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Abstract

Gossypium hirsutum L. is the most important fiber crop worldwide and contributes to more than 95% of global cotton produc-
tion. Marker-assisted selection (MAS) is an effective approach for improving fiber quality, and quantitative trait loci (QTL)
mapping of fiber quality traits is important for cotton breeding. In this study, a permanent intra-specific recombinant inbred
line (RIL) population containing 137 families was used for fiber quality testing. Based on a previously reported high-density
genetic map with an average marker distance of 0.63 cM, 186 additive QTLs were obtained for five fiber quality traits over
five consecutive years, including 39 for fiber length (FL), 36 for fiber strength (FS), 50 for fiber uniformity (FU), 33 for
micronaire (MC) and 28 for fiber elongation (FE). Three stable QTLs, qMC-A4-1, gMC-D2-3 and qFS-D9-1, were detected
in four datasets, and another eight stable QTLs, qMC-A4-2, qMC-D11-2, qFU-A9-1, qFU-A10-4, qFS-D11-1, gFL-D9-2,
gFL-D11-1 and qFE-A3-2, were detected in three datasets. The annotated genes in these 11 stable QTLs were collected,
and these genes included many transcription factors with functions during fiber development. 33 QTL coincidence regions
were found, and these involved nearly half of the total QTLs. Four chromosome regions containing at least 6 QTLs were
promising for fine mapping. In addition, 41 pairs of epistatic QTLs (e-QTLs) were screened, including 6 for FL, 30 for FS,
2 for FU and 3 for MC. The identification of stable QTLs adds valuable information for further QTL fine mapping and gene
positional cloning for fiber quality genetic detection and provides useful markers for further molecular breeding in enhanc-
ing fiber quality.
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RIL Recombinant inbred line
FE Fiber elongation

FL Fiber length

FS Fiber strength

FU Fiber uniformity

MC Micronaire

MAS Marker-assisted selection
e-PCR Electronic PCR
Introduction

Cotton is an important cash crop and provides the most
important renewable natural resource for the textile indus-
try. Gossypium L., also known as upland cotton, is the most
important species and contributes to more than 95% of cot-
ton production worldwide (Chen et al. 2007; Cotton Outlook
2016, see https://www.usda.gov/oce/forum/2016_speeches/
Cotton_Outlook_2016.pdf;, Fang et al. 2017). Although cot-
ton cultivars with super fiber quality have long been bred
through hybridization (Tang et al. 2015), the development
of cultivars with both high yield and super-quality fiber is
challenging because these characteristics are negatively cor-
related (Shen et al. 2007; Wang et al. 2016). As the improve-
ment of fiber quality traits by traditional breeding methods
becomes more challenging, breeding for premium-quality
fiber is experiencing unprecedented difficulties to meet the
increasing demand of spinning technologies (Yu et al. 2013).
Due to its superior fiber quality, G. barbadense is 30-50%
more expensive than upland cotton and is, therefore, typi-
cally used as a favorable allele donor for crossing with G.
hirsutum (Ulloa et al. 2005, Si et al. 2017). Nonetheless,
inter-species hybridization frequently results in hybrid abor-
tion or degradation, restricting its breeding efficiency (Zhang
and Percy 2007; Yu et al. 2013).

Due to clear genetic targets, marker-assisted selection
(MAS) is an efficient method for fiber quality improve-
ment (Guo et al. 2003; Kumar et al. 2012; Cao et al. 2014).
The first requisite for MAS is a high-density genetic map.
Numerous inter- or intra-specific genetic maps based on
traditional markers have been constructed since the first
genetic map was published in 1994 (Reinisch et al. 1994,
Rong et al. 2004; Guo et al. 2007; Yu et al. 2011, 2012; Shi
et al. 2015; Khan et al. 2016; Zhang et al. 2016). In addi-
tion, more than 1000 inter- or intra-specific QTLs have
been reported, and additional studies are under way (Fang
et al. 2014; Said et al. 2015; Wang et al. 2015a; Yang et al.
2015; Jamshed et al. 2016). Wang et al. (2015a) published
64 fiber quality-related QTLs based on an intra-specific
recombinant inbred line (RIL) population. Jamshed et al.
(2016) reported 165 QTLs for fiber quality and noted that
four chromosomes, c4(A4), c7(A7), c14(D2) and c25(D6),
were more valuable in MAS for improving cotton fiber
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quality. In addition, Li et al. (2016a, b) detected 47 fiber
quality-related QTLs in an upland cotton RIL popula-
tion based on a single nucleotide polymorphism (SNP)-
based genetic map. However, markers in these previously
reported QTL regions are limited or not closely linked to
target trait(s). Consequently, the direct use of these mark-
ers in cotton breeding practices is difficult. In addition, the
narrow genetic diversity of upland cotton is another obsta-
cle limiting marker detection or QTL mapping using intra-
specific mapping populations. Moreover, with the satura-
tion of traditional markers in genetic maps, particularly for
intra-specific populations, new markers or technologies are
urgently needed for the construction of super-high-density
genetic maps.

SNPs, which are highly abundant and uniformly dis-
tributed in plant genomes, are quite appropriate for the
construction of high-density genetic maps (Kaur et al.
2014). Additionally, techniques for SNP detection have
shown significant progress, providing users with greater
marker reliability and lower costs (Cruaud et al. 2014).
Reduced-representation sequencing, such as restriction-
site associated DNA sequencing (RAD-seq) (Miller et al.
2007), is robust for SNP excavation, and many success-
ful applications have been carried out (Bus et al. 2012;
Hegarty et al. 2013; Xu et al. 2014; Wang et al. 2015b). In
addition, the release of G. hirsutum genome sequences (Li
etal. 2015; Zhang et al. 2015) will facilitate SNP detection
and genetic map construction. For example, Wang et al.
(2015c¢) applied RAD-seq for cotton SNP detection and
published a genetic map with 4153 loci; based on this map,
these authors identified 3 QTLs with high confidence for
fiber strength (FS). Zhang et al. (2016) published a high-
density genetic map consisting of 5521 SNPs and identi-
fied 18 stable QTLs for boll weight. These researches then
constructed a genetic map with 2393 loci and a length of
2865.73 cM based on an SNP array and detected 63 addi-
tive QTLs for fiber quality (Zhang et al. 2017). Recently,
Keerio et al. (2018) applied specific locus amplified frag-
ment sequencing (SLAF-seq) for SNP detection and iden-
tified 30 QTLs for fiber quality.

In this study, a permanent RIL mapping population was
developed by crossing CCRI36 with G2005 for the detec-
tion of stable fiber quality QTLs. CCRI36 is an excellent
upland cotton cultivar with a comparatively high yield,
whereas G2005 is a G. barbadense introgression line in
the background of G. hirsutum that exhibits relatively bet-
ter fiber quality. Based on the high-density genetic map
constructed by RAD-seq (Jia et al. 2016), the aims of this
study were (1) to discover more valuable QTLs in an intra-
specific upland cotton population and (2) to identify the
chromosome region(s) tightly linked to fiber quality, and
to (3) perform further fine mapping and candidate gene
selection.
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Materials and methods
Mapping population and trait evaluation

Detailed information on this population was previously
reported by Jia et al. (2016). Briefly, we crossed the G.
hirsutum cultivar CCRI36 with an inbred line G2005 in
Anyang, Henan Province, in 2006. F, seeds were planted
and self-pollinated in Hainan in the winter of 2006. A total
of 137 F, plants were randomly selected and self-mated
in Anyang the next year. From the F,.; generation, single-
seed descent was performed until the F,.q generation in
2010. All RILs and parents were planted approximately
in late April from 2010 to 2015 in a randomized complete
block design with three replicates and one row per plot
each year. 25 plants were retained in each row, and the
rows were 5 m in length and spaced 80 cm apart. The
experiment was conducted at the experimental field of the
Institute of Cotton Research of CAAS, Anyang, Henan,
China, and field management was performed under local
practices.

50 naturally opened bolls (2 bolls per plant) were hand-
harvested in late September from each row every year from
2011 to 2015 and used for fiber quality assessment. We
inspected 5 fiber quality traits, fiber length (FL, mm), FS
(cN/tex), fiber uniformity (FU, %), micronaire (MC, unit)
and fiber elongation (FE, %), at the Test Center of Cot-
ton Fiber Quality, Institute of Cotton Research of CAAS,
Anyang, Henan, China.

Data analysis and QTL detection

Phenotypic data were analyzed by SAS 9.3 (SAS Institute,
Inc., Cary, NC, USA). The PROC General Linear Model
(GLM) procedure was used to estimate the variance. Anal-
ysis of variance (ANOVA) was performed using yearly
data and subsequently combined over the 5 years. Broad-
sense heritability (Hy?) was calculated according to Knapp
et al. (1985). A total of 6 datasets were included, namely,
2011, 2012, 2013, 2014, 2015 and combined.

The genetic map used in this study was described pre-
viously (Jia et al. 2016). Briefly, the genetic map con-
tains 6,434 loci, including 6,295 SNPs and 139 simple
sequence repeat loci. The total length of the genetic map is
4071.98 cM, with an average marker interval of 0.63 cM.

Additive QTLs were analyzed by composite interval
mapping using WinQTLCart 2.5. Parameters were set as
5 cM for window size, 1 ¢cM for walk speed and 10 back-
ground markers. To detect significant QTLs, a logarithm
of odds (LOD) score was determined by 1000-permuta-
tion tests at a significance level of P=0.05. QTLs at the

same location for the same trait across different years were
regarded as ‘stable’, and QTLs explaining more than 10%
of the phenotypic variance (PV) were regarded as ‘major’.
In addition, QTLs that overlapped at 2-LOD confidence
intervals were considered to be QTL coincidence regions
(QCRs). QTLs were named according to McCouch et al.
(1997). Epistatic QTLs (e-QTLs) were detected by Ici-
Mapping ver. 4.1 software using the multi-environment
trials (MET) function and the inclusive composite interval
mapping (ICIM) method (Li et al. 2007). And e-QTLs
were identified using the pre-adjusted IciMapping param-
eters of Scan=5 ¢cM and PIN=0.0001, and LOD-scores
were determined using a 1000-permutation test. Electronic
PCR (e-PCR) was performed to verify the mapping results.

Results
Phenotypic evaluation of fiber quality traits

As shown in Table 1, the parents differed in 5 fiber qual-
ity traits, and G2005 presented super fiber quality, with
the exception of MC. In the RIL population, all 5 fiber
quality traits showed transgressive segregation and nearly
normal distribution in all environments, except for FL in
2015, indicating that this population is suitable for QTL
analysis. In addition, the HB2 values of FL, FS, FU and MC
were greater than 70%, suggesting that FL, FS, FU and
MC are mainly genetically controlled and that improve-
ment through genetic modification is possible. Consistent
with previously reported results (Lacape et al. 2010; Li
et al. 2016a, b; Jamshed et al. 2016), the HB2 of FE was
low (32.21%). Therefore, FE is relatively less genetically
controlled and more easily affected by environmental fac-
tors (Table 2).

Table 3 shows the correlation coefficients of the 5 fiber
quality traits over 5 years. MC was significantly negatively
correlated with FL or FS in most environments (except for
FL in 2011 and FS in 2012) but was not significantly cor-
related with FE. FU was significantly positively correlated
with FS. Other trait pairs, such as FU with FE, FU with
FL, MC with FU and FL with FS, did not show stable cor-
relations over time, even though they were significantly
correlated with each other in a given dataset. For example,
FE and FU were significantly negatively correlated in 2011
and 2013 but significantly positively correlated in 2014 and
2015. Therefore, the genes controlling MC and FL might
be either the same or tightly linked but have opposite func-
tions. Alternatively, these traits can be controlled by nega-
tively interacting gene networks. The same assumption can
be made for MC and FS. MC and FE might be controlled
by different genes or by weakly associated gene networks.
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Table 1 Phenotypic variation Trait Years CCRI36 G2005 P2—P1  RIL population
of fiber quality traits for the two
parents and the RIL population Max  Min Mean Skew Kurt
FL (mm) 2011 26.3 29.62 3.30° 31.1 23.8 26.9 0.39 0.14
2012 26.9 30.1 3.19° 31.0 23.8 27.5 0.03 0.23
2013 27.2 31.8 4.65° 31.3 24.9 28.4 -0.05 —0.40
2014 274 30.8 3.40° 33.0 254 289 0.06 -0.09
2015 27.3 30.7 3.40° 32.5 19.6  28.6 -1.12 4.77
FS (cN/tex) 2011 27.6 31.8 4.17% 34.8 246  29.1 0.25 0.78
2012 27.1 323 5.20° 32.1 244 29.0 -0.43 0.21
2013 29.6 35.2 5.60° 39.2 27.0  31.0 0.54 0.75
2014 29.9 33.3 3.40* 349 252  29.6 0.34 0.12
2015 29.3 332 3.95% 36.8 23.1 29.1 0.13 -0.20
FU (%) 2011 80.6 82.1 1.53% 84.7 78.8 81.7 —0.08 -0.18
2012 81.2 83.6 2.40* 86.2 81.5 84.1 -0.24 0.17
2013 82.7 85.2 2.44* 87.5 81.3 84.8 -042 0.07
2014 80.3 85.9 5.60° 87.6 82.9 85.5 —-0.43 0.04
2015 82.3 86.5 4.20P 87.4 80.9 84.6 —-0.47 -0.30
MC 2011 3.8 4.3 0.50 5.0 3.0 4.1 -0.04 0.12
2012 4.1 4.7 0.64° 5.0 3.0 4.0 -0.19 0.13
2013 4.4 5.1 0.73% 5.7 34 4.5 0.00 —0.06
2014 4.2 5.0 0.79° 5.4 3.8 4.6 0.03 —0.56
2015 4.1 4.8 0.73* 5.5 3.1 4.3 0.16 0.31
FE (%) 2011 6.10 6.8 0.72% 6.9 6.0 6.4 0.37 0.03
2013 6.5 7.2 0.70 6.7 5.6 6.4 —-0.41 0.77
2014 6.9 7.8 0.87* 8.5 6.8 7.6 -0.10 0.19
2015 6.2 6.9 0.67 7.1 6.4 6.8 -0.38 0.52

FL fiber length, FS fiber strength, FU fiber uniformity, MC micronaire, FE fiber elongation, P/ indicates

CCRI36, P2 indicates G2005
“p<0.05°p<0.01

Additive QTL analysis

In total, we identified 186 additive QTLs for fiber qual-
ity traits, including 32 stable and 37 major ones. Simple
sequence repeat (SSR) markers were verified by e-PCR
for 106 QTLs (Supplemental file 1). In addition, the num-
ber of QTLs for the 5 fiber quality traits varied from 28
to 50, with 39 for FL, 36 for FS, 50 for FU, 33 for MC
and 28 for FE (Table 4). The At sub-genome was found
to contain 98 QTLs, which is 10 more than the number
of QTLs located on the Dt sub-genome (Table 5, Sup-
plemental file 1). The highest number of QTLs was 20 on
chromosome (chr.) A10, and no QTL was found on chr.
D10. CCRI36 conferred positive additive alleles for 78
QTLs, and G2005 conferred positive additive alleles for
106 QTLs. For the other 2 stable QTLs, different positive
additive alleles were inherited from different parents in
different datasets. Annotated genes in 11 important QTLs
including qFE-A3-2, qFL-D9-2, qFL-D11-1, qFS-D9-1,
qFS-D11-1, qFU-A9-1, qFU-A10-4, qMC-A4-1, gMC-
A4-2, qMC-D2-3 and gMC-D11-2, which can classify the
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RIL population into 2 phenotypic groups, were identified
(Fig. 1, Supplemental file 2).

FL

For FL, 39 QTLs were detected on 18 chromosomes,
including A1, A4, A7, A8, A9, A10, A12, A13, D2, D3,
D5, D6, D7, D8, D9, D11, D12 and D13, and 24 of these
QTLs were co-located with mapped SSR markers (Sup-
plemental file 1). Among these QTLs, six were detected
in at least two datasets, and ten explained more than 10%
of the observed PVs. The highest number of QTLs was 6
on chr. D12. Two QTLs (qFL-D9-2 and qFL-D11-1) were
detected in 3 datasets, and the first one explained 12.4%
of the PV in 2011; qFL-D2-1, qFL-D2-2, qFL-D5-2 and
gFL-D5-3 were detected in 2 datasets. CCRI36 conferred
the positive additive alleles at qFL-D5-3 and qFL-D9-2,
and G2005 conferred the positive additive alleles at the
other 4 stable QTLs.
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Table 2 Analysis.of Var.ian.ce of Trait Source df MS F value Pr>F Hle%
the five fiber quality traits in the
RIL population FL Block 10 4.9 4.96 0.00001 89.6
Genotype 136 19.4 19.62 0.00001
Year 4 240.9 243.58 0.00001
G XY interaction 529 2.1 2.17 0.00001
Error 1316 1.0
FS Block 10 20.3 9.80 0.00003 87.0
Genotype 136 32.1 0.16 0.00001
Year 4 306.1 0.01 0.00001
G XY interaction 529 4.5 2.17 0.00001
Error 1316 2.1
FU Block 10 7.0 4.34 0.00001 70.5
Genotype 136 7.9 4.90 0.00001
Year 4 724.9 448.30 0.00001
G XY interaction 529 2.6 1.63 0.00001
Error 1316 1.6
MC Block 10 0.9 8.79 0.00001 87.4
Genotype 136 1.6 14.82 0.00001
Year 4 24.6 0.02 0.00001
G XY interaction 529 0.2 2.00 0.00001
Error 1316 0.1
FE Block 8 0 2.09 0.03410 322
Genotype 136 0.1 4.42 0.00001
Year 3 145.1 7547.75 0.00001
G XY interaction 393 0.1 7.19 0.00001
Error 1057 0

FL fiber length, FS fiber strength, FU fiber uniformity, MC micronaire, FE fiber elongation, G genotype, Y

year

FS

A total of 36 QTLs on 19 chromosomes, including A2,
A3, A4, AS, A7, A8, A9, A10, Al12, A13, D1, D3, D4,
D5, D7, D8, D9, D11 and D12, were found for FS, and
19 of these QTLs fully or partially overlapped with SSR
markers (Supplemental file 1). Among these 36 QTLs,
five were stably detected in multiple datasets, but only
2 could explain more than 10% of the observed PV. An
important QTL, qFS-D9-1, was detected repeatedly
in the 2012, 2014, 2015 and combined analyses and
explained 12.1% of the PV in 2015, and CCRI36 con-
ferred the positive additive allele. Therefore, this QTL
was highly regarded as a candidate region for fine map-
ping and MAS. Of the other 4 stable QTLs, qFS-D11-1
was detected in the 2012, 2013 and the combined analy-
ses, and the favorable allele was obtained from G2005.
And qFS-A10-1, gFS-A10-4 and qFS-D7-1 were detected
in 2013 and 2014.

FU

In total, 50 QTLs were detected for FU on 22 chromo-
somes (excluding chr. A5, D4, D5 and D10), and 27
were verified by e-PCR (Supplemental file 1). Six QTLs
(qFU-A8-1, qFU-A9-1, qFU-A10-4, qFU-A11-2, qFU-
A11-3 and qFU-D3-1) were detected in at least 2 data-
sets. The first 3 listed QTLs explained more than 10%
of the PV, and CCRI36 conferred their favorable alleles.
Among the 6 stable QTLs, qFU-A9-1 and qFU-A10-4
were better; qgFU-A9-1 explained 10.1, 12.8 and 10.0%
of the observed PVs in the 2013, 2014 and combined
analyses, and qFU-A10-4 explained 10.2 and 12.0% of
the PVs in 2015 and combined analyses, respectively.
Another 10 major QTLs, including qFU-A2-1, qFU-A6-
1, gFU-A6-2, qFU-A9-3, qFU-A10-1, qFU-A10-2, qFU-
A10-3, qFU-A12-1, qFU-D11-1 and qFU-D11-2, were
detected in 1 dataset and could explain 10.1-15.3% of
the observed PVs.
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Table 3 Correlation coefficients of the five fiber quality traits over 5

Table 5 Numbers of QTLs and QTL coincidence regions on each

years chromosome
Trait Year FE FL FS FU Chromosome Num. of QTL Num. of QTL Correlation coefficient
coincidence
FL 2011  -0.01
2012 8 Al 6 1 0.797
2013 —0.13 A2 7 1
2014 0.20% A3 5 1
2015  0.62%* A4 6 1
FS 2011  —0.72%* 0.06 AS 4 1
2012 - -0.08 Ab 4 0
2013 —0.78%*x 0.22% AT 6 0
2014 0.72%%x 0.25%* A8 13 1
2015 0.59% 0.68%%* A9 10 3
FU 2011 —0.37%%* 0.09 0.54%% Al0 20 6
2012 - —0.24%% 0.25%% All 7 1
2013 —0.50%%* 0.25%* 0.52%% Al2 5 2
2014 0.48%** 0.25% 0.37%%% Al3 5 0
2015  0.53%%x 0.51 %%+ 0.39%+ Dl 4 1
MC 2011 -0.12 -0.14 —026%%  —0.00 D2 7 0
2012 - —0.19% -0.10 0.10 D3 6 1
2013 0.07 —025%F  —Q46*k  —30%xx D4 4 1
2014 -0.11 -0.19 —0.47%%x 0.02 D5 10 2
2015 —0.08 —037%%% 050+  —0.09 D6 3 1
D7 9 1
p <0.05; #p <0.01; #+¥p < 0.001 D8 7 N
gf nlililier ;gni??rzi; f;é fiber length, FS fiber strength, FU fiber uni- D9 8 1
*No d;t’a for that particular environment P10 0 0
D11 15 3
D12 10 2
D13 5 0

Table 4 Total QTL, specific QTL and coinciding QTL for the five
fiber quality traits

Trait Total QTL Coinciding QTL Percentage/%
FL 39 15 385
FS 36 22 61.1
FU 50 24 48.0
MC 33 15 455
FE 28 15 53.6
Total 186 91 47.9

A coinciding QTL is a QTL involved in QTL coincidence regions;
the percentage shown is the portion of coinciding QTLs among total
QTLs

FL fiber length, FS fiber strength, FU fiber uniformity, MC micro-
naire, FE fiber elongation

MC
For MC, 33 QTLs were detected on 14 chromosomes,

including A4, A6, A7, A8, All, Al12, D2, D3, D4, DS,
D9, D11, D12 and D13 (Supplemental file 1). Of the 33

@ Springer

Num. of QTL is the total number of QTLs found on one chromo-
some; num. of QTL coincidence is the total number of QTL coinci-
dence regions found on one chromosome; the correlation coefficient
is calculated between the num. of QTL and the num. of QTL coinci-
dence

QTLs, 22 were reported in previous studies, 10 were stably
detected in at least two datasets, and 4 could explain more
than 10% of the observed PVs (Supplemental file 1). Two
QTLs, gMC-A4-1 and gMC-D2-3, were detected in 4 data-
sets; qMC-A4-1 was detected from 2011 to 2013 and in the
combined analysis and explained 10.5% of the PV in 2013;
and qMC-D2-3 was detected from 2013 to 2015 and in
the combined analysis, and explained 11.2% of the PV in
2015. These QTLs received favorable alleles from G2005.
Two QTLs, gMC-A4-2 and gMC-D11-2, were detected in
3 datasets, and 6 QTLs, namely, gMC-A7-1, qMC-D9-
1, gMC-D9-2, gMC-D9-3, gMC-D11-1 and gMC-D11-4,
were detected in 2 datasets. The highest number of QTLs
was 5 on chr. AS.
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FE

For FE, 28 QTLs were detected on 14 chromosomes, includ-
ing Al, A2, A3, A4, A5, A8, A9, A10, All, D1, D4, D5,
D7 and D11, and 14 of these QTLs were confirmed by SSR
markers (Supplemental file 1). Of the total QTLs, 5 were
detected in at least 2 datasets that were regarded as stable,
and 8 could explain more than 10% of the PV. Four QTLs
(qFE-A5-2, qFE-A10-4, qFE-D1-2 and qFE-D4-1) were
detected in 2 datasets, and 3 of these (all but qFE-D1-2)
were major QTLs. Another QTL (qFE-A3-2) was detected
in 2011, 2013 and 2015 and explained 13.0% of the PV
in 2015, and the positive additive effect was conferred by
G2005. The highest number of QTLs was 5 on chr. A10.
Of these QTLs, 2 were major: qFE-A10-4 and qFE-A10-5
explained 11.5% and 11.1% of the PV in 2013, respectively.
G2005 conferred the favorable alleles at these 2 loci. The
inheritance of different additive alleles for 2 stable QTLs
(qFE-A5-2 and qFE-A10-4) in different environments was
observed, indicating that these 2 loci were affected more
significantly by the environment than the other loci.

Additive QTL coincidence regions

A total of 33 additive QTL coincidence regions (QCRs)
were found on 20 chromosomes, and these involved almost
half of the QTLs (91/186, 47.85%), including 15 FE-QTLs
(53.57%), 15 FL-QTLs (38.46%), 22 FS-QTLs (61.11%),
24 FU-QTLs (48%) and 15 MC-QTLs (45.45%). Moreover,
more QTLs detected on a given chromosome corresponded
to more QCRs found on that chromosome, and their corre-
lation coefficient reached 0.797 (Tables 4, 5, Supplemental
file 2). These regions might explain why these 5 fiber qual-
ity traits showed complex correlations. Six FS-QTLs and
8 MC-QTLs overlapped in 5 QCRs with opposite additive
effects, and 6 FL-QTLs and 6 MC-QTLs were involved in
5 QCRs with opposite additive effects, which might explain
the negative correlations of FS with MC and of FL with
MC (Table 6 and Supplemental file 3). 13 FS-QTLs and 12
FU-QTLs overlapped in 11 QCRs with the same additive

effects, which was consistent with the positive correlation
between FS and FU. Other coinciding QTLs did not show
consistent additive effects. For example, FL and FU shared
10 QCRs, but only half of them exhibited the same additive
effect direction. Similar phenomena were found between
trait pairs such as FE with FS and FE with FU. Therefore,
different correlations existed among these fiber quality traits
in different environments.

According to the results of the QTL coincidence analy-
sis, we found 4 chromosome regions on A10, D5, D9 and
D11 that were strongly related to fiber quality traits (Fig. 2).
13 QTLs were detected in a 40-cM chromosome segment
(from 104 to 144 c¢cM) on A10, and these included 3 that
were stably detected in two to three datasets and eight that
explained more than 10% of the observed PVs. Four fiber
quality traits, namely, FL, FS, FU and FE, were found to be
involved in these 13 QTLs, and NAU11609 in this region has
been reported to be related to fiber quality (Tang et al. 2015).
Favorable additive alleles for FE and FL and for FS and FU
were obtained from G2005 and CCRI36, respectively. In
the region from 135 to 180.7 cM on chr. DS, 10 QTLs were
detected for 4 fiber quality traits (FL, FS, FU and FE), and
G2005 conferred favorable additive alleles for § of these 10
QTLs. Many SSR markers in this region such as CIR024,
CIR085 CIR229, BNL0852, BNL3029 and NAU1042,
were published previously, strengthening the reliablity of
these mapping results (Tang et al. 2015). Six QTLs were
detected in the region from 127.8 to 154 ¢cM on chr. D9,
and 4 of these QTLs, namely, gFL-D9-2, qFS-D9-1, gMC-
D9-2 and gMC-D9-3 were stable. In addition, an e-PCR
analysis confirmed that CIR061, CIR383 and BNL3383,
which are related to fiber quality, are located in this region
(Tang et al. 2015). Another 10 QTLs for FE, MC, FS and
FU were found to be clustered in a 32-cM segment (from
20.4 to 52.7 cM) on chr. D11. gFS-D11-1 and gMC-D11-2
were detected in 3 datasets and gqMC-D11-1 was detected
in two datasets. CCRI36 conferred the additive alleles for
FE and MC, whereas, G2005 conferred the additive allele
for the other 2 traits. In addition, many SSR markers related
to fiber quality, including BL1551, BNL2632, BNL3649,

Table 6 Shared QTL

. . Trait FL FS FU MC FE
coincidence regions between
fiber trait-pairs and QTL FL gb 6° 12 10 6 6 3 2
number§ in these regions for FS 6 12 13 6 3 1 13
each trait
FU 10 11 8 11 11
MC 5 5 7 1 2
FE 2 10 10 1

FL fiber length, F'S fiber strength, FU fiber uniformity, MC micronaire, FE fiber elongation

4Shared QTL coincidence regions between FL and FS
YQTL number for FL in the shared QTL coincidence regions between FL and FS
°QTL number for FS in the shared QTL coincidence regions between FL and FS
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CIR398, JESPR244, NAU2950 and NAU5217, were found
to be located in this region (Tang et al. 2015). Accordingly,
these 4 chromosome segments might be valuable candidates
for fine mapping and MAS. However, a common defect is
that these regions span relatively large intervals, and delin-
eating the core region based on the present population is
difficult. Therefore, further work is required.

Epistatic QTLs for fiber quality traits

A total of 41 e-QTLs were identified for FL, FS, FU and
MC, but none were found for FE (Supplemental file 4).
The observed PVs explained by the e-QTLs ranged from
4.42 to 9.25%, indicating that the epistatic effect is an
important aspect in controlling cotton fiber quality traits.
Six e-QTLs were detected for FL, and 1 locus between
Marker4730 and Marker4973 on A4 overlapped with the
additive QTL qFL-A4-1. 30 e-QTLs for FS were found,
with the marker intervals of Marker16324-Marker16326 on
A10 overlapping with gFS-A10-8, BNL3414- Marker18897
on A12 overlapping with qFS-A12-1, and Marker34192-
Marker34191 on D8 overlapping with qFS-D8-2, and
the marker intervals of Marker34111-Marker34103 and
Marker33925-Marker33739 were both on chr. D8. Only
2 and 3 e-QTLs were found for FU and MC, respectively,
whereas none was found for FE. Several marker intervals
related to more than one trait were found. For example,
Marker33513-Marker33511 on D7 had functions for both
FL and FS, Marker18984—Marker18977 had functions for
FU and FS, Marker35862—Marker35839 had functions for
FS and MC. These findings indicate the complexity of epi-
static effects on fiber quality.

Discussion

Fiber quality is the most important feature of cotton produc-
tion and is vital to daily life. However, the quantitative nature
of fiber quality has hindered detection of its genetic factors.
In this study, two elite upland cotton cultivars/lines, CCRI36
and G2005, were crossed. Although the phenotypic differ-
ences between the parents were not as significant as those
in inter-specific hybrid combinations (Si et al. 2017), trans-
gressive segregation was observed among the 5 fiber quality
traits in the RIL population, and 186 QTLs were detected
that showed relatively high mapping efficiency. Both parents
conferred favorable alleles for a given trait, indicating the
existence of favorable alleles with minor effects. Therefore,
QTL mapping studies can be performed based on crossing
parents without extreme phenotypic differences, as reported
by Tang et al. (2015).

To date, more than 1000 fiber quality QTLs have been
published, and these QTLs, QTL clusters or hotspots are

@ Springer

distributed throughout the 26 cotton chromosomes, even
though the scatter is uneven for a given trait (Said et al.
2015). As almost all published QTL mapping studies regard-
ing fiber quality have been conducted based on traditional
markers, few of these QTLs have been applied in breeding
practice due to limited marker resolution or genome cover-
age (Shen et al. 2007; Li et al. 2013). Wang et al. (2015a)
reported 64 QTLs for fiber quality based on a genetic map
with 3.27 cM between adjacent markers. Tang et al. (2015)
published a genetic map of 2842.06 cM in length and
detected 62 fiber quality-related QTLs. Shang et al. (2015)
detected 20 QTLs for 4 fiber quality traits based on a genetic
map with an average marker interval of 6.39 cM. Jamshed
et al. (2016) published 165 QTLs for fiber quality based on
a genetic map with 5.2 cM between adjacent markers. Li
et al. (2016a) reported 47 QTLs for fiber quality based on an
SNP genetic map with a total genetic length of 1784.28 cM
total genetic length. Recently, Zhang et al. (2017) detected
63 additive QTLs for FS based on a high-density genetic
map with relatively less genome coverage (2393 markers
and 2865.73 cM in length). Keerio et al. (2018) found 30
QTLs for 5 fiber quality traits based on 3157 SNP mark-
ers. Therefore, these newly published QTLs were based on
relatively low marker-density genetic maps or maps with a
short genetic length, which might result in missing genetic
information related to fiber quality. In this study, the QTL
analysis was performed based on a high-density genetic map
with a total genetic length of 4071.98 cM and an average
marker interval of only 0.63 cM, which is superior to other
maps used for the detection of fiber quality-related QTLs (Jia
et al. 2016). This map contains 6434 loci, including 6295
SNP and 139 SSR loci. Accurate genome position infor-
mation is available for most of the markers, which will be
convenient for further genetic studies or MAS.

A total of 186 additive QTLs were detected on 25 chro-
mosomes (except for chr. D10), with a range of 3 on chr.
D6 to 20 on A10. To verify the reliability of our mapping
results, e-PCR was conducted with a summary of SSR mark-
ers published in studies of QTLs related to fiber quality traits
(Said et al. 2015; Tang et al. 2015; Wang et al. 2015a; Jam-
shed et al. 2016). A total of 106 QTLs detected in this study,
including 19 stable QTLs, have published SSR markers in
their physical intervals or at distances of less than 2 Mb
(Supplemental file 1). Therefore, most of the QTL mapping
results reported in this manuscript are reliable, and at least
70 new loci for cotton fiber quality traits are provided. In
addition, 11 noteworthy QTLs (qFE-A3-2, qFL-D9-2, qFL-
D11-1, qFS-D9-1, qFS-D11-1, qFU-A9-1, qFU-A10-4,
qMC-A4-1, gMC-A4-2, gMC-D2-3 and gMC-D11-2) that
were detected repeatedly can explain more than 10% of the
observed PVs, and the RIL population can be classified into
2 significantly different phenotypic groups based on their
homozygous genotypes (Fig. 1). Six of these QTLs were
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verified by SSR markers, for example, qFS-D9-1, which
was previously named qFS-c23-2/qFS-D9-1 and marked
by BNL3383, CIR061 and CIR383, and qFS-D11-1, which
shares CIR398 and CIR410 with qFS21.2/qFS-c21-2 (Sup-
plemental file 1, Tang et al. 2015). In contrast, verified SSR
markers are not available for 5 of the 11 QTLs, namely, qFL-
D9-2, qFU-A10-4, gMC-A4-1, qMC-A4-2 and gqMC-D2-3.
Therefore, these QTLs might be valuable new loci control-
ling fiber quality. The annotated genes in these regions are
listed in Supplemental file 2, and these included many fiber
development-related genes included (highlighted), such
as the following: the MYB gene family; PPR gene family;
WRKY gene family; cellulose synthesis-, pectin synthesis-,
tubulin synthesis-, sucrose synthesis-, calmodulin-, auxin-,
gibberellin-, ethylene- and brassinosteroid-related genes;
and energy metabolism genes (Gou et al. 2007; Lee et al.
2007; Ko et al. 2014; Tang et al. 2014; Hu et al. 2016; Li
et al. 2016b; Sun et al. 2017). These findings strengthen the
reliability of the mapping results, and some genes could be
analyzed in further studies on the molecular mechanism of
fiber development.

33 QCRs were found on 20 chromosomes, with chr. A10
showing the most at 6 QCRs. Furthermore, based on the
results, more QCRs were observed when more QTLs were
detected on a given chromosome, and the correlation coef-
ficient between the QTL number and the QTL coincidence
number on one chromosome reached 0.797 (Table 5), which
is consistent with the phenomenon reported by Said et al.
(2015). With the exception of MC and FE, the fiber qual-
ity traits showed significantly complicated correlations. The
significant positive correlation between FS and FU can be
explained by their co-localized QTLs with the same addi-
tive effects (Table 6 and Supplemental file 3). In addition,
the significant negative correlation between MC and FS or
FL might be explained by their coinciding QTLs with oppo-
site additive effects. Four important chromosome regions on
A10, D5, D9 and D11 were strongly related to fiber qual-
ity traits and an e-PCR analysis confirmed their reliability
(Fig. 2). Among the published fiber quality-related QTLs,
at least 30, 62, 52 and 46 have been detected on chr. A10,
D5, D9 and D11, respectively (Said et al. 2015; Shang et al.
2015; Tang et al. 2015; Wang et al. 2015a; Jamshed et al.
2016; Li et al. 2016a). Therefore, the four valuable chro-
mosome regions emphasized here are very reliable. In con-
clusion, these chromosome regions and outstanding QTLs
are valuable for further genetic studies and MAS in cotton
breeding.

In addition to these additive QTLs, 41 e-QTLs were
detected for 4 fiber quality traits, except for FE, and these
e-QTLs explained 4.42-9.25% of the observed PVs, which
is greater than that reported by Zhang et al. (2017) (Supple-
mental file 4). Therefore, FL, FS, FU and MC are controlled
by both additive effects and epistatic effects. The Hy” value

of FE was only 32.21%, which is notably lower than those
of FL, FS, FU and MC. This result is consistent with those
of other studies (Lacape et al. 2010; Li et al. 2016a, b; Jam-
shed et al. 2016). This phenomenon suggests that FE might
be more easily affected by environmental factors; 2 stable
FE-related QTLs, qFE-A5-2 and qFE-A10-4, inherited dif-
ferent additive alleles in different datasets, which might
reflect the modifiable genetic effect of FE. In addition, no
e-QTLs were found for FE, proving that FE was less geneti-
cally controlled.

In this study, 186 additive QTLs were found based on a
high-density genetic map, and 11 atable QTLs and 4 impor-
tant chromosome regions were detected. These regions could
be used for QTL fine mapping and candidate gene detection
by constructing secondary mapping populations. In addition,
the findings obtained in this study could be used as valuable
resources for developing reliable fiber quality-related mark-
ers and for MAS to accelerate cotton breeding.
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