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Summary
Xinjiang has been the largest and highest yield cotton production region not only in China, but

also in the world. Improvements in Upland cotton cultivars in Xinjiang have occurred via pedigree

selection and/or crossing of elite alleles from the former Soviet Union and other cotton producing

regions of China. But it is unclear how genomic constitutions from foundation parents have been

selected and inherited. Here, we deep-sequenced seven historic foundation parents, comprising

four cultivars introduced from the former Soviet Union (108Ф, C1470, 611Б and KK1543) and

three from United States and Africa (DPL15, STV2B and UGDM), and re-sequenced sixty-nine

Xinjiang modern cultivars. Phylogenetic analysis of more than 2 million high-quality single

nucleotide polymorphisms allowed their classification two groups, suggesting that Xinjiang

Upland cotton cultivars were not only spawned from 108Ф, C1470, 611Б and KK1543, but also

had a close kinship with DPL15, STV2B and UGDM. Notably, identity-by-descent (IBD) tracking

demonstrated that the former Soviet Union cultivars have made a huge contribution to modern

cultivar improvement in Xinjiang. A total of 156 selective sweeps were identified. Among them,

apoptosis-antagonizing transcription factor gene (GhAATF1) and mitochondrial transcription

termination factor family protein gene (GhmTERF1) were highly involved in the determination of

lint percentage. Additionally, the auxin response factor gene (GhARF3) located in inherited IBD

segments from 108Ф and 611Б was highly correlated with fibre quality. These results provide an

insight into the genomics of artificial selection for improving cotton production and facilitate

next-generation precision breeding of cotton and other crops.

Introduction

By 2050, there will be approximately 9 billion people on the

planet (Gerland et al., 2014). Plant breeding will play an

important role in feeding this huge population and in dealing

with challenges such as climate change, annual reductions and

urbanization of arable land (Ritchie et al., 2018). Phenotype-

based selection by independent and local people 10–12 thousand

years ago resulted in the dramatic phenotypic changes eventually

seen in modern crops (Doebley et al., 2006; Meyer et al., 2012).

As Mendelian and quantitative genetics theories were developed

in the late nineteenth and early twentieth centuries, breeders

could exploit family relationships and estimate breeding values

accurately (Wallace et al., 2018). As early as the 1990s, molecular

markers and genomic data were implemented in the selection of

better lines and were used to complement phenotypic data in

plant breeding (Tanksley et al., 1989). Genome-wide association

mapping has successfully identified quantitative trait loci (QTL) for

relative traits, leading to genomic prediction approaches, which

have become common practice in the comparison and selection

of the best individuals for complex traits (Bevan et al., 2017;

Heslot et al., 2015; Meuwissen et al., 2001). Nowadays, we can

integrate genotype and phenotype data efficiently to identify

causal genetic features that breeders can select and use to

perform biological interventions (Ramstein et al., 2018; Wallace

et al., 2018). Next-generation sequencing (NGS) technologies

have facilitated the wide availability of genome sequence

assemblies, the resequencing of several hundred lines, the

development of high-density genetic maps, a range of marker

genotyping platforms and the identification of markers associated

with agronomic traits (Varshney et al., 2019).

Hybridizations between elite cultivars with desirable traits and

intensive artificial selection pressures are essential for the devel-

opment of new cultivars. These selection pressures have con-

stricted genetic variation in local populations, so more desirable

genes have accumulated in the most recently established cultivars.

These cultivars exhibit phenotypes commensurate with important

traits (Shinada et al., 2014), as exemplified in the development of

Kitaake, Kyowa and Huanghuazhan in rice (Shinada et al., 2014;

Zhou et al., 2016), B73, Mo17, etc. in maize (Lai et al., 2010;

Smith et al., 2004; Wu et al., 2016), and Ekangmian 9 and CRI12

in cotton (Lu et al., 2018; Ma et al., 2018). Moreover, identity-by-

descent (IBD) regions have been demonstrated to be powerful in

relatedness evaluation and mapping of genetic loci associated
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with phenotypic variations in many studies (Browning and

Browning, 2010; Browning and Thompson, 2012; Stevens et al.,

2011; Westerlind et al., 2015) . The shift in genomic structure and

the history of the genetic architecture of Huanghuazhan have

been analysed, and the major effectual genomic regions were

pinpointed to traceable genomic regions (Chen et al., 2017; Zhou

et al., 2016). In addition, Fang et al. (2017a) used IBD detection to

show that the genetic contributions of Deltapline 15 (DPL15),

Stoneville 2B (STV2B) and Uganda cotton (UGDM) to seven widely

grown cultivars in China were approximately 14.19%, 10.45%

and 4.19%, respectively. This suggests that these three cultivars

are very important in Chinese cotton breeding (Fang et al., 2017a,

2017b).

The Xinjiang Uygur autonomous region is the largest cotton-

growing region in the world. In Xinjiang, the cotton planting area

spans more than 2.54 million hectares and produced 5.00 million

tons of cotton lint in 2019, approximately accounting for 76.08%

of the cotton planting area and 84.94% in China (http://www.sta

ts.gov.cn) and ~19% in the world of cotton production. This

suggests that Xinjiang is not only an essential cotton industry base

in China, but also plays an irreplaceable role in the world’s cotton

industry. The history of Xinjiang Upland cotton cultivars is

complex. They have been developed by integrating elite alleles

from the former Soviet Union, the United States and Uganda in

Africa (Figures S1 and S2) (Abdullaev et al., 2013; Bowman et al.,

2006; Huang, 1996; Tian et al., 2016). There is no genome-wide

account of the history of cotton breeding in Xinjiang, and the IBD

segments from the formation of the accessions and their relevant

functions remain largely uncharacterized. Thus, we deep-se-

quenced seven historical and representative foundation parents,

108Ф, 611Б, C1470 and KK1543, which were introduced from

the former Soviet Union and played a vital role in the early 1960s

in Xinjiang, and three other landraces or cultivars—DPL15 and

STV2B from the United States and UGDM from Uganda, which

have significantly influenced modern cultivar improvement in

Yangtze River and Yellow River cotton-growing regions in China.

Then, sixty-nine Xinjiang modern varieties developed between

1969 and 2013 were re-sequenced to allow an in-depth analysis

of genomic variation and selection segments in order to provide

genome-wide level insights into the development of modern

cultivars from the given foundation parents, to shed light on the

genetic mechanism of artificial selection during cotton breeding

in Xinjiang, and to facilitate next-generation precision breeding of

cotton and other crops.

Results

Cultivar improvement over the cotton breeding process
in Xinjiang

Seven foundation parents that were introduced to Xinjiang in the

1960s, and sixty-nine modern cultivars bred between 1969 and

2013, were analysed to identify genomic signatures of breeding

in Xinjiang. Nine fibre quality and yield-related traits of these 76

accessions including seven founder landraces (DPL15, STV2B,

UGDM, 108Ф, C1470, 611Б and KK1543) were measured in the

northern (Shihezi) and the southern (Korla) regions in Xinjiang to

investigate the yield and fibre quality improvements between

these foundation parents and modern cultivars. These traits

comprised yield traits such as boll weight (BW), boll number (BN),

fruit branch number (FBN) and lint percentage (LP), and fibre

qualities such as fibre elongation (FE), length (FL), micronaire

(FM), strength (FS) and uniformity (FU; Figure S3). Their field

performances in yield and fibre qualities were mostly consistent

with their original recording (Huang, 1996; Tian et al., 2016). Line

charts (Figure S4) revealed that all traits were simultaneously

improved over the years as expected, with the exception of fibre

fineness. Among these traits, LP was much higher in modern

cultivars (more than 40%) than that in foundation parents

(around 37%; Figure S4c), indicating that LP has been selected as

a major target during cotton improvement in Xinjiang. BW was

only slightly improved from about 5.31 to 5.77 g (Figure S4d) and

fibre length was increased to 28.90 mm (Figure S4f), and

strength to 31.20 cN/tex (Figure S4h), suggesting that lint yield

and fibre quality had been improved gradually in Xinjiang.

Genomic variations and population structure

In order to explore genetic variations and genetic patterns that

arose during cotton breeding, a total of 630 Gb of clean data

with an average depth of 54.33-fold were made available

through whole-genome resequencing of seven foundation par-

ents. Of them, 99.29% of the reads were mapped to our newly

assembled reference genome in Gossypium hirsutum acc. TM-1

(Hu et al., 2019), and 98.31% of the genome was covered by

their reads. We further obtained 1.19 Tb of clean data for the

other 69 cultivars, which covered 97.53% of the TM-1 genome,

with an average 10.65-fold depth and 94.74% mapping rate

(Table S1).

We incorporated and filtered several single nucleotide poly-

morphisms (SNPs) for each sample. Ultimately, 2 395 681 SNPs

met the rough filter standards (see Experimental procedures) and

were used to investigate phylogenetic relationships. Of them, 26

SNPs were randomly selected for polymerase chain reaction

(PCR)-based sequencing in 10 accessions and we found that the

accuracy was 94.12% (Table S11). Therefore, the quality of SNP

calling was considered reliable for further analysis. Of 2 395 681

SNPs, 45 511 (1.90% of the total) were located within protein-

coding genes, 157 067 (6.56%) were located in upstream or

downstream regions, and the remaining 2 080 375 (86.84%)

SNPs were located in intergenic regions. In the coding regions, we

annotated 28 654 (1.20% of the total, 62.96% of the CDs)

nonsynonymous, 187 splicing, 174 stop-loss and 605 stop-gain

SNPs that caused amino acid changes, elongated transcripts or

caused premature stopping (Figure 1a).

Cross-validation of the K (the number of populations modelled)

test with figures ranging from 1 to 10 suggested that K = 2 was a

sensible modelling choice (Figure S5). Combined with the

neighbour-joining (NJ) tree (Figure 1b), population structure

(Figure 1c) and principal component analysis (Figure 1d,

Figure 1 Single nucleotide polymorphisms (SNPs) annotation, phylogenetic tree, genetic structure and principal component analysis (PCA) of the 76

accessions. (a) Summary of SNP annotation. The upper pie chart shows the distribution of SNPs, while the lower pie chart shows the detailed distribution of

SNPs in gene coding regions. (b) Phylogenetic analysis of 76 accessions. The neighbour-joining tree was constructed using whole-genome SNP data. The

cotton samples were divided into clade 1 (orange) and clade 2 (green). (c) Population structure analysis of all accessions. The accessions were divided into 2

groups when K = 2. The y-axis quantifies cluster membership, and the x-axis represents the different accessions. (d) PCA plot of the first three components.

The left plot shows PC1 and PC2, and the right shows PC1 and PC3. Group 1 and group 2 are orange and green, respectively.
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Table S2), these accessions could be divided into two groups:

group 1 (n = 44) contained more Xinluzao cultivars (28, 40.58%)

together with DPL15, STV2B, UGDM and 611Б, and group 2

(n = 32) contained slightly more Xinluzhong cultivars (16,

23.19%) than the Xinluzao (13, 18.84%), together with the

former Soviet Union cultivars: 108Ф, C1470 and KK1543

(Figure 1b–d). These findings are consistent with the breeding

history or cultivar pedigree in Xinjiang (Tian et al., 2016). 611Б is

generally used in the northern part of Xinjiang to develop short

season cultivars, whereas 108Ф and C1470 have been generally

used in the southern part of the Xinjiang to develop middle

season cotton cultivars. As an early maturation landrace, KK1543

has been used in both regions, which may be the reason that it is

not as easy to completely classify these cultivars.

Genomic signatures of improvement in yield and fibre
quality

To identify potential selective signatures during cotton cultivar

improvement in Xinjiang, we scanned genomic regions using

fixation index value (Fst) and nucleotide diversity (p) methods

(Figure 2). The potential selective signals during the improvement

were analysed using whole-genome polymorphisms from the

foundation parents to modern improved cultivars. The Fst values

between the foundation parents and modern improved cultivars

were 0.0271 and 0.0306 for the A sub-genome and 0.0236 for

the D sub-genome, respectively. The nucleotide diversity levels of

the foundation parents (pparents = 8.91E-05) were a little higher

than that of the modern varieties (pcultivars = 8.04E-05), indicating

that the modern improved cultivars were influenced by a modest

artificial selection pressure during the cotton cultivar improve-

ment in Xinjiang, which led to low genetic diversity.

We detected 156 improvement-selective sweeps covering

23.86 Mb of the whole genome through comparisons of

whole-genome genetic diversities in the seven parents and 69

modern cultivars, with a top 5% genetic diversity cut-off (top 5%

Fst ≥ 0.09157, or pparents/pcultivars ≥ 3.5721; Table S3). Of them,

118 selective regions covering 16.32 Mb were located in the A

sub-genome and much higher than the 38 sweeps covering

7.54 Mb located in the D sub-genome, further suggesting that

the A sub-genome is more important in modern cotton

improvement in yield and fibre quality (Fang et al., 2017a).

Interestingly, we found that 242 QTLs identified by linkage

mapping in previous reports overlapped with these 123 improve-

ment-selective sweeps (Table S4). For instance, a selective sweep

at A07:12.88–12.98Mb overlapped with a QTL hot spot region

comprising five QTLs for BW, fibre strength and length, confirm-

ing that these regions have been artificially selected during cotton

cultivar improvement in Xinjiang, China.

Identification of candidate improvement-selective genes

Within the identified improvement-selective sweeps, 318 candi-

date genes, 237 in the A sub-genome and 81 in the D sub-

genome, respectively, were identified (Table S5), indicating that

these genes have undergone artificial selection during the Upland

cotton improvement in Xinjiang. We exploited the expression

profiling data from RNA-seq and functional annotation of the

orthologues in Arabidopsis to determine whether the candidate

selective genes are likely associated with lint yield, fibre quality or

stress tolerance (Table S5, Figure S6). The expression patterns of

318 improvement-selective genes were analysed in root, stem,

leaf and fibre tissues from three stages of fibre development, and

found that a number of genes may play vital roles in fibre

development (Figure S6). For instance, the expression levels of

Gh_A13G0335, which encodes a leucine-rich repeat protein

kinase, were higher during the fibre initiation and elongation

stages than in the secondary-wall-synthesis stage, and the ATP

binding of this protein has been reported to be related to fibre

length and strength (Zhang et al., 2015). Gh_A08G0422, which

encodes UDP-glucose pyrophosphorylase 1, was found to be

highly expressed during fibre development and may be involved

in cell wall biosynthesis, a pathway that has been proved to be

particularly important for fibre quality (Zhang et al., 2015).

Gh_A05G1951 was expressed at high levels in 15, 20 and 25 DPA

fibres, and Gh_A08G1220 was expressed dynamically in all

tissues. Both genes encode C2H2 zinc finger proteins. Two NAC

transcription factors, Gh_A05G1960 and Gh_A05G2474, were

down-regulated in all three fibre development stages. Together,

these data suggest these genes may contribute to fibre quality

improvement.

We also investigated the expression levels of improvement-

selective genes after stress treatments, comprising heat, cold, salt

and drought, to study their involvement to stress responses

(Figure S6). Gh_A02G0993, a protein kinase, was expressed at

high levels 1 and 3 h after heat, 3 and 24 h after cold, 1 and 12 h

after salt and 1, 3 and 6 h after drought stress, suggesting that it

may be related to all stress tolerances. Gh_A05G1960, which

encodes a NAC transcription factor, had significantly higher

expression levels at each hour following heat treatment, at 12

and 24 h after cold, at 1 and 12 h after salt and 1, 3 and 6 h after

drought stress. Moreover, Gh_A05G1954, which encodes a

protein phosphatase 2C family protein, Gh_A08G0826, an

indole-3-acetic acid-induced ARG2, and Gh_A13G0346 bHLH, a

transcription factor protein, were also found to be highly

expressed at each hour post-stress treatment. Taken together,

these results suggest that the 318 candidate improvement-

selective genes play important roles not only in fibre quality

improvement and increases in lint yield, but also in stress-related

responses. This indicates that they are worth researching further.

We then focused on 31 nonsynonymous genes (27 in the A

sub-genome and 4 in the D sub-genome). With these genes, we

integrated RNA-seq data, carried out gene-based association

analysis and annotation of each gene to study their functions in

lint yield and fibre quality (Figure 3; Figure S6). Interestingly, we

identified two candidate improvement-selective genes responsi-

ble for increasing LP and lint yield. One improvement-selective

sweep, ranging from 3.8 to 4.0 Mb on chr.A13, where Fst and

pparents/pcultivars were significantly higher than the top 5%

genetic diversity cut-off values, contained two candidate genes,

Gh_A13G0332 and Gh_A13G0336 (Figure 3a). Gh_A13G0332,

an orthologous gene to AT5G61330 in Arabidopsis, encodes

apoptosis-antagonizing transcription factor (AATF) and was

designated as GhAATF1. It has been reported that AATF genes

play important roles in the regulation of gene transcription and

cell proliferation (Haanpaa et al., 2009; Sharma, 2013). The

GhAATF1 protein contains the AATF (PF13339) domain from

amino acid 118 to 252 at the N-terminal and the AATF

(PF08164) domain from 331 to 406 amino acid in the C-

terminal. GhAATF1 contained a nonsynonymous SNP

(A13:3842189: T/C) in the conserved domain at the 14bp

position, resulting in an amino acid change from leucine to

serine (Figure 3b). Haplotype analysis revealed that the acces-

sions carrying the CC allele had significantly higher LP than

those with the TT allele under two different environmental

conditions (Figure 3c; P = 0.0061 in KRL and P = 0.04 in SHZ;
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Figure S7). The GhAATF1 gene was dominantly expressed

during the early fibre development, especially in the 3, 5 and

10 DPA in ovules and fibres, indicating its important role in lint

yield (Figure 3d). Another gene, Gh_A13G0336, which encodes

a mitochondrial transcription termination factor family protein,

designated as GhmTERF1, is orthologous to AT2G21710 in

Arabidopsis. GhmTERF1 contains an mTERF domain (PF02536)

from amino acid 293 to 600. The nonsynonymous SNP

(A13:3968673: A/C) occurred at the 28bp position in the exon

regions, resulting in an amino acid change from asparagine to

histidine (Figure 3b). AtmTERF genes in Arabidopsis are related

to seedling growth and embryo development (Babiychuk et al.,

2011; Meskauskiene et al., 2009). The haplotypes (AA and CC)

had positive phenotypic effects on the LP in two environments

(P = 0.015 in KRL and P = 0.0039 in SHZ, respectively; Figure 3c,

Figure S7). The expression of GhmTERF1 was higher at the early

fibre development and elongation stages (Figure 3d). Therefore,

GhAATF1 and GhmTERF1, with two nonsynonymous SNPs, are

likely the most important genes involved in LP and lint yield

increases in Xinjiang.
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Variations and transmission of elite alleles to improve
lint yield and fibre quality

To evaluate the contributions of various foundation parents to the

current cultivars during historical cotton improvement in Xinjiang,

we analysed the IBD segments between seven foundation parents

and modern cultivars. Based on the numerous whole-genome

SNPs described above, a total of 10 385 IBD segments including

6122 segments located in the A sub-genome, and 4263 located

in the D sub-genome, were identified (Figure 4, Figure S8,

Table S6). Among them, 1623 (15.63%) IBD segments were

inherited from C1470; 1528 (14.71%) from 108Ф; 1509

(14.53%) from KK1543; 1262 (12.15%) from DPL15; 1202

(11.57%) from STV2B; 1175 (11.31%) from UGDM; 1045

(10.06%) and from 611Б. In total, 5705 (54.93%) IBD segments

were inherited from the former Soviet Union (C1470, 108Ф,

KK1543 and 611Б), and 3639 (35.04%) were from America

(DPL15 and STV2B) or Africa (UGDM). Therefore, in terms of

quantity of IBD segments, it is obvious that modern cultivars in

Xinjiang are closer to the introduced former Soviet Union

varieties.

Furthermore, of 10 385 IBD segments, 984 existed in more

than two current cultivars (Table S7), suggesting they may be very

important in improving lint yield and fibre qualities since they are

selected and maintained in breeding. There were 1041 IBD

regions (10.02%) that came from two or more foundation

parents, suggesting their origin in American cotton and therefore

the narrow kinship background of Xinjiang Upland cotton

populations (Table S6, Table S7). For instance, apart from the

IBD regions inherited from seven foundation parents in Xinluzao

1, two IBD segments, respectively, located on chr.A12, from

14 323 879 to 14 649 871 bp, and chr.D09, from 19 077 842

to 19 400 618, in Xinluzao 1 were inherited simultaneously from

108Ф and DPL15. In addition, one IBD segment inherited from

108Ф/611Б/KK1543 was located on chr.D01, from 42 914 274

to 42 992 363 in Xinluzao 1. Moreover, several IBD segments

were inherited from more than two foundation parents. For

example, we identified 108Ф/DPL15/STV2B, 108Ф/KK1543,

108Ф/KK1543/STV2B, 108Ф/STV2B, 108Ф/UGDM, 611Б/DPL15/
STV2B, 611Б/KK1543, DPL15/STV2B, DPL15/UGDM, KK1543/

UGDM, C1470/UGDM and STV2B/UGDM IBD segments in

Xinluzao 1 (Table S6, Table S7), which may be because all seven

foundation parents were inherited from American cotton lan-

draces, such as King, Cook, Lone star, Delfos and Dixie Triumph.

This suggests these IBD regions are very important for lint yield

and fibre quality improvement in American cotton improvement,

so they have been selected and almost fixed during cotton cultivar

improvement (Figure S2).

By calculating the percentage of the length of each chromo-

some that comprises IBD fragments, the genetic constitutions of

0.00

0.05

0.10

0.15

0.20

Fs
t

3.7 3.8 3.9 4.0 4.1 4.2

2.00

3.00

4.00

3.7 3.8 3.9 4.0 4.1 4.2

π pa
re

nt
s/π

cu
lti

va
rs

/ Mb

/ Mb

0

10

20

30

FP
KM

Gh_A13G0332

Roo
t

Ste
m

Le
af

-3 
DPA

0 D
PA

1 D
PA

3 D
PA

5 D
PA

10
 D

PA

15
 D

PA

20
 D

PA

25
 D

PA

10
 D

PA

15
 D

PA

20
 D

PA

25
 D

PA

Ovule Fibre

Gene

Protein

Gh_A13G0336

TGA

Asn

His

CCTCCCTCTCTCAACCTCCAC

CCTCCCTCTCTCCACCTCCAC

0 100 200 300 400 500 600 643

mitochondrial transcription termination factor (mTERF)
(pfam:PF02536)

TAA

ATGGGGTTATATTTGAAACGT
Leu

Ser
ATGGGGTTATATTCGAAACGT

0 100 200 300 400

Apoptosis-antagonizing transcription factor(AATF),
N-terminal (pfam:PF13339)

AATF,C-ternamial,
(pfam:PF08164)

411

Gene

Protein

Gh_A13G0332

Exon Intron

(a)

(b)

(c)

GhAATF1

GhmTERF1

** 0.0082)

32.0

36.0

40.0

44.0

CC TT

LP
_m

ea
n

CC (n  = 53)

TT ( n = 5)

/ %

32.0

36.0

40.0

44.0

AA CC

LP
_m

ea
n

AA (n = 8)

CC ( n = 49)

**(p = 0.0063)

(d)

Ovule bearing Fibre

/ %

Gh_A13G0332 Gh_A13G0336

0

1

2

3

4

FP
KM

Gh_A13G0336
Roo

t

St
em

Le
af

-3 
DPA

0 D
PA

1 D
PA

3 D
PA

5 D
PA

10
 D

PA

15
 D

PA

20
 D

PA

25
 D

PA

10
 D

PA

15
 D

PA

20
 D

PA

25
 D

PA

Ovule FibreOvule bearing Fibre
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each modern cultivar derived from the seven foundation parents

were variable (Figure 4a). The maximum percentage of IBD

segments inherited from 108Ф was 16.87%, found in Xin-

luzhong 22, and the minimum 1.83%, in Xinluzhong 18; from

C1470, the maximum was 22.40%, in Xinluzhong 8, and the

minimum 1.05%, in Xinluzao 42; from KK1543, the maximum

was 19.13%, in Xinluzao 41, and the minimum 0.98%, in

Xinluzhong 18; and from 611Б, the maximum was 10.42%, in

Xinluzao 6, and 0.63%, in Xinluzhong 1. The maximum

percentages of IBD segments inherited from STV2B, DPL15 and

UGDM, at 15.35%, 18.05% and 15.85%, respectively, were all

located in Xinluzao 58, and the minimums, which were 0.46%,

0.41% and 0.69%, respectively, were all in Xinluzhong 31. The

genetic contribution of the seven foundation parents to Xinluzao

58 totalled 81.28%: 18.05% from DPL15, 15.85% from UGDM,

15.35% from STV2B, 10.37% from 611Б, 9.34% from 108 Ф,

8.42% from KK1543 and 3.90% from C1470. The lowest

contribution of the foundation parents was in Xinluzao 7, with

only 15.57% in total derived from C1470 (4.63%), 108 Ф
(3.71%), KK1543 (2.43%), DPL15 (1.59%), 611Б (1.51%),

UGDM (1.20%) and STV2B (0.50%).

According to Xinjiang cultivar pedigree (Figure S2), Xinluzao 8

was selected as one of the parents from Xinluzao 1, which was

derived from 611Б previously; Xinluzao 35 from KK1543; and

Xinluzhong 28 from DPL 15 originally. Thus, we found that the

highest percentages of IBD segments were in Xinluzao 8 (5.08%),

which were inherited from 611Б, in Xinluzao 35 (8.74%),

inherited from KK1543, and in Xinluzhong 28 (9.48%), inherited

from DPL15 (Figure 4a). These were consistent with their

pedigrees.

The average genetic constitutions of the modern cultivars in

Xinjiang were calculated. The mean coverage percentages

derived from C1470, 108Ф, KK1543, DPL15, UGDM, STV2B

and 611Б were approximately 6.851%, 6.847%, 6.719%,

6.080%, 5.969%, 5.583% and 4.887%, respectively. Conse-

quently, it is clear that foundation parents introduced from the

former Soviet Union (total coverage percentage: 25.31%) played

more important roles than those introduced directly from

America and Africa (total coverage percentage: 17.63%) in

modern Xinjiang cultivars. This is consistent with the breeding

history in this region, where breeders introduced these former

Soviet Union cotton varieties to improve cotton adaptation and

yield in Xinjiang in the 1960s (Figure 4b). For instance, 55.62% of

IBD regions of Xinluzao 41 were inherited from the former Soviet

Union cultivars (19.13% from KK1543, 16.73% from 108Ф,

12.22% from C1470 and 7.54% from 611Б), while only 16.81%
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Figure 4 Distribution of modern cultivar identity-

by-descents (IBDs) inherited from foundation

parents. (a) Distribution of sixty-nine modern

cultivar IBDs inherited from seven foundation

parents. The genetic constitutions of these sixty-

nine cultivars were identified from 108Ф, 611Б,
DPL15, KK1543, C1470, STV2B and UGDM.

Different colours represent different parents, and

the corresponding colour of each parent is noted

on the legend (top right). (b) The contribution of

various genetic pools from different areas (the

former Soviet Union and America or Africa) in

modern cultivars.
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IBD segments were from America or Africa (6.87% from STV2B,

6.02% from DPL15 and 3.92% from UGDM). Similar results were

shown in Xinluzhong 8, in which 53.14% of IBD segments were

inherited from the former Soviet Union accessions (22.40% from

C1470, 15.39% from KK1543, 11.27% from 108Ф and 4.07%

from 611Б) and 13.37% came from American or African cultivars

(5.47% from STV2B, 4.16% from DPL15 and 3.74% from

UGDM). Naturally, according to the genetic structure (Figure 1),

the average coverage of America and Uganda foundation parents

in group 1 (22.88%) was much greater than that in group 2

(10.39%), while the average coverage of the former Soviet Union

foundation parents in group 1 (21.14%) was less than that in

group 2 (31.06%). This goes some way to explain why group 2

members were more closely related to the former Soviet Union

accessions, while group 1 members were closer to DPL15, STV2B

and UGDM.

Candidate genes to increase lint yield and improve fibre
quality in IBD segments

The IBD segments involved in the artificial selection sweeps were

analysed. A total of 192 unique IBD regions (143 in the A sub-

genome and 49 in the D sub-genome), including 1174 genes

were selected (Table S9, Table S10). Among these genes, 93 (61

in the A and 32 in the D sub-genomes) contained nonsynony-

mous, stop-gain or stop-loss SNP mutations. When the annota-

tion and expression profiles of these genes in different tissues and

different stress treatment were integrated, we found that several

genes may be involved in fibre development or tolerance

response (Figure S9). For instance, Gh_A08G0167, which

encodes a serine/threonine kinase protein, showed high expres-

sion levels at 3DPA and 5DPA ovule bearing fibres, at 15DPA

fibres and at 15DPA ovules, while Gh_A10G0619, which encodes

a DOF zinc finger protein, showed low expression levels in each

fibre development stage, but high expression 1 and 12 h post-

heat treatment, and 12 and 24 h post-cold treatment. Moreover,

Gh_D01G1996, which encodes a bZIP transcription factor family

protein, showed high expression levels at �3 and 1DPA ovule

bearing fibres, at 10, 15 and 25DPA ovules, and at 20DPA fibres,

suggesting that it functions in fibre initiation. This gene was also

highly expressed each hour post-heat treatment, 1 and 12 h post-

salt treatment, and 6 and 12 h post-drought treatment, indicat-

ing that it is also involved in stress tolerance.

Most importantly, we identified a major gene, Gh_A10G0304,

which encodes auxin response factor 3 (GhARF3) and is homol-

ogous to AT2G33860 in Arabidopsis. Gene-based association or

haplotype analysis and transcriptomic data revealed that this gene

may be responsible for fibre quality improvement in terms of both

fibre length and fibre strength. Gene-based association showed

that a nonsynonymous SNP from T to A occurred at 1487 bp in

the CDS of GhARF3, which resulted in an amino acid change

from isoleucine to asparagine (Figure 5a). The expression of

GhARF3 was expressed at high level at �3 DPA and 0 DPA ovule

bearing fibres and at 10 DPA and 15DPA ovules (Figure 5b). This

was significantly associated with fibre length and strength in two

environments (FL: P = 0.0035, FS: P = 0.033; Figure 5c, Fig-

ure S10). It has been reported that ARF genes can affect fibre cell

initiation and fibre development (Sun et al., 2015; Xiao et al.,

2018). GhARF3 was found to be located in the Xinluzao 13 IBD

segment from 2 403 609 to 2 951 829 on chr.A10, which was

inherited from 108Ф, and in the Xinluzao 35 IBD region from

1 198 185 to 2 888 834 on chr.A10, which was inherited from

611Б. Therefore, this gene was pedigree-selected from the

former Soviet Union foundation parents.

Discussion

Genomic signatures of lint yield and fibre quality
improvement in Upland cotton in Xinjiang

With the development of sequencing technology and molecular

methods, we are embracing a new era of crop breeding. It is

becoming easier to dissect the artificial selection processes and

the constitution of cultivars, and these have been proven to be

an effective strategy for driving genomic adaption and for

revealing dynamic changes in traits to improve crop breeding. In

this study, we re-sequenced seven foundation parent cultivars

and sixty-nine modern cultivars in Xinjiang to analyse genomic

variations and selection segments via whole-genome resequenc-

ing technology. Based on a group of SNPs, a number of

improvement-selective sweeps involving a string of causal genes

and IBD segments inherited from foundation parents have been

identified, laying a foundation for germplasm resource analysis

and breeding by design in the future. In recent years, an

abundance studies have been performed to trace IBD segments

and exploit key trait regions during the breeding process

following their well-defined genetic paths (Chen et al., 2017;

Fang et al., 2017a, 2017b; Lai et al., 2010; Lu et al., 2018; Ma

et al., 2018; Wu et al., 2016). Based on more than 2 million

SNPs, the Xinjiang cotton population could be divided into two

groups (Figure 1), preliminarily indicating that Upland cotton

populations in Xinjiang were not only spawned from DPL15,

STV2B and UGDM, which are the original germplasms used for

modern Upland cotton breeding in Yangtze River and Yellow

River cotton-growing regions in China (Fang et al., 2017a,

2017b), but also have a close kinship with the former Soviet

Union cotton landraces. For the first time, we report here that

the genetic constitution of the Xinjiang cotton population is

more similar to the former Soviet Union landraces by collecting

data on the quality and coverage of IBD segments, thus providing

evidence at the genomic level that Upland cotton breeding in

Xinjiang originated from former Soviet Union cultivars (Figure 4,

Figures S1 and S2, Table S6). The genetic constitution of modern

cultivars in Xinjiang is more similar to C1470 (6.851%), 108Ф
(6.847%), KK1543 (6.719%) and 611Б (4.887%) than DPL15

(6.080%), UGDM (5.969%) and STV2B (5.583%), suggesting

that the background of modern Upland cotton cultivars in

Xinjiang is intricate, and this is consistent with the breeding

history in Xinjiang, which suggests that modern Upland cotton

cultivars were mainly inherited from former Soviet Union

accessions, but also from American and African cultivars (Figures

S1 and S2). More elite alleles integrated from multiple American

cotton landraces are likely responsible for the development of

high lint yield cultivars in Xinjiang. Such a strong genetic

background and the integration of elite alleles from distinct

cotton landraces explain why cotton production in Xinjiang is

significantly higher than that of other cotton planting areas or

countries. This is likely one of the reasons that cotton production

in China has recently moved to the inland region of northwest

China, majorly in Xinjiang. In addition, it is foreseeable that

cotton production in Xinjiang will be responsible for further

improvements in lint yield and fibre quality.
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Lint percentage plays an essential role in Xinjiang cotton
production

Artificial selection signatures have offered a potentially powerful

approach for identifying improvement-related regions and can-

didate genes. The Fst between the foundation parents and

modern cultivars was 0.0271, which is much lower than that

between the G. hirsutum races and the cultivars (Fst = 0.10)

(Fang et al., 2017a), and lower than that for maize (Fst = 0.14)

(Jiao et al., 2012) and hexaploid wheat (Fst = 0.15) (Cavanagh

et al., 2013). It is, however, slightly higher than that for sesame

(Fst = 0.02) (Wei et al., 2015). These data, combined with the

values for nucleotide diversity between foundation parents and

modern cultivars, suggest that modern cultivars have undergone

chronic artificial selection during Upland cotton improvement in

Xinjiang.

Selective sweep analysis has been widely used to identify

putative domestication or improvement events in crops (Lin et al.,

2014; Wang et al., 2017). Only genomic regions from collateral

cultivars bred can be reserved in offspring varieties. In total, 156

selective sweeps were identified in our populations (Table S3),

118 in the A sub-genome and 38 in the D sub-genome, further

demonstrating that the A sub-genome contributed more to

cotton yield and fibre quality improvement than the D sub-

genome (Zhang et al., 2015).

An increase in yield has always been a fundamental breeding

goal. By measuring nine traits of the accessions in two locations

and comparing foundation parents with modern cultivars, the lint

yield and fibre quality of Upland cotton in Xinjiang were found to

be chronologically improved. Of them, LP was the fastest

increased phenotype (Figure S4), which is consistent with the

breeding practice in China. LP is a relative value obtained from

the lint weight divided by seed cotton weight, which includes the

seed weight and lint weight. So, theoretically, the higher the LP,

the higher the lint yield. Therefore, the price of seed cotton

harvested is always related to its LP in China. For this reason,

much attention has always been paid to increases in LP in Chinese

cotton breeding.

The candidate genes involved in artificial selection
increased lint yield and improved fibre quality

We identified 318 candidate genes, including 31 genes with

nonsynonymous SNPs that had undergone artificial selection, and

93 genes with nonsynonymous SNPs located in IBD segments.

According to annotation and RNA-seq expression profiling data,

several candidate genes were associated with fibre development

or stress-related responses, including protein kinase family genes,

transcription factors and UDP-glucose-related genes (Figures S6

and S9). These candidate genes were entered into a database and

lay a solid foundation for the further exploration of the roles of

these genes in fibre quality improvement or stress tolerance.

Lint percentage is a complex quantitative trait, related to both

seed size and lint yield, and is regulated by multiple genes (Wang

et al., 2017). We identified two candidate genes, GhAATF1 and

Xinluzao 13

Xinluzao 35

0

3

6

9

12

Ro
ot

St
em

Le
af

-3
 D

PA
0 

DP
A

1 
DP

A
3 

DP
A

5 
DP

A
10

 D
PA

15
 D

PA
20

 D
PA

25
 D

PA
10

 D
PA

15
 D

PA
20

 D
PA

25
 D

PA

F
P

K
M

Gh_A10G0304

Ovule Fibre

ATG

0 100 200 300 400 500 600 685

The B3 bind domain
(pfam:PF02362)

Auxin response factor (ARF)
(pfam:PF06507)

TAA

GTCAAGAAATTTTTCTAAGCT

GTCAAGAAAATTTTCTAAGCT

Ile

Asn

108Ф, A10:2403609-2951829

611Б, A10:1198185-2888834

Gh_A10G0304

Gene

Protein

Exon Intron

(a)

(b)

(c)

24

28

32

36

AA TT
F

ib
re

 S
tr

en
gt

h

**(P = 0.0035)

26

28

30

32

AA TT

Fi
br

e 
Le

ng
th

* (P = 0.033)

TT (n = 19) AA (n = 32)

Ovule bearing fibre

Figure 5 Identification of candidate gene GhARF3. (a) Identification of GhARF3 gene structure and location in identity-by-descent (IBD) regions. The IBD

regions inherited from 108Ф and 611Б on chr.A10, a nonsynonymous SNP (T-to-A) resulted in a change from isoleucine to asparagine. (b) Transcriptomic

patterns of GhARF3 in distinct tissues, including root, stem and leaf, in ovule and fibre development stages based on FPKM in a single experiment. (c) Fibre

length (upper) and fibre strength (lower) analyses of accessions with AA and TT genotypes of GhARF3. Centre line, median; box limits, upper and lower

quartiles; and whiskers, 1.59 the interquartile range (*P < 0.05, **P < 0.01, two-sided t-test).

ª 2020 The Authors. Plant Biotechnology Journal published by Society for Experimental Biology and The Association of Applied Biologists and John Wiley & Sons Ltd., 18, 2002–2014

Zegang Han et al.2010



GhmTERF1, that contribute to LP based on the selection sweeps

(Figure 3). According to a previous study, AATF plays an

important role in transcriptional regulation and interacts directly

with nuclear hormone receptors to enhance their transactivation

(Sharma, 2013). The mTERF family was known to blind mito-

chondrial DNA participating in transcription initiation, termination

and modulation of DNA replication (Roberti et al., 2009; Robles

et al., 2012). These genes have been shown to be related to

growth and development in plants (Zhao et al., 2014). Thus, we

infer that these two genes affect LP by regulating the transcrip-

tion process in cotton. In addition, the nonsynonymous SNP in

these two genes is significantly correlated with LP (Figure 3).

Similarly, a nonsynonymous SNP in GhWAKL3 (Ma et al., 2018),

two nonsynonymous SNPs in AIL6 (Fang et al., 2017a, 2017b) and

two SNPs in Dof-binding motif have all been associated with high

lint yield (Wang et al., 2017).

Above all, fibre length and strength are the most important

factors in determining fibre quality. Another candidate gene,

GhARF3, which was inherited from 108Ф and 611Б, was found

to be involved in fibre quality (Figure 5). Auxin signalling plays an

essential role in regulating plant development; therefore, ARF

genes have been characterized in Gossypium raimondii to

elucidate their roles in fibre development (Sun et al., 2015). In

addition, genome-wide identification of the ARF gene family in

G. hirsutum revealed that these genes could affect cotton fibre

cell initiation (Xiao et al., 2018). Thus, it is believed that GHARF3

may be a key gene in cotton fibre development. Further work will

be necessary to study all candidate gene functions in detail to

confirm how these genes play roles in fibre initiation or stress-

related responses.

Experimental procedures

Sample preparation and DNA extraction

Seventy-six accessions, comprising seven founder landraces

(DPL15 and STV2B from the United States, UGDM from Uganda,

and 108Ф, C1470, 611Б and KK1543 from the former Soviet

Union), and sixty-nine widely grown cultivars in Xinjiang, China

(Table S1), were selected for Illumina sequencing. All samples

were planted during the 2017 growing season at Shihezi (17SHZ,

85.94°E, 44.27°N) in North Xinjiang and Korla (17KRL, 86.06°E,
41.68°N) in South Xinjiang. All measurements were made

according to the descriptors and data standards for cotton.

We collected young leaf tissues from each accession for

genomic DNA extraction using a standard cetyltrimethylammo-

nium bromide protocol (Paterson et al., 1993). Agarose gel

electrophoresis was performed to verify the quality and purity of

all DNA preparations.

Library construction and sequencing

Paired-end sequencing libraries with insert sizes ranging from 300

to 500 bp were constructed according to the manufacturer’s

instructions (Illumina, San Diego, CA, USA). All libraries were

sequenced on the Illumina HiSeq 2000 platform. For the 69

accessions from Xinjiang, a total of 1.2 terabases of genomic

sequence clean data were generated with an average 10.659

genome coverage. We deep-sequenced four of the former Soviet

Union cultivars and generated 383Gb of clean data, also

downloaded the other clean data from NCBI (DPL15:

SRR5512448, STV2B: SRR5512449, UGDM: SRR5512442) and

generated 247 Gb clean data.

Genotype calling and SNP identification

Clean paired-end reads were aligned against the reference

genome sequence (G. hirsutum acc.TM-1) (Hu et al., 2019) using

the BWA-MEM algorithm from the BWA (Burrows–Wheeler

Aligner, version v0.7.17) software platform (Li and Durbin,

2009). The sequence alignment files containing the overall

mapping information created during the mapping process were

counted, indexed and converted into binary BAM files using

SAMtools software (version 1.6, settings: -bS) (Li et al., 2009).

Potential PCR duplications were removed to reduce mismatches

generated by PCR amplification using Picard tools (version 2.5.0;

http://broadinstitute.github.io/picard). Then, the filtered BAM files

were used to perform SNP calling for each sample. SNP detection

was carried out using SAMtools software and BCFtools software

(version 1.6) (Li et al., 2009). The following parameters were used

for SNP calling: samtools mpileup –ug and bcftools call -vmO z.

To ensure the accuracy of the SNP variants, we performed a

two-step filter: (i) Genome Analysis Toolkit (GATK, version 3.8.0)

(McKenna et al., 2010), with the following parameters: QualBy-

Depth (QD) <2.0, FisherStrand (FS) >60.0, RMSMappingQuality

(MQ) <40.0, MappingQualityRankSumTest (MQRankSum)

<�12.5, ReadPosRankSumTest (ReadPosRankSum) <�8.0; and

(ii) VCFtools software (version 1.6) (Danecek et al., 2011) with the

minor allele frequency set to >0.05 and missing <0.2. Finally, we

only analysed the SNPs that were located in the 26 pseudo-

molecules of the TM-1 assembled genome, and the SNPs in the

small scaffolds were removed. The SNPs were annotated using

the GFF files (the annotation file of all coding regions of each

gene) of the TM-1 reference genome sequence (Hu et al., 2019)

via ANNOVAR software (Wang et al., 2010).

SNP validation

We further randomly selected 26 SNPs and carried out PCR-based

sequencing in 10 randomly selected accessions with three

replicates. We aligned all the PCR products against the TM-1

genome using BLAST (Altschul et al., 1990), and the reads with

mapping lengths >90% and identity >80% were used for SNP

validation. Using the alignment results, the genotypes of 10

accessions for each SNP site were retrieved. Only the homozygous

genotypes consistent across three replicates were used to

calculate the accuracy, which was 94.12% (Tables S11 and S12).

Population structure analysis

After SNP identification and validation, we generated an SNP

matrix of 76 accessions and obtained the simple matching

coefficient of the whole-genome SNPs as the genetic distance

and then we exploited Phylip software (version 3.696) (Felsen-

stein, 1989) to generate the NJ tree. The Dendroscope (Huson

et al., 2007) was used to display the phylogenetic tree. We

performed population structure analysis using ADMIXTURE (ver-

sion 1.3.0) (Zhou et al., 2011) and principal component analysis

with GCTA software (version 1.26.0) (Yang et al., 2011).

Population genetics analysis

A sliding window method (100-Kb sliding windows with a step of

20-Kb) was used to calculate the genetic diversity (p) ratios

(pparents/pcultivars) and genetic differentiation (Fst) between the

foundation parents and Xinjiang modern cultivars. We empirically

selected the genomic regions with simultaneous top 5% p ratios

and top 5% Fst values as selective region signals across the

ª 2020 The Authors. Plant Biotechnology Journal published by Society for Experimental Biology and The Association of Applied Biologists and John Wiley & Sons Ltd., 18, 2002–2014

Analysis of genetic copposition of Upland cotton cultivars in Xinjiang 2011

http://broadinstitute.github.io/picard


genome. These were predicted to be candidate genes that

underwent an artificial selection.

Identification of identity-by-descent segments

In order to detect the IBD segments of cultivars shared by

inheritance from the foundation parents, we identified IBD

regions using the algorithm from the BEAGLE (Browning and

Browning, 2007) implementation of Refined IBD (Browning and

Browning, 2013) with the following parameters: window = 1,

length = 0.01, trim = 0.1, LOD = 3. The larger LOD values

indicate greater evidence of IBDs. Due to the genome homology

of different cultivars, some segments were difficult to identify

among the seven foundation parents and were noted as

overlapped, for example 108Ф/KK1543, 611Б/KK1543 and

DPL15/STV2B (Table S6). However, when the genetic constitution

of each of the modern cultivars inherited from the seven

foundation parents was calculated, the overlapped IBD segments

were added to each absolute value from the foundation parents,

respectively.

RNA-seq of gene expression levels

RNA-seq data from distinct tissues and stresses have been

reported in our previous TM-1 genome sequencing research. In

the present study, the raw transcriptomic data were downloaded

from Sequence Read Archive (PRJNA490626) (Hu et al., 2019).

We calculated the expression of each gene using the fragments

per kilobase of exon model per million mapped reads (FPKM) with

Cufflinks (version 2.1.1) (Trapnell et al., 2010). We firstly

investigated the expression pattern of candidate genes in fibre

from three stages of fibre development, the initiation stage (�3

and 0 DPA), cell-elongation stage (1, 3, 5, 10 and 15 DPA) and

secondary-wall-synthesis stage (20 and 25 DPA), as well as root,

stem and leaf tissue. We also studied the expression level of

candidate genes at 1, 3, 6, 12 and 24 h post-treatment with heat

(37 °C), cold (4 °C), salt and drought stress to analyse their

responses to stress. When drawing the heat map, we performed

Z-score processing based on the FPKM values to make the data

comparable.
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