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Abstract By backcrossing and self-pollinating
twice, a series of improved lines (BC2F3) of cotton
derived from super-quality fiber property chromosome
segment introgression lines were developed by molec-
ular marker-assisted selection (MAS). One of these
improved lines, 3326-7, in the background of Xinluzao
(XLZ) 41, was transferred from an introgression line
(ILO88-A7-3) derived from a cross between Gossyp-
ium hirsutum acc. TM-1 and G. barbadense cv.
Hai7124. This line has consistently demonstrated
super-quality fiber properties including fiber length,
strength, and fineness. To fine-map the clustered fiber
quality quantitative trait loci (QTLs), we further
crossed the homozygous line 3326-7 with its recurrent
parent XLLZ41 to produce BC3F2, BC3F3, and BC3F4
populations. A linkage group was constructed using
1248 BC3F2 plants, and QTL analysis using the fiber
qualities of 229 recombinants confirmed the existence
of gFL-chr.7 for fiber length, gqFS-chr.7 for fiber
strength, and gFM-chr.7 for micronaire value within
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the introgressed region, with R? values of 18.6, 29.4,
and 26.3 %, respectively. The presence of gFL-chr.7,
qFS-chr.7, and gFM-chr.7 led to an increase in fiber
length and strength of approximately 2.0 mm and 3.0
cN/tex, respectively, and a decrease in micronaire of
0.8. Using substitution mapping with 229 BC3F2
recombinants and 207 BC3F3 and BC3F4 lines with
informative recombination breakpoints in the target
region, we anchored gFL-chr.7 for fiber length and
qFS-chr.7 for strength to the same position, with a
0.36-cM interval between the two simple sequence
repeat markers, NAU3735 and NAUS845. Another
QTL, gFM-chr.7, was mapped to the 0.44-cM interval
between MGHES75 and NAU7445. These tightly
linked QTLs may explain their positive relationship
and have the potential to improve cotton fiber qualities
through MAS.

Keywords Cotton - CSIL - QTL - Fiber quality - Fine
mapping

Introduction

Cotton is an important cash crop and the most widely
planted renewable natural textile fiber source in the
world. The improvement of cotton fiber quality has
become critical due to improvements in spinning
technology. The genus Gossypium comprises 45
diploid and five tetraploid species (Percival et al.
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1999). Upland cotton, Gossypium hirsutum L., is the
most important species, yielding approximately 90 %
of the world’s cotton fiber. Another -cultivated
tetraploid species, G. barbadense L., is well known
for its extra-long-staple fibers, and has much stronger
and longer fibers and lower micronaire than G.
hirsutum. The use of G. barbadense to introgress
novel genetic variability into G. hirsutum elite culti-
vars is one of the most important challenges for cotton
breeders. G. barbadense is a useful resource for fiber
quality improvement. Unfortunately, the introduction
of exotic genes into an elite genome can lead to a
decrease in desirable agronomic characteristics due to
linkage drag of genes with undesirable effects. Many
loci associated with fiber quality have been identified
using F2, BC1, and recombinant inbred lines (RILs)
(Jiang et al. 1998; Ulloa and Meredith 2000; Kohel
et al. 2001; Paterson et al. 2003; Mei et al. 2004;
Lacape et al. 2005, 2010; Park et al. 2005; Zhang et al.
2005a, b, 2009a, b; Shen et al. 2005, 2006; He et al.
2007; Wu et al. 2009; Wang et al. 2012a, b; Sun et al.
2012; An et al. 2010; Qin et al. 2008; Shappley et al.
1998). The precision of estimates of the effects and
position of fiber quality quantitative trait loci (QTLs)
in these populations is limited due to interactions, as
well as genetic and environmental factors.

Using molecular markers and suitable statistical
methods (Tanksley 1993), the chromosomal locations
of QTLs involved in characteristics of interest can be
determined and selected, allowing the breeder to
discard other regions with undesirable effects after
relatively few generations of marker-assisted selection
(MAS) (Young and Tanksley 1989). Near-isogenic
lines (NILs) have been developed from diverse species
(Tanksley and Nelson 1996; Bernacchi et al. 1998;
Fray et al. 2000; Fridman et al. 2000; Brouwer and
Clair. 2004; Xie et al. 2006; Thomson et al. 2006;
Szalma et al. 2007; Zhang et al. 2009a, b; Ding et al.
2011; Chen et al. 2012). Despite the fact that these
NILs usually contain only a small percentage of the
donor genome, they are often modified for several
traits, including some undesirable effects. It is neces-
sary to reduce the extent of undesirable introgression
in order to assess whether the undesirable effects are
caused by linkage drag of other genes or by pleiotropic
effects of a single locus. Breaking the undesirable
linkage effects can render introgressions more useful
for breeding programs. This process also has the added
benefit of preventing the loss of desirable genes by
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recombination after the generations of breeding
needed to incorporate them into the elite germplasm
using MAS.

Wang et al. (2012a, b) developed a set of chromo-
some segment introgression lines (CSILs) from a cross
between G. hirsutum acc. TM-1 and G. barbadense cv.
Hai7124. One of these CSILs, IL088-A7-3, contains
the G. barbadense introgression of chromosome
(Chr.) 7, a region previously shown to affect several
traits including fiber length, strength, and micronaire.
To improve the fiber quality of G. hirsutum cv.
XLZA1, IL088-A7-3 was crossed twice with XLLZ41.
Seventeen homozygous plants were identified from
117 BC2F2 individuals from the cross of IL088-A7-
3 x XLZ41 using the target region simple sequence
repeat (SSR) markers NAU3028 and NAU2186.
Among these BC2F2 individuals, 3326-7, which
contains the target introgression of Chr. 7, shares
approximately 89.5 % background similarity with the
recurrent parent and exhibits significantly longer and
stronger fibers and lower micronaire values than the
recurrent parent (XLZ41). The main objectives of the
current study were to determine the QTLs that might
be responsible for the phenotypic effects modified in
3326-7 and to distinguish between pleiotropy and
linkage in the genetic control underlying the traits
affected by this region by analyzing a new set of
recombinant subCSILs in order to enhance MAS
efficiency. This study lays the foundation for map-
based cloning of these important QTLs in the future.

Materials and methods
Plant materials

In our previous study, the clustered QTLs for fiber length,
strength, and micronaire were confirmed in IL088-A7-3
with the target region (Wang et al. 2012a, b). To improve
the fiber qualities of G. hirsutum cv. XLZA1,1L088-A7-3
was crossed and backcrossed with XLZ41 to produce the
BC2 generation. Seventeen homozygous plants were
identified from 117 BC2F2 individuals using the target
region SSR markers NAU3028 and NAU2186 (Cao et al.
2014). To fine-map the clustered QTLs of fiber length,
strength, and micronaire, one BC2F2:3 line, 3326-7,
which is homozygous for the G. barbadense DNA in the
target region, was selected from among the BC2F2:3
lines and crossed with XI.Z41 to produce the BC3F2,
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BC3F3, and BC3F4 populations used as the mapping
population in this study.

Phenotypic evaluation

A total of 1248 BC3F2 plants were grown in 2011 in
Jiangpu Breeding Station at Nanjing Agricultural
University (JBS/NAU), Nanjing (Jiangsu, the Yangtze
River cotton-growing region in China) for fine map-
ping of the targeted QTLs. Of them, 207 recombinant
plants were identified using SSR markers. These 207
recombinant BC3F3 seeds were divided into two parts;
one was planted in Sanya, Hainan Province, in the
winter of 2011 to generate BC3F4 lines, and another
one was kept in the laboratory and planted in 2012 for
QTL mapping in JBS/NAU. The BC3F4 lines har-
vested from Hainan were further planted in Shihezi
(Xinjiang, the Northwestern cotton-growing region in
China). The cotton plants were planted in rows 0.5 m
wide and 5 m long (10 m* per plot) at a planting
density of approximately three plants/m” in a com-
pletely randomized block design with two replications
in field trials of BC3F3 plants in JBS/NAU in 2012 and
Sanya in the winter of 2011. However, a field trial of
BC3F4 plants in Shihezi in 2012 was carried out with
the same completely randomized block design as in
JBS/NAU with rows 0.5 m wide and 5 m long, but ata
planting density of approximately 24 plants/m?.

The following yield traits were scored: boll weight
(BW) and lint percentage (LP). For each plot, ten
neighboring individuals were randomly selected to
evaluate the number of bolls per plant (NB). A 50-boll
sample was hand-harvested from the first position
bolls near the middle nodes of plants in each plot. Each
sample was weighed and ginned to determine boll
weight (BW) and lint percentage (LP). The following
fiber quality traits were evaluated using an HVI
Spectrum tester: 2.5 % fiber span length (FL, mm),
fiber strength (FS, cN/tex), and micronaire reading
(FM). Trait means were calculated using SPSS v.17.0
software (SPSS, Chicago, IL, USA). Analysis of
variance was performed using SAS/STAT software
(SAS Institute, 1994).

DNA extraction and SSR genotyping

DNA was extracted from the fresh leaves of 1248
BC3F2 plants. DNA extraction was performed as

described by Paterson et al. (1993). Sixteen SSR
markers showing polymorphisms between XLZ41 and
3326-7 in the G. barbadense introgression region were
used for genotyping of the 1248 BC3F2 plants. The
polymorphic markers were used to conduct back-
ground screening of genetic background similarity
(GBS) compared to the recipient. The genetic com-
position of the target genotype plants from the various
levels of the CSILs was calculated according to the
formula GBS = N/S x 100 % (Zhao et al. 2010),
where S is the number of polymorphic markers
between the donor parent (3326-7) and the recipient
or recurrent parent (XLZ41), and N is the number of
monomorphic markers between the selected plants
and the recurrent parent.

QTL analysis

Genetic linkage and orientation of the SSR markers in
the G. barbadense chromosomal segment on Chr. 7
were determined using Joinmap 3.0 (Ooijen and
Voorrips 2002) with a logarithm of odds (LOD) value
of 3.0. The conversion of recombination frequencies to
centimorgans (cM) was calculated using the Kosambi
function (Kosambi 1944). The graphic representation
of the linkage groups was created using MapChart 2.2
(Voorrips 2006). QTLs were identified by composite
interval mapping (Zeng 1994) using Windows QTL
Cartographer 2.5 (Wang et al. 2010), and a LOD
threshold of 2.5 was used in the F2 population. QTLs
were fine-mapped by comparing the phenotypic
means, and the significance of the difference was
analyzed by Tukey’s multiple comparison test using
substitution homozygous BC3F3 and BC3F4 lines.

Results

Genome-wide analysis of introgressed line 3326-7
with SSR markers

To identify the genetic background of the improved
line 3326-7, which shares the greatest genetic simi-
larity with the recipient parent (XLZ41), 630 SSR
markers with an average intermarker distance of 5 cM
that were evenly spaced on the 26 chromosomes of
upland cotton were selected based on our linkage map
(Guo et al. 2008) to screen polymorphisms between
TM-1 and XLZ41; 57 polymorphic SSR markers
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showed such polymorphisms. A total of six G.
hirsutum acc. TM-1 chromosome segments were
detected in 3326-7, which showed 89.5 % background
similarity to XLZ41. The TM-1 introgressed segments
were distributed on Chrs. Al (NAU3901), A3
(NAU1167), D5 (NAU2741), D11 (NAU3493), D4
(NAU3557), and D9 (NAU3100).

Trait performance of the parents, BC3F2, BC3F3
and BC3F4 populations

The distribution of the fiber qualities of the parents,
BC3F2, BC3F3, and BC3F4 populations are shown in
Table 1 and Fig. 1. The mean fiber length in the
BC3F2, BC3F3, and BC3F4 populations in the four
field trials was 31.4 mm (ranging from 29.7 to
33.8 mm), which was significantly higher (P < 0.05)
than that of XLLZ41 (30.7 mm). The mean fiber strength
was 31.2 cN/tex, ranging from 29.0 to 34.1 cN/tex,
which was significantly higher (P < 0.05) than that of
XLZ41 (30.6 cN/tex), and the mean micronaire was 4.6
(ranging from 3.6 to 5.0), significantly lower
(P < 0.05) than that of XLZ41 (5.0). These results
suggest that the super-quality fiber alleles derived from
G. barbadense cv. Hai7124 are stable.

The correlation coefficients between the three fiber
qualities and two yield traits are shown in Table 2. Of
all the investigated pairs, high positive correlations
were found between fiber length and strength
(r = 0.721), and between lint percentage and fiber
micronaire (r = 0.712). Significant negative correla-
tions were observed between fiber length and micron-
aire (r = —0.372) and between fiber strength and
micronaire (r = —0.332), with no significant correla-
tions observed in other pair-tests between fiber quality
and yield traits.

QTL detection of fiber qualities by composite
interval mapping

To enrich the number of markers within the target
region, all SSRs in the vicinity of the target region
were selected based on four other high-density maps
(Guo et al. 2008; Lacape et al. 2009; Xiao et al. 2009;
Yu et al. 2011). The 1248 BC3F2 individuals were
genotyped using 16 SSRs showing polymorphisms
between 3326-7 and XLZ41 in the G. barbadense
introgression region, of which 229 recombinants
were evaluated for fiber quality. The results of QTL
analysis of fiber length, strength, and micronaire in

Table 1 Phenotypic variation of the three fiber-related traits in BC3F2, BC3F3, and BC3F4 populations across four environments

Traits Environments XLZ41 Segregating populations
Mean Max Min SD Var Skewness Kurtosis

Fiber length (mm) Envl 29.4 30.2 322 28.8 1.18 1.90 0.93 —0.63
Env2 31.7 31.8 35.6 29.0 1.67 2.79 0.87 —0.64
Env3 29.8 31.2 33.1 30.4 0.71 0.50 0.85 0.93
Env4 31.6 323 34.1 304 1.17 1.06 —1.34 —1.45
Mean 30.7 314 33.8 29.7

Fiber strength (cN/tex) Envl 28.7 29.7 333 27.8 1.43 2.06 091 —0.08
Env2 32.0 327 35.0 29.6 1.45 2.11 1.11 —0.52
Env3 30.6 31.2 349 29.3 1.75 3.06 0.93 —0.31
Env4 30.8 31.3 33.0 29.3 1.03 1.06 —1.12 —-0.72
Mean 30.6 31.2 34.1 29.0

Fiber micronaire Envl 4.8 4.2 4.9 3.1 0.45 0.20 —1.11 —0.29
Env2 53 4.8 5.6 4.1 0.42 0.18 —0.85 —1.69
Env3 5.4 4.8 55 4.0 0.40 0.16 —0.56 —0.93
Env4 4.7 44 5.0 3.6 0.36 0.13 —0.68 —0.15
Mean 5.0 4.6 5.3 3.7

Envl, Env2, Env3, and Env4 denote Hainan (Oct. 2011), JBS/NAU (Apr 2011), JBS/NAU (Apr 2012), and Shihezi (Apr 2012),

respectively. SD standard deviation, Var variance
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Fig. 1 Frequency distributions of fiber quality traits in four environments. E/, E2, E3, and E4 denote Hainan (Oct. 2011), JBS/NAU
(Apr 2011), JBS/NAU (Apr 2012), and Shihezi (Apr 2012), respectively

Table 2 Correlation (Pearson) coefficients between fiber
qualities and yield-related traits in the BC3F4 population

Traits FL FS FM LP

FS 0.721%*

FM —0.372%* —0.332%

LP 0.268 0.291 0.712%*

BW 0.124 —0.106 0.137 —-0.276

* and ** Significant differences at the P < 0.05 and 0.01 level,
respectively

FL fiber length, FS fiber strength, FM micronaire reading, LP
lint percentage, BW boll weight

the BC3F2, BC3F3, and BC3F4 generations derived
from the cross between 3326-7 and XLZ41 are shown
in Table 3.

QTL analysis revealed that there were significant
peaks between markers NAU3735 and NAU845 on
Chr. 7, with LR scores of 13.2 (LOD = 2.87) and 27.0
(5.87), and R? values (phenotypic variance explained
by the QTL) of 18.6 and 29.4 % for gFL-chr.7 and
qFS-chr.7, respectively. There was a significant peak

between markers MGHES75 and NAU7445 in the
target region, with an LR score of 22.3 (LOD = 4.85)
and an R” value of 26.3 % (Table 3).

QTL analysis of BC3F3 lines derived from
selfing each BC3F2 plant confirmed the gFL-chr.7
and gFS-chr.7 peaks between markers NAU3735
and NAUS845 on Chr. 7, with LR scores of 22.0 and
22.8, and R? values of 25.0 and 28.4 %, respec-
tively, which were consistent with the target inter-
vals of these QTLs from the BC3F2 population. For
qgFM-chr.7, there was a significant peak between
markers MGHES75 and NAU7445 in the target
region, with a LR score of 24.6 and a R value of
28.8 % (Table 3).

QTL analysis of BC3F4 lines derived from selfing
each BC3F3 line further confirmed that gFL-chr.7,
qFS-chr.7, and gFM-chr.7 did exist on Chr. 7
(Table 3).

The LOD distribution and confidence intervals for
qFL-chr.7, qFS-chr.7, and qFM-chr.7 over three
generations (BC3F2, BC3F3, and BC3F4) are shown
in Fig. 2. In addition, a linkage map of the target
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Table 3 QTL analyses for fiber length, strength, and micronaire in the BC3F2, BC3F3, and BC3F4 generations derived from the

cross between 3326-7 and XLZ41

Generation (environment) Fiber trait Interval LR LOD? R? (%)b Add® Dom?
BC3F2 (JBS/NAU, 2011) Length NAU3735-NAU845 13.2 2.87 18.6 0.75 —0.24
Strength NAU3735-NAU845 27.0 5.87 294 1.25 —0.31
Micronaire MGHES75-NAU7445 22.3 4.85 26.3 —0.30 0.11
BC3F3 (JBS/NAU, 2012) Length NAU3735-NAU845 22.0 4.78 25.0 0.93 —0.51
Strength NAU3735-NAU845 22.8 4.96 28.4 1.91 —0.48
Micronaire MGHES75-NAU7445 24.6 5.35 28.8 —0.54 0.24
BC3F4 (Shihezi, 2012) Length NAU3735-NAU845 13.4 2.88 18.9 1.23 —0.63
Strength NAU3735-NAU845 17.9 3.89 24.7 1.27 —0.54
Micronaire MGHES75-NAU7445 15.5 3.37 21.6 —-0.43 0.18

? The likelihood ratio statistic (LR) value was divided by 4.6 to obtain the equivalent logarithm of the odds (LOD) score

® Phenotypic variance explained by the QTL
¢ Additive effect associated with G. barbadense

¢ Dominance effect associated with G. barbadense

region was constructed that spanned a distance of
7.57 cM. As populations vary, confidence intervals
are likely to change. However, the overlapping marker
intervals for NAU3735-NAU845 and MGHES75-
NAU7445 were determined for gFL-chr.7 and gFS-
chr.7, and for gFM-chr.7. The direction of additive
effects was the same in G. barbadense (Table 3).
These QTLs were confirmed to be in the same regions,
as revealed by comparing the results of the QTL
analysis with composite interval mapping from the
BC3F2, BC3 F3, and BC3F4 populations.

Fine mapping of fiber quality QTLs by substitution
mapping

Of the 1248 BC3F2 plants subjected to genotyping
with 16 SSR markers, a total of 229 recombinants were
detected between markers CGR5372 and CGR638]1.
We constructed a high-resolution map with 1248
plants using published markers anchored in the target
region (Fig. 3). According to their marker genotypes,
229 recombinants within the introgressed fragment in
BC3F2 were segregated out. Of these recombinants,
207 were harvested to produce enough seeds to be
planted in BC3F3 and BC3F4 for fine mapping of fiber
quality QTLs. These recombinants could be further
classified into 29 groups based on their breakpoints
(Table 4). Using a substitution mapping strategy, we
mapped gFL-chr.7, qFS-chr.7, and gFM-chr.7 to the
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same interval as the QTL interval that was identified
based on mean comparisons of fiber qualities.

In all 207 BC3F3 and BC3F4 lines from the 229
recombinants, homozygous and heterozygous recom-
binants were identified with all SSRs and evaluated
for their fiber qualities. The number of recombinants
in each group and the phenotypic differences in mean
fiber length, strength, and micronaire between each
group and the controls 3326-7 and XLZ41 over the
four environments are presented in Fig. 3. To allow
the fine mapping of gFL-chr.7 and gFS-chr.7, groups
G1-G12 (carrying progressively reduced homozy-
gous Hai7124 introgressed segments from marker
CGR6381 to NAU3735) and G16-G18 (carrying
progressively reduced homozygous Hai7124 intro-
gressed segments from marker NAU4956 to
NAUS845) contained a common homozygous G.
barbadense chromosomal region between NAU3735
and NAUB845. Their mean fiber length and strength
were similar to that of the donor parent, 3326-7, but
significantly higher (P < 0.05) than that of the
recipient parent, XLZ41, and other groups, such as
groups G13-G15 (carrying progressively reduced
homozygous Hai7124 introgressed segments from
marker NAU1048 to CGR5372) and G19-G29 (car-
rying progressively reduced homozygous Hai7124
introgressed segments from marker BNL1597 to
CGR6381), which lack an interval between
NAU3735 and NAUS845. These results indicate that
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Fig. 2 LOD distribution and confidence intervals for different
traits on Chr.7 over three generations. Black lines below the
LOD distribution graph indicate the 1-LOD and 2-LOD QTL
likelihood intervals, respectively. Trait legends from top to
bottom. FL-F2: fiber length in the BC3F2 population; FS-F2:
fiber strength in the BC3F2 population; FM-F2: fiber micronaire

qFL-chr.7 and qFS-chr.7 are located in the recombi-
nation region between markers NAU3735 and
NAUS845, which are 0.36 cM apart.

Based on the fiber performance and SSR anchoring
of recombinants, we further fine-mapped gFM-chr.7.
We found that groups G1-G3 (carrying progressively
reduced homozygous Hai7124 introgressed segments
from marker CGR6381 to NAU7445) and G16-G25
(carrying progressively reduced homozygous Hai7124
introgressed segments from marker NAU4956 to
MGHES75) contained a common homozygous G.
barbadense chromosomal region between MGHES75
and NAU7445. Their fiber micronaire values were
similar to 3326-7, but significantly lower than those of
XLZA1 (P < 0.05) and other groups that did not have a
G. barbadense introgressed fragment between
MGHES75 and NAU7445. Therefore, using pairwise
comparisons between each recombinant family
(groups G1-G4 and G27-G29) and the two parental

in the BC3F2 population; FL-F3: fiber length in the BC3F3
population; FS-F3: fiber strength in the BC3F3 population; FM-
F3: fiber micronaire in the BC3F3 population; FL-F4: fiber
length in the BC3F4 population; FS-F4: fiber strength in the
BC3F4 population; FM-F4: fiber micronaire in the BC3F4
population

controls, gFM-chr.7 was placed in a region upstream,
between NAU2108 and MGHES75 (0.44 cM).

Discussion

Clustered QTLs for super-quality fiber properties
have great potential for use in cotton breeding

We detected three QTLs for fiber quality that were
localized to the same chromosomes in previous studies
using SSR markers (Lacape et al. 2005; Zhang et al.
2009a, b; Sun et al. 2012; Xu et al. 2012). Lacape et al.
(2005) identified STR-c7 for fiber strength and FIN-C7
for fiber micronaire on Chr. 7 from a cross between
Guazuncho 2 (G. hirsutum) and VHS (G. barbadense),
which could be linked to markers CIR335 and CIR
393, respectively. Zhang et al. (2009a, b) identified
three QTLs (FL2, FS2, and FF2) for fiber length,
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G25 302" 305" 45°
G626 301" 311" 4.2°
G27 314" 307" 48" 1
G628 302" 305" 48" 12
G629 309" 303" 51" 12
33267326° 32.7° 42° 20
XLZ41 307" 206" 50" 16

W N W~

N
=

o w0

W W W = =2 NW R =W W

= =
0.36 cVI 0.44cl
gFL- cht7 qFIM- chr.7
qF S- chr7
Homozygous Crossingover Homozygous
XLZ41 regions Hai7124
strength, and micronaire which clustered in a region cotton cultivars T586 and Yumian 1. Xu et al. (2012)

between NAU3181 and CIR320 on Chr. 7, using 270 also mapped two fiber micronaire QTLs (gFMIC-7-1
F2:7 recombinant inbred lines developed from upland and gFMIC-7-2) on Chr. 7 by single marker analysis
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«Fig. 3 Fine mapping of gFL-chr.7, gFS-chr.7, and gFM-chr.7
using a substitution mapping strategy. High-resolution linkage
map of the QTL region produced using 1248 BC3F2 plants. The
number of recombinants between adjacent markers is indicated
under the linkage map. Progeny testing of BC3F3 and BC3F4
homozygous recombinants delimited the gFL-chr.7 and gFS-
chr.7 loci to the region between markers NAU3735 and
NAUS845, and the qFM-chr.7 locus to the region between
markers MGHES75 and NAU7445. The 229 BC3F2 recombi-
nants were grouped into 29 groups based on genotype. The
numbers of recombinants in each group and phenotypic
differences in mean fiber length, fiber strength, and micronaire
between the group and the controls 3326-7 and XLZ41 in four
environments are shown on the right. An “a” following the
phenotypic value indicates that the mean phenotypic value of
the recombinant was not significantly different from that of
3326-7 at a significance level of P < 0.05; @ “b” indicates that
the mean phenotypic value of the recombinant was not
significantly different from that of XLZ41 at a significance
level of P < 0.05. White portions of the graph represent
homozygous XLZ41 DNA, black regions represent homozy-
gous Hai7124 DNA, and grey portions represent regions where
crossing-over occurred

using BC2F2:3 and BC2F2:4 populations of Simian
2 x G. klotzschianum introgression lines. The QTLs
qFMIC-7-1 and gFMIC-7-2 were mapped to positions
on the chromosome that significantly correlate with
NAU1362 and CGR5372, respectively. We could not
correlate the fiber quality QTLs to those found in our
studies due to a lack of common markers. Sun et al.
(2012) identified gF'S-C7-1, gFM-C7-1, and gFL-C7-1
in F2 and F2:3 populations using composite interval
mapping, and detected gF'S-C7-1, qFS-C7-2, gFL-C7-
1, gFL-C7-2, and gFM-C7-1 in RIL populations using
composite interval mapping of lines derived from an
upland cotton cross between strains 0-153 and
sGK9708. The mapped positions of gFL-C7-2 and
qFS-C7-2 in an RIL population of upland cotton are
located at intervals that overlap with those of gFL-
chr.7 and gFS-chr.7 identified in the current study
based on the shared markers NAU1048b and
NAU3380, suggesting that this QTL for fiber length
and strength might be an allele introgressed from the
G. barbadense genome. In addition, our data indicate
that the region near the gFL-chr.7, qFS-chr.7, and
qFM-chr.7 loci did not show significant negative
correlations between fiber properties and the yield-
related traits investigated (Table 2). Therefore, the
loci gFL-chr.7, qFS-chr.7, and gFM-chr.7 are of
particular interest, as they can potentially be trans-
ferred into G. hirsutum to simultaneously improve
yield and fiber quality. Based on all of these results, we

can conclude that Chr.7 contains multiple genetic loci
involved in fiber quality-related traits, with different
allelic effects.

In this study, gFL-chr.7 and qFS-chr.7 were fine-
mapped to the same region, 0.36 cM apart, and the
location of gFM-chr.7 was narrowed down to a 0.44-cM
region. This mapping result, which was primarily
obtained due to the use of chromosome segment
introgression lines, should be of great value for trans-
ferring these favorable alleles into cotton varieties. The
QTL-CSIL populations produced in the present study
revealed even richer information about these QTLs. In
addition to the similar direction of the genetic effects to
those of Hai7124 alleles, which increased trait values
across different generations, the subCSIL population
provided a more accurate estimation of the genetic
effects of fiber length, strength, and micronaire due to
the minimization of its genetic background noise.
Obviously, these genetic effects in the F2 population
were underestimated. In fact, several successful QTL
cloning studies over the past decade have benefited
greatly from the development of high-quality NILs
(Yamamoto et al. 2000; Lin et al. 2003). The reliability
of all detected QTLs was further confirmed by testing
207 subCSILs in four environments (Table 4). Results
from the four field trials show that it is highly likely that
the QTLs identified in this study are authentic.

We found that fiber quality QTLs form clusters, a
phenomenon that was previously reported in cotton
(Chen et al. 2008; He et al. 2007; Qin et al. 2008; Ulloa
and Meredith 2000). There were undesirable and
desirable linkage effects for fiber length, strength, and
micronaire in different populations. We found that the
target chromosomal interval was positively involved in
the control of these fiber quality traits in the CSIL
populations. Our results indicate that genes controlling
fiber quality cluster on Chr. 7; the phenomenon of QTL
clusters might explain the very high correlation of traits
in breeding programs for improving fiber quality. Thus,
this observation also confirms the findings of our
previous study demonstrating that backcrossing com-
bined with MAS can be used to simultaneously improve
fiber length, strength, and micronaire in XLZ41.

Pleiotropy versus linkage loci controlling fiber
quality QTL effects

Most agronomic traits related to fiber, such as lint yield,
fiber length, strength, and fineness, are quantitatively
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Table 4 Mean comparisons of fiber length, fiber strength, and micronaire of recombinants and controls within four environments

Traits FL (mm) FS (cN/tex) FM

Envl Env2 Env3d Env4d Mean Envl Env2 Env3 Env4 Mean Envl Env2 Env3d Env4d Mean
Gl 31.0° 345 31.6° 34.1* 32.8° 333" 34.1% 33.8% 329% 335% 39° 4.0° 46' 36° 4.0°
G2 322%  32.0° 329° 32.8* 325% 31.1° 33.8% 35.0° 31.8*° 32.9* 3.8 42° 47° 38 41°
G3 3150 32.1% 32.5%  33.6° 324%  31.1% 34.8% 345% 314 33.0° 3.6°  4.1° 44 38  4.0°
G4 31.8% 323 31.1%  329% 320° 304 333% 320%° 324" 320° 4.0° 43' 46 37° 42°
G5 313" 328 313" 332% 322%  31.0° 33.7% 328" 31.2° 322% 4.6° 49° 54> 48> 49°
G6 31.6° 323 3200 32.9% 322% 323" 32.1° 343 209° 322% 48" 55> 49> 46° 50°
G7 30.6°  33.7° 31.2%  33.0° 32.1% 31.3% 33.0° 32.1% 33.0° 324% 44° 46" 48 47 50°
G8 20.1°  31.3° 31.5° 33.7° 314Y 282" 293° 323" 31.5° 303° 45° 53> 51> 43> 48
G9 314% 323" 314%  33.1% 32.1%  292% 309" 320" 32.0° 31.0° 47° 53> 55° 44> 50°
G10 204° 333 307° 329* 31.6° 294° 313" 329* 316° 31.3* 49° 55° 51° 49> 571°
Gl1 320°  33.7° 31.9° 334% 328 305" 339" 344 321% 327° 47° 52° 52° 45 49°
G12 313 31.3° 31.0° 33.8° 31.9% 30.6° 31.0° 31.5* 325" 314° 46° 49> 55> 48> 50°
G13 203> 292 306> 31.0° 30.0° 288" 30.1° 312° 299° 30.0° 48" 50° 54> 50° 51°
Gl4 28.8°  29.0° 31.1a 30.5° 29.9° 284° 30.8° 32.0* 31.1° 30.6° 47° 49° 46 47° 47°
G15 203> 30.8° 30.8b 31.0° 30.5° 29.1® 33.0% 30.7° 30.5° 308" 45° 46 47° 45" 46"
Gl6 30.8°  33.6° 31.4% 32.9% 322% 297° 34.8% 323% 322% 323% 38 45  47° 45> 44°
G17 31.3* 356 33.1% 332% 333% 207° 36.9% 34.0° 327% 333% 44 43° 49° 44° 45°
G18 30.7°  33.1% 31.8°  33.0° 322% 31.5%° 31.5° 31.8° 30.7° 314° 3.8%  47°  43%  49°  44°
G19 204°  323* 309" 31.6° 31.1° 294® 32.1° 312° 303° 308" 3.9* 47° 46 42° 4.4°
G20 28.8°  302° 304" 308" 30.1° 27.8" 327° 298> 314° 304° 3.8 4.6° 447 44> 43°
G21 28.9°  31.6° 305" 329% 31.0° 285" 351% 29.6° 30.6° 31.0° 42* 51° 46° 43* 46
G22 202° 306" 30.7° 304° 302" 287° 352% 30.7° 30.8° 314° 3.1% 46" 43" 44 41°
G23 20.16° 30.2° 30.5° 31.6° 304° 283% 31.9° 31.5° 294° 303° 4.0 47° 41 42%  43°
G24 203°  33.0° 31.0° 31.0° 311> 282% 32.0° 31.5° 29.3° 303° 43% 45 45 43%  44°
G25 202° 298" 30.9° 30.9° 302° 288> 32.0° 31.1° 300" 305° 43' 49° 46' 42° 45°
G26 289°  30.1° 30.6° 30.8° 30.1° 28.6° 342* 30.6° 309° 31.1° 37° 4.8 42° 42° 42°
G27 20.0°  31.1° 314" 328" 31.1° 280" 30.7° 324* 31.5° 307° 47° 52° 49> 44> 48
G28 20.1°> 298" 30.6° 31.1° 302" 283" 32.0° 303" 312° 305" 44° 49> 56> 41° 48°
3326-7 317 33.8% 31.7% 332% 32.6° 314% 34.6% 32.1% 32.7° 327 4.0° 45 44° 38 42°
XLZ41 29.4°  317° 208" 31.6° 30.7° 28.7° 32.1° 30.6° 30.8° 30.6° 4.8 53° 54> 47° 50°
The results were analyzed using Tukey’s multiple comparison test. Means followed by the same letter are not significantly different
(P < 0.05)
Envl, Env2, Env3, and Env4 denote Hainan (Oct. 2011), JBS/NAU (Apr 2011), JBS/NAU (Apr 2012), and Shihezi (Apr 2012),
respectively

inherited. Moreover, the frequency with which lint
yield and fiber quality traits are unfavorably associated
has greatly limited the efficiency of conventional
cotton breeding (Meredith 1984). In recent decades,
conventional breeding has led to the development of
many high-yielding cotton varieties, but it has also
inadvertently decreased fiber quality in these commer-
cial varieties (Zhang et al. 2005a, b). Paterson et al.

@ Springer

(1990) proposed substitution mapping as a method for
fine-mapping QTLs. This method, which has been used
to characterize QTLs in diverse species (Grandillo
et al. 1996; Tuinstra et al. 1998; Lyman and Mackay
1998), is a powerful tool for distinguishing between
pleiotropy and linkage, eliminating linkage drag, and
providing a basis for map-based cloning of QTLs
(Tanksley et al. 1995; Alpert and Tanksley 1996). The



Mol Breeding (2015) 35:215

Page 11 of 13 215

3326-7 introgression region has been confirmed to
improve fiber length, strength, and micronaire simul-
taneously. In previous studies, only backcross popula-
tions were evaluated, whereas in the present study, we
analyzed both homozygous and heterozygous intro-
gressions, thus enabling estimation of the mode of gene
action. Furthermore, fiber quality QTLs not reported in
previous studies were detected in the introgressed
region. SSR markers are useful for defining the
positions of recombinants and for clarifying the
borders of informative introgressions. Substitution
mapping enabled us to distinguish between linkage
and pleiotropy for several loci involved in the quan-
titative traits affected by the 7.57-cM introgression
from Hai7124 loci affecting fiber length, strength, and
micronaire; these traits are clearly controlled by
different genes. Fiber strength and fiber length are
usually positively correlated, but it is not clear whether
this correlation is due to linkage or pleiotropy.
Although QTL fine-mapping using a substitution
mapping strategy revealed that gFL-chr.7 and qFS-
chr.7 are located in the same 0.36 cM interval, the
possibility that one pleiotropic QTL or two closely
linked QTLs exist in this region should be further tested
and verified via higher resolution mapping.
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