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Abstract Cotton is a leading natural fiber crop in the

textile industry worldwide. The improvement of

cotton fiber quality has become more important

because of changes in spinning technology and ever-

increasing demands. Mapping quantitative trait locus

(QTL) for fiber quality traits will enable molecular

marker-assisted selection (MAS) to improve fiber

quality and provide an access to reveal the molecular

mechanism of fiber development. A high-density

intraspecific genetic map is constructed based on an

upland cotton recombinant inbred line (RIL) popula-

tion. A total of 25,313 SSR primer pairs were used and

yielded 1,333 polymorphic markers, with a polymor-

phic ratio of 5.3 %, producing 1,382 polymorphic loci

in the RIL population. The map comprised 1,274 loci

and spanned 3,076.4 cM with an average distance of

2.41 cM between two adjacent markers. Based on the

phenotypic data of fiber quality traits from five

environments, a total of 59 QTL were detected. These

QTL comprised 15 QTL for fiber upper half mean

length, 10 QTL for fiber length uniformity, 9 QTL for

fiber strength, 10 QTL for fiber elongation and 15 QTL

for fiber micronaire, respectively. The genetic map

constructed in this study is the most detailed upland

cotton intraspecificmap based on SSRmarkers to date,

and could be used to construct consensus map or as

reference genetic map for tetraploid cotton genome

assembly. Stable QTL identified across multiple

environments reflect some important and favorable

alleles shaping fiber quality, and they are valuable

candidate alleles for MAS breeding projects as well as

for gene function research related to cotton fiber

development and quality improvement.
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Introduction

Cotton is grown in more than 80 countries, and

contributes to the world economy as a leading natural

fiber crop in the textile industry and a source of oil and

protein from cottonseeds. The genus Gossypium

consists of approximately 45 diploid (2n = 2x =

26) and 5 tetraploid (2n = 4x = 52) species (Percival

et al. 1999), including four cultivated species,

G. arboreum L., G. herbaceum L., G. barbadense
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L. and G. hirsutum L.. Among the four cultivated

species, G. hirsutum L., commonly known as

upland cotton, is the most important species and

provides about 95 % of the world’s cotton fiber

production.

Genetic improvement of fiber yield is the top

priority goal in cotton breeding program. However,

with the demands for higher quality cotton fiber to

produce more competitive products and increase the

manufacture efficiency, cotton breeders have also

spent much effort to improve fiber quality. Due to the

negative association between fiber yield and quality

(Culp and Lewis 1973) and the narrow genetic base of

modern cotton cultivars (Iqbal et al. 2001; Rungis et al.

2005; Lacape et al. 2007), the progress to continuously

increase fiber productivity and simultaneously

improve its fiber quality only using conventional

breeding methods has been limited (Smith and Coyle

1997). Thus, the innovative breeding approaches have

to be incorporated.

Great advances in molecular marker technologies

make it possible for breeders to find a rapid and precise

alternative approach to conventional breeding selec-

tion schemes (Tanksley and Hewitt 1988). Based on

the detailed genetic maps, quantitative trait locus

(QTL) controlling fiber quality traits could be pre-

cisely mapped on cotton genome and apply to marker-

assisted selection (MAS) in breeding projects. Since

the first genetic map was reported in cotton (Reinisch

et al. 1994), numerous genetic maps have been

developed and used to identify QTL. Up to now, 726

QTL related to fiber quality traits have been mapped

on 42molecular maps (Said et al. 2013).While most of

these QTL were mapped based on interspecific

populations (G. barbadense 9 G. hirsutum), issues

with sterility, cytological abnormality, extremely late

flowering, and distorted segregation limited their

application, such as fine mapping the gene underlying

these QTL and MAS (Lacape et al. 2010), which

suggests that QTL mapping using the upland cotton

intraspecific population is more practical. However,

due to the narrow genetic background of modern

upland cotton cultivars, QTL mapping based on

intraspecific populations were of low resolution, far

from being satisfactory for practical application. In

addition, complicated gene expression in different

development stages of cotton fiber (Lee et al. 2007;

Taliercio and Boykin 2007; Hovav et al. 2008; Al-

Ghazi et al. 2009; Paterson et al. 2012) and QTL meta-

analysis (Lacape et al. 2010; Said et al. 2013)

indicated that only a few QTL related to fiber

development have been mapped. Predictably, much

more new or elite QTL will be identified with new

divergent mapping parents.

In the present study, we constructed a genetic map

based on an upland cotton recombinant inbred line

(RIL) population and used this map to detect QTL for

fiber quality traits. The results were expected to be

valuable for research on upland cotton genome

structure and fiber development molecular mechanism

and quality improvement through MAS.

Materials and methods

Mapping population and fiber quality traits

evaluation

Two upland cotton cultivars, CCRI 35 and Yumian 1

were chosen to produce the segregating population.

CCRI 35, a high yield and disease resistance cultivar,

was widely planted in China in the last decade.

Yumian 1, a high fiber quality cultivar, especially

characterized with high fiber strength, was developed

from multiple-cultivar intermating program (Zhang

et al. 2009). The two parents were crossed in the

summer of 2005 at Southwest University, Chongqing,

China. F1 individuals were self-pollinated to produce

F2 seeds in the winter of 2005 in Hainan, China. F2
seeds were planted at Southwest University and a total

of 180 F2 individual plants were randomly selected in

the summer of 2006. One hundred eighty F2-derived

lines were self-pollinated for four generations to

produce F2:6 seeds during 2006 and 2007. F2:6 seeds

were planted by lines in single-row plot (0.8 m wide

and 5 m long, for 15 plants) in the summer of 2008 at

Southwest University and one individual plant in each

family line was randomly selected to form a popula-

tion. From 2009 to 2012, 180 RIL lines were randomly

planted by single-row plot (0.7 m wide and 5 m long,

for 15 plants) during the summer season at Southwest

University. All the naturally-opened bolls from the

RIL population and parents were hand-harvested to

gin fiber. Fiber samples were evaluated for fiber

quality traits, using the high volume instrument (HVI)

spectrum, at the Supervision Inspection and Testing

Cotton Quality Center, Anyang, China. Data were

collected on fiber elongation (FE, %), fiber upper half
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mean length (FL, mm), fiber micronaire (FM), fiber

strength (FS, cN/tex), and fiber length uniformity ratio

(FU, %).

Assay of DNA markers

Total genomic DNA from fresh young leaves of the

parents and the 180 lines were extracted according to

the modified CTAB method (Zhang et al. 2005).

A total of 25,313 simple sequence repeat (SSR)

primer pairs were employed in the present study and

they were synthesized by Invitrogen Co. Ltd. (Shang-

hai, China). Among these SSR primers, 18,358 primer

pairs were downloaded from Cotton Marker Database

(http://www.cottonmarker.org/), including BNL, CIR,

CM, DOW, Gh, HAU, JESPR, MGHES, MON,

MUSB, MUCS/MUSS, NAU, NBRI (renamed by

Tang et al. 2014), and TMB. The other 6,955 primer

pairs were designed in our laboratory, including 5,000

PGML primer pairs, 1,592 SWU primer pairs, and 363

SWU06-/07-primer pairs (Tang et al. 2014).

All these primer pairs were first screened for

polymorphism between the mapping parents and the

primer pairs showing clear polymorphism were used

to genotype the RIL population. PCR amplification

and product test were performed according to the

procedures by Zhang et al. (2005). Clear polymor-

phic DNA bands on the gels were used for scoring

and genotyping. Loci detected were named with the

primer name. For multiple polymorphic loci

revealed by a same primer pair, an extra letter

was added to the primer name, such as a/b/c,

indicating the molecular size from the smallest to

the largest.

Genetic map construction

JoinMap 4.0 (Van Ooijen and Voorrips 2006) was

served to primarily group and order all the polymor-

phic loci with a LOD threshold from 4 to 8 according

to shared markers from the previous maps (Guo et al.

2008; Xiao et al. 2009; Zhang et al. 2009; Yu et al.

2011; Blenda et al. 2012; Zhang et al. 2012). Linkage

groups belonging to a given chromosome were then

treated as separate data sets and reordered at a LOD

values between 1 and 4. Map distances were calcu-

lated using Kosambi’s mapping function.

QTL mapping

Multiple QTL mapping of MapQTL 6.0 (Van Ooijen

2009) was implemented to identify QTL and estimate

their effects. The LOD threshold of significantQTLwas

calculated by 1,000 permutation tests, with a genome-

wide significance level of P\ 0.05. The QTL with the

LOD value between 2.5 and the LOD value evaluated

by permutation test were declared as putative QTL in

the present study. Additive effects were defined with

respect to the alleles ofCCRI 35. Therefore, the positive

genetic effect of each QTL indicated that the allele of

CCRI 35 increased the phenotypic value, whereas the

negative effect indicated that the allele of Yumian 1

increased the phenotypic value. QTL name was started

with ‘q’, followed by a trait abbreviation (FL for fiber

upper half mean length, FU for fiber length uniformity,

FS for fiber strength, FE for fiber elongation and FM for

fibermicronaire) and the chromosome number, and then

followed by the number of QTL controlling the same

trait on the chromosome. The graphic representation of

genetic map and QTL bars representing 1-LOD drop

intervals was carried out with Map Chart 2.2 (Voorrips

2006).

Results

Primer polymorphism and marker analysis

Among the 25,313 SSR primer pairs used to screen for

polymorphism between the two parents, 1,333 poly-

morphic markers were yielded, accounting for 5.3 %

of the total primer pairs. The polymorphic markers

were used to genotype the RIL population, and

produced 1,382 loci. For each locus, v2 test was

performed to determine if the allele frequency was

deviated from the expected Mendelian segregation

ratio. Of the 1,382 loci, 518 loci showed significant

segregation distortion (P\ 0.05), accounting for

37.5 % of the total loci. Among the distorted loci,

452 loci were biased in favor of Yumian 1 alleles,

whereas other 66 loci were biased in favor of CCRI 35

alleles.

Genetic map

Based on the linkage analysis of all the 1,382 loci, a

genetic map with 1,274 loci was constructed
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(Fig. 1; Table 1), and the map spanned 3,076.4 cM

with an average distance of 2.41 cM between two

adjacent markers. At-subgenome comprised of 500

loci and spanned 1,462.6 cM with an average distance

of 2.93 cM between two adjacent markers. Dt-subge-

nome contained 774 loci and spanned 1,613.8 cMwith

an average distance of 2.09 cM between two adjacent

markers.

On the whole, all mapped loci were well-propor-

tioned distributed across the entire genome, but still

some chromosomes had more loci or fewer loci than

other chromosomes. For example, Chr. 20 was

mapped with 112 loci, whereas Chr. 12 was mapped

with only 12 loci. Chromosome with the longest

recombination length was Chr. 16 which spanned

216.4 cM, and the shortest one was Chr.12 which

spanned only 65.0 cM. There were four large gaps

(adjacent marker interval [20 cM), including two,

one and one distributed on Chr. 11, Chr. 13 and Chr.

21, respectively.

The phenotypic analysis of fiber quality traits

The phenotypic data of the five fiber quality traits were

summarized in Table 2. The two parents were only

significantly different at fiber strength. All the five

fiber quality traits of the RIL population showed a

wide range of variation. Skewness and kurtosis test

bFig. 1 The genetic map and QTL controlling fiber quality traits

from upland cotton (CCRI 35 9 Yumian 1) RIL population.

The marker with asterisk was distorted locus. The QTL

controlling fiber quality traits and the bars representing 1-LOD

likelihood intervals are beside the linkage group. QTL are shown

as FL for fiber upper half mean length, FU for fiber length

uniformity, FS for fiber strength, FE for fiber elongation, and FM

for fiber micronaire

CER00360.0
SWU07-0233.3
SWU07-0203.9
DPL04924.8
DPL07045.7
NBRI10626.1
DC200367.4
NBRI0479*11.5
MUSB0976*14.0
NBRI1546*15.9
PGML4541*16.4
PGML3482*19.2
NBRI013922.6
NBRI013822.7
JESPR17223.7
MUSB0756*25.3
BNL1604*25.7
CGR5880b*26.9
DPL0852a27.9
DPL0920*28.8
DPL040329.4
Gh430*30.4
DPL0757*31.2
NBRI0813*31.4
BNL169433.7
TMB2844*35.4
PGML3165b37.8
NAU540638.7
NBRI014440.0
CGR526540.6
DPL0643
CGR676440.7
C2-011441.4
DC4018241.7
NBRI076242.4
PGML0802*43.7
PGML1171*44.5
SWU07-079*48.6
PGML335956.1
PGML4061b57.5
HAU1763*62.0
PGML2785a*67.0
TMB1618a*68.9
PGML3287*70.5
NAU136275.6
NAU1085*80.6
NBRI0010*82.4
Gh308*82.7
HAU3273*83.4
DOW07884.6
NBRI090286.9
HAU2346*91.1
NAU373598.9
PGML3288103.3
PGML4534*104.4

qFL07.1

qFS07.1

qFM
07.1

qFU
07.1 qFE07.1

Chr07
NAU13570.0
PGML32664.0
SWU07-0537.0

NAU348621.3
PGML235122.6
MUSS09524.1
CER011225.1
NAU074726.7
MGHES7631.1
HAU308140.3
JESPR00553.5
HAU274754.3
NAU298456.1
NBRI0512*62.9
MUSS28263.1
PGML195066.1
SWU07-20168.3
Gh151*69.2
NAU086272.2
NBRI2182*75.7
NAU286276.0
NAU293176.2
NAU333077.8
COT04879.2
CGR689480.0
BNL379380.9
PGML3471*86.0
DC2012487.8
NAU6437*88.9
NBRI209089.4
NAU367689.9
HAU0033b*96.5
HAU0585a*97.9
CGR5573*100.7
PGML1324108.8
BNL3319*120.6
TMB2945*122.8
TMB1561*123.8
PGML2785b125.8
NBRI1441126.6
PGML4089a129.2
CGR5594132.7
Gh681a135.9
PGML1309*138.0
DPL0634139.1
CGR5139*140.8
HAU2481b*141.9
PGML1284*143.6
MUCS237*144.5
PGML1283*144.8
BNL1026*145.4
PGML3165a146.8
PGML4289147.5
PGML3141148.2
JESPR297149.3
CGR6437150.2
HAU1873151.1
DPL0897*151.6
HAU3310152.2
DPL0061152.9
DPL0048153.4
BNL2766*154.4
BNL1122155.6
BNL1395*159.1
Gh077161.5
CGR5880a165.4
TMB1618b167.8
HAU1172170.5
Gh377172.3
NAU3911177.5
HAU1399*178.7
PGML1916187.7
DPL0603189.2
CGR6547192.1
NBRI1983192.4
BNL3065194.5
MUCS373*208.3
CGR5828*216.4

qFS16.1
qFE16.1

qFL16.1
qFM

16.2
qFE16.2

qFM
16.1

qFS16.2
Chr16

PGML0510*0.0
NBRI1352*0.3
PGML41532.6
HAU2319*9.3
COT06510.1
BNL325511.2
DPL076013.0
HAU2015*18.0
Gh22119.1
NAU493420.9
HAU052021.6
NAU103722.2
CGR5542*25.0
NAU3424*25.6
HAU186527.6
NAU3562*29.0
HAU119933.0
Gh19734.3
BNL363837.6
HAU334938.7
NBRI056642.0
DPL048844.8
NAU078045.7
NAU136947.2
NAU328761.4
DC4018368.0

NAU612578.1

NBRI1165*85.7
DPL015286.4

DPL0627a92.1

Gh339a104.6

qFL08.1

qFU
08.1

qFM
08.1

Chr08
CGR58700.0
BNL1521*2.0
NBRI12896.1
SHIN03848.6
MGHES6210.6

PGML415418.2
NBRI168921.2
DC4022922.8
SWU0520*29.0
BNL1513*32.8
PGML1968*36.0
PGML078639.4
JESPR070*41.4
Gh273*43.1
NAU3786*46.2
HAU3369*48.2
HAU332050.2
MUSB075150.7
NAU512952.0
NAU5357*53.6
NAU513055.7
DC4040457.0
DOW09861.9

CGR542372.0
NAU099972.9
NAU393475.0
SHIN107675.8
PGML0176*79.8
PGML2801*85.3
PGML213485.9
NAU266187.9

CGR567395.4

PGML1481112.7
SWU0749115.9
PGML1428117.3
PGML0142*120.7
HAU1533*122.5
PGML4214123.2
PGML3120124.1
Gh268*126.0
HAU1645*127.2
Gh454128.6
CIR234b*132.9

qFE24.1
qFL24.1

qFM
24.1

qFU
24.1

Chr24
PGML4941b0.0
CGR55511.9
MUSB03717.9
PGML07858.9
JESPR27412.1
DPL0507*15.6
NBRI152016.4
NAU6177*21.7
CGR6170*22.2
BNL170722.8
NAU641823.2
PGML493925.2
Gh486*26.4
NBRI053026.9
C2-0001*27.6
NBRI067332.0
NBRI0986*47.0
NBRI1702*47.4
PGML3918*51.9
SWU1000*52.6
NBRI0423*53.6
NBRI1517*54.3
CGR5867*56.1
BNL1317*56.7
DPL0518*58.5
MUCS426*60.1
MGHES7364.1
HAU3150*65.6
CGR5707*65.8
CGR5426*68.5
Gh310*69.2
Gh189*69.7
NAU549470.6
PGML2760*71.7
DPL004472.7
BNL4028*74.8
SWU0124*77.3
BNL1030*79.7

Chr09
BNL31730.0
HAU12441.7
NAU2722*3.0
NAU1282*5.8
NAU2873*8.0
STV022*10.5
HAU1661*11.8
JESPR114*17.5
Gh339b21.0
DPL0627b21.8
HAU027025.0
MUCS13326.8
MGHES0629.0
NAU1047*31.1
CIR194*34.2
PGML283037.8
HAU140641.1
CGR687643.8
CGR575844.3
NAU305244.7
TMB038246.1
TMB051549.3
NAU295452.1
HAU110852.3
NAU486452.4
NAU327753.8
PGML2989*56.1
NAU3502*59.4
PGML128661.9
BNL3140*64.2
CGR6377*66.0
MUCS31767.5
SWU090068.3
SWU087469.2
PGML378370.5
CGR625272.4
CGR569478.3
HAU1918*79.8
PGML303081.9
PGML3150*82.9
NAU5350*84.2
PGML4941a85.2
NBRI2180*86.7
MUCS325*87.8
HAU0585b91.7
NAU215893.5
DPL035693.8
JESPR01394.2
Gh30294.5
Gh49994.9
MUCS26995.0
CGR684095.5
DPL088295.8
NAU525296.6
CGR620597.6
PGML072798.5
PGML325499.4
PGML3326*101.2
PGML3327103.6
PGML0961105.7
NBRI2183107.4
SWU0976108.1
PGML4088108.7
CIR359a110.9
PGML2810b114.5

qFS23.1

Chr23

Fig. 1 continued

Euphytica (2015) 203:615–628 619

123



CGR50400.0
Gh0583.6
NBRI1586*5.9
PGML2147*15.2
Gh60219.2
DPL0319*22.9
CER015825.8
NBRI0681*29.8
DPL053631.4
NBRI0603*32.6
HAU220034.1
DPL003735.4
DC4023235.9
NBRI1201*37.8
NBRI122638.8
NBRI120039.0
Gh56443.0
NBRI101045.4
Gh05946.2
TMB180647.8
Gh29749.9
DPL041654.9
CM02758.4
NBRI1141*61.1
DPL043161.9
HAU2481a63.1
NBRI1989*65.5
BNL252467.7
MUSS14369.7
NAU090475.5

BNL296088.1

Chr10
DPL05040.0
CGR51062.1
HAU10582.2
HAU23583.2
CGR53993.7
STV0313.9
MUCS210*5.5
PGML39417.1
PGML13278.6
PGML1326*8.9
PGML10629.5
CGR556510.5
SWU131211.2
MUSB0338*14.4
SWU1259*15.6
HAU0748*18.2
PGML3897*18.7
PGML0060*20.1
SWU1476*21.2
SWU1478*21.6
NAU4957*21.8
PGML2618*22.3
NAU4880*23.4
NBRI1909
NBRI192124.4
NBRI084525.3
DC4010325.7
HAU077325.8
CGR602225.9
HAU064626.4
NAU487326.8
MUCS023*27.7
NAU6293a*33.1
DC40266*33.3
SHIN1421*33.7
CGR6110*33.9
NAU116936.9
JESPR24737.3
CGR554837.8
NAU668938.5
COT11938.9
NAU645039.5
NAU6293b39.6
NAU651239.7
NAU617939.9
HAU232540.6
PGML212841.1
PGML487741.5
HAU106342.0
NAU6419
NAU644842.2
NAU644942.3
NAU6175*42.5
NBRI2190*42.6
SWU095043.5
Gh45144.7
NBRI005345.9
NAU522747.1
HAU254347.3
NAU630548.0
PGML1856
NAU646348.3
PGML1539*49.0
PGML0156a50.5
PGML200551.6
PGML2532*55.0
JESPR140b*55.8
CGR6154*56.3
CGR6145*56.5
NBRI1593*57.2
DPL0442*59.0
HAU1516*60.8
BNL0511*61.6
CM045*62.2
SWU0007*63.1
C2-013365.3
CM082*66.6
PGML275468.8
NAU336870.4
PGML047572.1
BNL0169*73.3
CIR043*74.0
NAU366574.5
NAU2869*74.8
PGML096476.1
NAU523777.3
BNL3071*77.4
NAU122978.8
PGML300783.5
BNL3948*86.9
PGML3829b*88.5
PGML1527*89.0
PGML2810a*89.6
PGML4061a*90.1
CGR574090.6
CER016790.9
Gh687*91.2
TMB044391.7
TMB043792.3
Gh18392.9
DPL010893.1
TMB085894.6
DPL0135*96.4
TMB1939*97.0
BNL366097.8
BNL094698.0
BNL1665*98.4
BNL389599.1
CIR359b99.7
PGML2678*100.1
HAU1314100.3
PGML4103a103.6

qFM
20.1

qFU
20.1

Chr20
CER00980.0
Gh2560.4

STV1258.5

NAU354414.1
HAU159217.3
NAU542819.0

DC40346*25.9
CGR534926.4

CGR5400*51.8
DPL052853.3

Gh61758.6

DPL0412*68.0

PGML094074.7
PGML0941*77.7
SHIN0224*80.0

NAU110385.7
CER003590.4
NAU1162a91.7
NBRI122596.0
NBRI1129*100.1
CGR6580*102.8
Gh329104.8
CIR238*108.3

NBRI2074*130.0

NAU1233135.9

CGR5421146.3

NAU0965161.6

PGML0873167.6
SWU1301171.2
CGR5167173.5

CGR6276178.1

qFE11.1

qFS11.1

Chr11
PGML1485*0.0
Gh075*2.5
PGML2019*2.8

TMB140226.0
DPL071529.5
NAU337730.8
CGR511331.4
BNL170534.1

DPL086343.6

MUSS393*50.9
HAU1120*53.0
NBRI128553.7
BNL344255.3
CGR521759.7
PGML3700*64.4
CGR580865.8
DPL006267.2
BNL317171.7
DPL0472*74.6

CGR627083.7
HAU051286.3
BNL364987.5
NAU260088.1
HAU1794*88.8
BNL155189.8
SWU050691.2
TMB107595.6
PGML4083*99.9
SWU07-071*101.5
PGML3868103.6
PGML2668*105.5

CER0153122.0
NAU2016122.8
CIR196123.8
MUCS088124.7

NBRI0072
NBRI0675138.1

JESPR197150.4

HAU2959161.2
NAU5418163.9
HAU3074165.7
HAU2937167.1
MUSS246167.8
NAU1162b168.4
BNL1053170.2
JESPR251171.8
PGML1040174.0
SWU0830174.3

PGML2253184.5

qFM
21.1

Chr21
NAU32360.0

HAU25777.1

NAU094312.9

NBRI114418.6

DPL0303*23.4

Gh243*30.3
NBRI014131.5

JESPR019*41.4

NBRI1882a47.8
CGR614951.8

Gh27064.8
SHIN060765.0

qFL12.1

Chr12
C2-0055*0.0
PGML4464*6.4
DPL03437.8
JESPR3009.3
NAU389613.0
HAU145915.9
BNL1402*17.4
NBRI1885*17.7
DPL0886*18.2
DPL091720.4
PGML295424.1
PGML4005*25.6
PGML3833*29.0
NAU377433.9
NAU330534.9
BNL255735.4
NAU125139.4
MUSS035*41.3
MGHES3145.0
PGML460450.3
PGML163753.0
BNL011854.7
C2-003655.6
BNL2495*59.5
CGR6329*61.9
BNL3842*62.5
NAU3291*63.4
SWU0462*64.4
HAU237066.7
NAU329468.4
NBRI1156*69.5
NAU5037*70.0
NAU2132*71.8
DOW056*74.7
NBRI1882b78.2
PGML153884.2
PGML0754*86.2
PGML355486.8
CGR5452*87.3
CER0144*87.6
CGR6880*88.0
CGR6930*88.2
CGR6012*89.0
NBRI188189.9
PGML4533*92.6
PGML4879*93.6
Gh17896.9
MGHES4498.2
NAU504399.6
NBRI2111100.4
NAU1298*100.9
BNL3463*104.8
HAU3323*107.0
NAU2902*109.8
HAU1081*111.8
DPL0190*112.7
BNL1115*114.0
BNL0116*114.5
NAU3881*115.5
NBRI2188116.8
PGML1675117.7
HAU1237*118.7
DPL0391*119.2
NAU4926123.5
NBRI0317124.4
CGR5733124.9
NBRI0930125.7
HAU0684127.2
NAU3271127.9
CGR6772128.7
Gh654129.7
DPL0801130.0
CGR5193130.1
BNL2578130.7
PGML2689134.8
Gh064138.1
NBRI0124140.9

qFL26.1
qFM

26.1
qFL26.2

qFM
26.2

Chr26

PGML3974b*0.0
PGML4893*4.7
HAU2901*7.6
NBRI2026*8.7
SWU07-136*11.3
PGML3199*17.4
DC40310*20.0
TMB1638a*20.5
NBRI159422.8
CER0095a*24.7
Gh088*26.7
NAU398529.1

NBRI129257.1
DPL039858.4
MUSS60362.3

NBRI1639*71.7

DPL0553*82.6
DC20120*83.0
NBRI1537*83.2
PGML4089b87.5
SWU0619*89.8
JESPR153b*93.3
COT00998.5

DC20092109.9

qFU
13.1

Chr13
BNL16600.0
MUSB0285*1.9
STV016*4.0
SWU0738*4.2
BNL0645*4.6
TMB1638b*4.9
CER0095b*5.8
NBRI1663*6.3
DPL0201*6.7
NBRI1791*7.0
CER00847.1
CER01689.3
PGML3974a*11.6
DPL039020.1
PGML3792*23.4
PGML007525.3
BNL266727.8
NBRI082230.0
NBRI160030.4
NAU358932.2
Gh501*35.2
Gh060*35.7
PGML4650*37.7
PGML3565*39.4
NAU2443*40.3
TMB1767*41.5
MUSB0685*43.3
STV01044.2
MUSB055145.8
DPL0420*47.9
BNL3479*49.5
DC4042650.2
DPL0864*53.0
PGML4301*55.5
PGML151156.6
PGML312264.6
SWU032073.7
NAU269775.8
NAU3636*80.7
NAU074882.5
Gh443*85.9
PGML1206*87.3
DC40094*89.2
NAU3211*91.1
BNL3473*92.6
BNL3280*93.1
JESPR153a*93.3
PGML4750*94.3
BNL1721*97.5
MUCS535104.0

qFS18.1

qFE18.1

Chr18

Fig. 1 continued

620 Euphytica (2015) 203:615–628

123



showed that these traits were approximately in normal

distribution. The variance analysis result showed that

fiber quality traits possessed of significant environ-

mental and genetic efforts except for fiber elongation

(P\ 0.05) in the RIL population (Table 3). Correla-

tion analysis showed that complex significant corre-

lation exists among fiber quality traits (Table 4). Fiber

strength was significantly positive-correlated with

fiber length and uniformity. Fiber micronaire was

significantly positive-correlated with fiber length and

strength. Fiber micronaire was significantly negative-

correlated with fiber uniformity. Fiber elongation was

significantly negative-correlated with fiber length and

strength.

QTL identified for fiber quality traits

With the multiple QTL mapping method, a total of 59

QTL were detected for five fiber quality traits based on

the phenotype data from 5 environments, including 28

significant QTL and 31 putative QTL (Table 5). These

QTL were mapped on 23 chromosomes (Fig. 1;

Table 5), with 23 QTL distributed on At-subgenome

chromosomes and 36 QTL distributed on Dt-subge-

nome chromosomes. Parent CCRI 35 conferred 22

favorable alleles, whereas Yumian 1 conferred 37

favorable alleles.

For fiber upper half mean length, 15 QTL (5

significant QTL and 10 putative QTL) were identified

Table 1 Distribution of

loci and distortion loci on

the genetic map from the

RIL population

Chromosome Loci Length

(cM)

Average

interval (cM)

Distortion loci Distortion

ratio (%)

01 37 139.4 3.77 9 24.3

02 54 114.5 2.12 6 11.1

03 26 106.8 4.11 12 46.2

04 37 114.1 3.08 17 45.9

05 70 124.5 1.78 11 15.7

06 54 133.5 2.47 22 40.7

07 55 104.4 1.90 26 47.3

08 31 104.6 3.38 8 25.8

09 38 79.7 2.10 24 63.2

10 31 88.1 2.84 8 25.8

11 31 178.1 5.75 9 29.0

12 12 65.0 5.42 3 25.0

13 24 109.9 4.58 16 66.7

At 500 1,462.6 2.93 171 34.2

14 48 79.5 1.66 18 37.5

15 58 125.3 2.16 16 27.6

16 78 216.4 2.77 24 30.8

17 74 92.0 1.24 35 47.3

18 50 104.0 2.08 32 64.0

19 65 143.4 2.21 20 30.8

20 112 103.6 0.92 45 40.2

21 49 184.5 3.76 11 22.4

22 32 93.6 2.92 17 53.1

23 65 114.5 1.76 18 27.7

24 43 132.9 3.09 16 37.2

25 23 83.3 3.62 9 39.1

26 77 140.9 1.83 36 46.8

Dt 774 1,613.8 2.09 297 38.4

Total 1,274 3,076.4 2.41 468 36.7
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and mapped on 14 chromosomes (Fig. 1; Table 5),

explaining 6.1–13.4 % of the phenotypic variation.

qFL07.1 and qFL19.1 were identified in three envi-

ronments, qFL08.1 and qFL17.1 were identified in two

environments, and all other QTL could be detected

only for one environment. Among these QTL, 5

favorable alleles were contributed by CCRI 35 and all

other favorable alleles were contributed by Yumian 1.

For fiber length uniformity, 10QTL (6 significantQTL

and 4 putative QTL) were identified and mapped on 10

chromosomes (Fig. 1; Table 5), explaining 6.3–11.4 %

of the phenotypic variation. Only qFU08.1 was identified

in two environments and all other QTLwere identified in

only one environment. Among these QTL, 4 favorable

alleles were contributed by CCRI 35, whereas other

favorable alleles were contributed by Yumian 1.

For fiber strength, 9 QTL (5 significant QTL and 4

putative QTL), were identified and mapped on 8

chromosomes (Fig. 1; Table 5), explaining

6.1–26.5 % of the phenotypic variation. qFS07.1 and

qFS14.1 were identified in five and three environments,

respectively, showing that they were very stable QTL.

Besides qFS05.1 identified in two environments, all

other QTL could be detected only in one environment.

Six favorable alleles including all the stable QTL were

contributed by Yunmian1 and 3 favorable alleles were

contributed by CCRI 35.

For fiber elongation, 10 QTL (5 significant and 5

putative QTL) were identified and mapped on nine

chromosomes (Fig. 1; Table 5), explaining about

4.8–11.1 % of the phenotypic variation. All the 10

QTL were identified in only one environment.

Table 2 Phenotypic data

analysis of five fiber quality

traits for the parents and the

RIL population

Trait Environment Parent Population

CCRI 35 Yumian 1 Mean Max Mini Skewness Kurtosis

Length

(mm)

2008 30.3 30.2 30.5 34.0 25.8 0.02 0.53

2009 29.6 30.7 30.4 33.3 27.0 0.01 -0.03

2010 27.2 28.7 29.6 32.6 26.4 -0.13 -0.21

2011 30.8 30.7 29.9 33.0 26.4 -0.07 0.48

2012 29.9 28.4 29.0 31.8 27.0 0.36 -0.12

Uniformity

(%)

2008 83.9 82.5 85.8 88.1 81.7 -0.67 0.97

2009 86.0 86.1 85.4 87.5 82.0 -0.48 0.39

2010 83.7 84.0 83.3 86.2 79.2 -0.47 0.33

2011 84.9 84.4 84.3 86.7 79.9 -0.61 0.50

2012 85.5 84.5 86.5 89.3 83.4 -0.32 -0.04

Strength

(cN/tex)

2008 27.1 30.7 31.8 39.4 25.3 0.44 0.90

2009 30.8 37.5 33.9 40.8 26.9 0.36 0.36

2010 28.3 35.4 29.7 35.6 24.2 0.04 0.55

2011 33.5 38.2 32.9 40.0 26.2 -0.14 0.69

2012 31.2 35.6 30.8 35.4 27.5 0.39 0.35

Elongation

(%)

2008 6.2 6.3 6.5 6.7 6.2 0.00 -0.35

2009 6.4 6.7 6.5 6.8 6.2 -0.16 -0.46

2010 6.8 6.1 6.5 7.1 5.7 -0.22 0.08

2011 6.3 6.1 6.4 7.1 5.8 0.33 0.47

2012 6.8 7.1 6.7 7.2 6.2 0.13 -0.10

Micronaire 2008 4.2 4.4 4.6 6.2 2.8 -0.34 1.38

2009 4.4 4.3 4.4 5.3 2.9 -0.38 0.22

2010 5.4 4.8 4.2 5.1 3.1 -0.26 0.28

2011 4.2 3.9 4.1 5.4 2.8 -0.17 -0.31

2012 4.9 4.3 4.6 5.7 3.3 -0.09 0.42
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For fiber micronaire, 15 QTL (7 significant QTL

and 8 putative QTL) were identified and mapped on 13

chromosomes (Fig. 1; Table 5), explaining between

6.3 and 15.4 % of the phenotypic variation. qFM07.1

and qFM08.1 were identified in four and three

environments, respectively, indicating that they were

stable QTL. qFM22.1 was identified in two environ-

ments, and all other QTL were detected only in one

environment. Among these QTL, 5 favorable alleles

decreasing the trait value were conferred by CCRI 35,

whereas other favorable alleles were conferred by

Yumian 1.

Discussion

High-density genetic map

The genetic map constructed in the present study

represents the most saturated upland cotton intraspecific

genetic maps to date. It spanned about 70.0 % of the

entire recombination length of tetraploid cotton genome

estimated to be 4,400–4,660 cM (Lacape et al. 2003;

Rong et al. 2004; Yu et al. 2011). The marker polymor-

phic ratio was much lower than that in the previous

reports (Lin et al. 2009; Zhang et al. 2009). The advance

of this genetic map was mainly attributed to the large

amount of SSR primer pairs and the approximately even

distribution of loci across the entire genome. The

chromosomes with fewer loci and the gaps identified in

our study might suggest that there was low marker

diversity in these chromosomes or regions between the

two parents. The recombination length of some chromo-

someswasmuch shorter than other chromosomes and the

similar result was also reported in the other studies

(Zhang et al. 2009; Yu et al. 2011; Zhao et al. 2012;

Zhang et al. 2012). Regarding to the physical length of

their homologous chromosomes in D genome (Paterson

et al. 2012), it seems that lower recombination rate in

these chromosomes/regions played a major role leading

to the result. In addition, more loci were distributed on

Dt-subgenome than At-subgenome, which was consis-

tent with the reports in the other studies (Yu et al. 2011;

Zhang et al. 2012; Zhao et al. 2012), and the possible

reason was that D/Dt genome was more divergent than

A/At genome among cotton species (Guo et al. 2008).

Segregation distortion

Segregation distortion is widespread in plant popula-

tions, and is regarded as the source and force of plant

Table 3 Variance analysis of fiber quality traits in the RIL

population

Trait Source of

variation

Degree

freedom

Variance F

Length Environment 4 68.44 90.64**

Genotype 179 3.79 5.01**

Error 710 0.76

Uniformity Environment 4 262.38 202.07**

Genotype 179 1.59 1.23*

Error 710 1.30

Strength Environment 4 443.20 162.86**

Genotype 179 10.55 3.88**

Error 710 2.72

Elongation Environment 4 1.84 50.25**

Genotype 179 0.03 0.73

Error 710 0.04

Micronaire Environment 4 6.99 61.42**

Genotype 179 0.50 4.42**

Error 710 0.11

*, ** Significances with the probability levels of 0.05 and 0.01,

respectively

Table 4 Correlation coefficients among fiber quality traits in 180 recombinant inbred lines

Length Uniformity Strength Elongation

Uniformity 0.093

Strength 0.610** 0.341**

Elongation -0.281** -0.072 -0.261**

Micronaire -0.497** 0.185* -0.297** -0.133

*, ** Correlation is significant at the probability levels of 0.05 and 0.01, respectively
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Table 5 QTL controlling fiber quality traits identified from the RIL population

Trait QTL Chromosome Environment Nearest marker LOD Additive PVE (%)

Length qFL01.1 01 2011 PGML03082 2.6 ?0.30 6.5

qFL02.1 02 2008 DC20052 2.7 -0.33 6.7

qFL04.1 04 2011 NAU2489 2.5 ?0.28 6.1

qFL06.1 06 2009 NAU3427 2.6 -0.34 6.5

qFL07.1 07 2008 PGML03165b 3.2* -0.36 7.8

2010 NBRI0138 2.9 -0.36 7.2

2012 NBRI0138 5.5* -0.38 13.4

qFL08.1 08 2008 NAU4934 3.3* ?0.37 8.0

2012 NAU3287 2.8 ?0.33 7.0

qFL12.1 12 2008 CGR6149 2.6 -0.33 6.3

qFL14.1 14 2011 PGML04299 3.2* -0.31 8.0

qFL16.1 16 2011 BNL3793 4.4* -0.36 10.6

qFL17.1 17 2008 NBRI1238 3.8* -0.40 9.2

2012 NBRI1238 2.9* -0.27 7.3

qFL19.1 19 2008 PGML03255 2.8 -0.35 6.8

2009 PGML03255 2.6 -0.34 6.5

2010 PGML03255 2.5 -0.34 6.2

qFL22.1 22 2009 PGML00695 2.8 -0.37 7.0

qFL24.1 24 2009 PGML02801 2.7 -0.39 6.8

qFL26.1 26 2011 PGML03833 2.5 ?0.31 6.2

qFL26.2 26 2012 BNL2578 2.7 ?0.31 6.8

Uniformity qFU01.1 01 2011 NAU2437b 2.6 ?0.38 6.5

qFU04.1 04 2012 NBRI1131a 3.4* -0.38 8.5

qFU07.1 07 2010 PGML03165b 2.6 -0.34 6.6

qFU08.1 08 2009 Gh221 3.4* -0.29 8.5

2010 NAU3424 2.5 -0.35 6.3

qFU13.1 13 2010 PGML04893 2.8 -0.38 6.9

qFU15.1 15 2009 PGML03446 4.7* -0.36 11.4

qFU17.1 17 2010 HAU3318 3.6* -0.39 8.9

qFU19.1 19 2011 PGML03255 3.0* ?0.39 7.4

qFU20.1 20 2012 Gh451 2.5 ?0.27 6.3

qFU24.1 24 2008 NAU0999 3.2* ?0.32 7.9

Strength qFS02.1 02 2008 TMB0471 2.5 -0.52 6.1

qFS05.1 05 2008 PGML04051 3.2* -0.60 8.0

2012 PGML04051 2.5 -0.37 6.2

qFS07.1 07 2008 NBRI0144 7.1* -0.91 16.6

2009 DPL0643 11.9* -1.24 26.5

2010 NAU5406 7.7* -0.74 17.9

2011 NBRI0144 3.6* -0.67 8.7

2012 NBRI0762 5.2* -0.58 12.6

qFS11.1 11 2011 NAU1103 3.3* ?0.70 8.1

qFS14.1 14 2009 PGML03577 2.8 -0.67 6.9

2010 NAU1187a 3.6* -0.59 8.9

2011 NAU1187a 3.7* -0.64 9.1

qFS16.1 16 2008 MUSS095 3.8* -0.64 9.2

qFS16.2 16 2011 CGR5828 2.8 -0.72 6.9

qFS18.1 18 2012 PGML03122 2.7 ?0.44 6.7

qFS23.1 23 2012 STV022 2.7 ?0.41 6.7
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evolution (Taylor and Ingvarsson 2003). The percent-

age, degree, origin and genetic effects of segregation

distortion vary significantly with species, population

types, crosses and marker types in plants (Xu et al.

1997). Previous studies considered that higher segre-

gation distortion in RIL population may mainly result

from genetic drift (Zhang et al. 2009), genetic

incompatibility and genome instability (Zhang et al.

2009) and the divergence between species (Paterson

et al. 1988). The segregation distortion ratio in this

study is high and most distorted loci skewed to

Yumian 1 alleles, the same phenomenon was found in

the other studies with Yumian 1 as one parent (Hu

et al. 2008; Zhang et al. 2009), and the results

suggested that Yumian 1 alleles probably played a

critical role in segregation distortion. Considering the

mapping parent Yumian 1 with complicated parentage

(Zhang et al. 2009), we deduce that both the parentage

of parent Yumian 1 and the population type contrib-

uted to the high segregation distortion in the present

study. Similarly, most segregation distortion loci

occurred in clusters, and it is consistent with the result

Table 5 continued

Trait QTL Chromosome Environment Nearest marker LOD Additive PVE (%)

Elongation qFE01.1 01 2011 DPL0526 2.9 -0.07 7.1

qFE07.1 07 2012 NBRI0762 4.5* -0.07 11.1

qFE11.1 11 2011 CER0035 3.2* -0.07 7.8

qFE15.1 15 2010 BNL1454 3.4* ?0.08 8.5

qFE16.1 16 2012 JESPR005 3.2* -0.06 7.9

qFE16.2 16 2011 CGR5828 2.7 ?0.07 6.7

qFE18.1 18 2012 PGML03122 3.5* ?0.06 8.6

qFE22.1 22 2011 PGML03002a 2.6 ?0.06 6.5

qFE24.1 24 2010 HAU3369 2.6 ?0.07 6.4

qFE25.1 25 2008 NBRI0769 2.7 -0.04 4.8

Micronaire qFM05.1 05 2011 CER0060 2.6 ?0.16 6.4

qFM06.1 06 2010 Gh513 2.6 ?0.13 6.4

qFM07.1 07 2008 DPL0403 4.8* ?0.15 11.6

2009 DPL0643 6.5* ?0.17 15.4

2011 DPL0920 3.2* ?0.16 7.7

2012 NBRI0139 3.8* ?0.13 9.4

qFM08.1 08 2008 HAU1865 3.4* -0.13 8.4

2009 HAU1865 3.3* -0.13 8.1

2012 HAU1865 2.9 -0.10 7.4

qFM14.1 14 2011 DPL0405 3.3* ?0.19 8.2

qFM16.1 16 2012 HAU0585a 3.0 -0.11 7.4

qFM16.2 16 2008 NAU3911 2.9 -0.14 7.1

qFM17.1 17 2012 NBRI1238 3.8* ?0.12 9.4

qFM19.1 19 2012 PGML03255 3.0 ?0.11 7.5

qFM20.1 20 2008 NAU6689 3.9* ?0.15 9.6

qFM21.1 21 2012 Gh075 2.5 ?0.10 6.3

qFM22.1 22 2008 PGML01657 2.8 ?0.14 7.0

2011 NAU3868 2.6 ?0.14 6.4

qFM24.1 24 2010 PGML00176 3.3* ?0.11 8.2

qFM26.1 26 2011 BNL2495 3.2* -0.18 7.8

qFM26.2 26 2009 BNL2578 2.9 -0.14 7.3

? indicates that CCRI 35 allele increases the trait value, and - indicates that Yumian 1 allele increases the trait value

PVE phenotypic variance explained

* LOD was larger than the significant LOD threshold calculated by 1,000 permutation tests (P\ 0.05)
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found in the interspecific populations (Reinisch et al.

1994; Lacape et al. 2003; Guo et al. 2007; Zhang et al.

2008; Yu et al. 2011), and the intraspecific populations

(Shen et al. 2005, 2007; Lin et al. 2009; Zhang et al.

2009). These results indicated that genetic hitchhiking

effects commonly occurred in cotton. Furthermore,

many segregation distortion regions were close to or

even overlapping with the QTL intervals and this

phenomenon implies that some relationship exists

between the alleles underlying these QTL and the

alleles causing segregation distortion.

Common or stable QTL across multiple

populations and environments

Due to the most detailed intraspecific genetic map

constructed in the present study, 59 QTL controlling

fiber quality traits were detected. Among these QTL

detected, only 11 QTL were detected in two or more

environments and some QTL with large effects were

detected in merely one environment. The same results

were also found in the other studies (Shen et al. 2007;

Zhang et al. 2009; Zhang et al. 2012), and these results

further proved that environmental factor played an

important role in QTL expression. However, accord-

ing to the common shared markers in the QTL-regions,

16 QTL detected in the present study were identified in

the other populations and these QTL included qFE07.1

(Sun et al. 2012;Wang et al. 2013), qFE15.1 (Sun et al.

2012), qFE24.1 (Shen et al. 2007), qFL07.1 (Sun et al.

2012; Wang et al. 2013), qFL14.1 (Sun et al. 2012),

qFL17.1 (Wang et al. 2013), qFM05.1 (Sun et al.

2012), qFM07.1 (Sun et al. 2012), qFM14.1 (Sun et al.

2012), qFM16.1 (Sun et al. 2012), qFM16.2 (Wang

et al. 2013), qFS02.1 (Wang et al. 2013), qFS07.1 (Sun

et al. 2012; Wang et al. 2013), qFS23.1 (Shen et al.

2007), qFS24.1 (Shen et al. 2007) and qFU07.1 (Sun

et al. 2012). Furthermore, 21 QTL detected in the

present study were also identified in the populations

with the same mapping parents in our previous studies

and these QTL included qFE07.1 (Ni et al. 2011;

Zhang et al. 2012), qFE11.1 (Ni et al. 2011), qFE15.1

(Zhang et al. 2012), qFE24.1 (Zhang et al. 2012),

qFE16.1 (Zhang et al. 2012), qFL01.1 (Ni et al. 2011),

qFL07.1 (Chen et al. 2008; Ni et al. 2011), qFL08.1

(Zhang et al. 2012), qFL12.1 (Zhang et al. 2012),

qFL17.1 (Zhang et al. 2012), qFL19.1 (Zhang et al.

2012), qFL24.1 (Zhang et al. 2012), qFM07.1 (Ni et al.

2011; Zhang et al. 2012), qFM08.1 (Ni et al. 2011),

qFM17.1 (Zhang et al. 2012), qFM24.1 (Zhang et al.

2012), qFS07.1 (Chen et al. 2008; Ni et al. 2011;

Zhang et al. 2012), qFS14.1 (Ni et al. 2011), qFS23.1

(Zhang et al. 2012), qFU07.1 (Zhang et al. 2012) and

qFU24.1 (Zhang et al. 2012). The QTL identified

across multiple environments and populations

revealed that they were important for fiber quality

traits, even though some of them were largely affected

by environmental factors.

Favorable QTL allele origin

In the present study, although the two parents only had

significant difference in fiber strength, there are 22

favorable alleles originated from CCRI 35 and 37

favorable alleles originated from Yumian 1. Mean-

while, cultivar Yumian 1 with high fiber strength had

more favorable fiber strength alleles than cultivar

CCRI 35with lowfiber strength. The same results were

also found in the previous studies (Zhang et al. 2009;

Sun et al. 2012; Zhang et al. 2012; Wang et al. 2013).

Additionally, favorable alleles for fiber elongation and

micronaire were also detected in the populations

developed from the parents that didn’t have significant

difference in these traits (Shen et al. 2005; Sun et al.

2012). These results confirmed that different cultivars

comprised of different favorable alleles for the same

traits at different position on the genome.

QTL-rich regions

The phenomenon of QTL-rich regions for at least three

fiber traits was observed on Chr07, Chr08, Chr17,

Chr19 and Chr24, and the similar result was also

reported in the previous studies (Paterson et al. 2003;

Zhang et al. 2009; Sun et al. 2012; Zhang et al. 2012;

Yu et al. 2013). These regions were also near or within

the QTL hotspots (Rong et al. 2007; Said et al.

2013).The recent study found that large numbers of

coordinately regulated genes existed near ‘hotspots’

for cotton fiber QTL (Paterson et al. 2012), and this

discovery seems to imply that the QTL-rich regions

maybe result from the closely-linked alleles. How-

ever, we couldn’t exclude the possibility that these

QTL-rich regions are contributed by pleiotropic

alleles, especially for those QTL with overlapping

intervals to date.

In conclusion, the genetic map constructed in the

present study is the most detailed upland cotton
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intraspecific map based on SSR markers to date. It

generally reveals the upland cotton genome structure

and could be used to construct detailed consensus map

or as reference genetic map for tetraploid cotton

genome assembly. The large number of QTL detected

and their distribution on entire genome indicated that

regulation of cotton fiber quality traits were compli-

cated with genetic and environmental factors. Stable

QTL, especially the qFS07.1 and qFS14.1, reflect

some important and favorable alleles shaping fiber

strength, and they could be the candidate alleles for

MAS breeding projects as well as for gene function

research to reveal the molecular regulation mechanism

of fiber strength.
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