phenomenon or due to
different alleles and growing environments.

There were two QTL markers in our results similar to
those of previous studies, but we also recorded some new
findings. BNL3875 and TMB2899 showed distinct levels
of stability in different genetic backgrounds, different
environments, and different studies. Although three other
markers were significantly associated with fiber quality,
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they were also found to be associated with other fiber
indicators (supplementary file 6). This might be due to the
different environments and materials. In brief, the results of
this study are reliable and may have a high reference value
for the fine mapping of fiber quality in cotton.

This study successfully developed 105 ILs for cotton
genetics and breeding. These ILs were high-generation,
multi-parent hybrids and they had aggregated a lot of
variations. According to the strong genetic similarity
between these ILs, it may be easier for us to screen and
obtain certain chromosomes of near-isogenic lines (NILs)
for fine mapping. Our results may make it more convenient
for researchers to study segments from G. darwinii Watt
and also be useful for molecular breeding.
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