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SUMMARY

During the domestication and improvement processes, interspecific introgression from Gossypium hirsutum

has reorganized the genomic architecture of Gossypium barbadense; however, the introgression details and

the trait-related genetic loci remain largely unknown. Here, we perform a genome-wide population analysis

and genetically recategorize 365 G. barbadense accessions into four subgroups which is different from pre-

vious categorizations. A total of 315 introgression events from G. hirsutum to G. barbadense, which prima-

rily contributed to population divergence and agronomic trait variation in G. barbadense, are identified. We

find that 70% introgression from G. hirsutum have greatly increased the genetic diversity and divergence of

G. barbadense. Some loci are identified with divergent haplotype selection for adaptation to the environ-

ment at high latitudes. Through genome-wide association study and genome linkage disequilibrium interval

haplotyping analyses, two fiber micronaire-related haplotype blocks are detected, one of which (FM2) is

introgressed from G. hirsutum. Seven distinguished traits related to growth period, plant architecture, and

stronger vegetative growth habit are found to have pleiotropic effects controlled by a single gene in G. bar-

badense. Thus, this study provides new insights into the breeding history of G. barbadense and highlights

introgression is a driver for improving cultivars in G. barbadense.

Keywords: whole genome resequencing, introgression, fiber micronaire, adaptation.

INTRODUCTION

Cotton is the most important natural fiber crop worldwide.

To meet the demands of the modern textile industry,

simultaneous genetic improvement of fiber quality and

yield is one of the main challenges for cotton breeders.

The allotetraploid cotton species Gossypium barbadense is

valued for its superior fiber quality but is cultivated in only

a limited area because of its low fiber yield and narrow

adaptability (Shi et al., 2016; Lu et al., 2017).

Gossypium barbadense originated west of the Andes,

spread to eastern South America and the Caribbean, and

then expanded worldwide because of transportation by

European colonists during the Age of Exploration (Ste-

phens and Moseley, 1974; Percy and Wendel, 1990; Jack

and Dillehay, 1996; Piperno and Pearsall, 1998). The mod-

ern, improved germplasm pools of G. barbadense include

Egyptian and American Pima, both of which originated

from the ‘Sea Island’ cotton developed in the Caribbean in

the late eighteenth century (McGowan 1960; Fryxell 1965).
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Because of their derivation from the same founder

(Ware 1936; Kearney 1943; McGowan 1960; Smith

et al., 1999), both of these gene pools had fairly low

genetic diversity (Kerr 1960; Smith et al. 1999). In the his-

tory of G. barbadense cultivation, diverse genetic sources,

including Sea Island, Tanguis (from Brazil), and early Egyp-

tian cultivars (cv. Giza) have been employed to improve

fiber quality and adapt to various environments (Kerr 1960;

Feaster and Turcotte, 1962; Feaster et al. 1967; Young

et al., 1976; Percy and Turcotte, 1998; Percy, 2002; Smith

et al., 1999; Ulloa et al., 2006). Revealing the genetic rela-

tionships among these sources would help improve our

understanding of the cultivation history of G. barbadense.

To improve the adaptability and fiber yield of G. bar-

badense, a long-term breeding practice of interspecific

hybridization with Gossypium hirsutum, which is the major

cultivated allotetraploid cotton species because of its wide

adaptability and high production, has been applied (Percy

and Wendel, 1990; Wang et al., 1995). Since the last

century, many interspecific crosses between G. hirsutum

and G. barbadense have been developed to identify quanti-

tative trait loci (QTLs) for fiber quality and yield traits

(Jiang et al., 1998; Kohel et al., 2001; Paterson et al., 2003;

Draye et al., 2005; Lacape et al., 2005; He et al., 2007;

Lacape et al., 2009; Yu et al., 2013; Said et al., 2015; Chen

et al., 2018). Several bidirectionally introgressed segments

(ISs) from G. hirsutum to G. barbadense have been identi-

fied (Page et al., 2016; Fang et al., 2017; Hu et al., 2019;

Wang et al., 2019). A recent report revealed a yield-

increasing locus (Gb_INT13) in G. barbadense cultivars that

might have been derived from G. hirsutum (Nie

et al., 2020). During the northward migration of G. bar-

badense cultivation (from South America to the Caribbean

and then worldwide), hybridization with G. hirsutum is

thought to have played an essential role in reshaping the

adaptation and phenotypes of G. barbadense (Pee-

bles, 1954; Feaster and Turcotte, 1962; Percy and Wen-

del, 1990; Smith et al., 1999). Therefore, it is necessary to

investigate the introgression events that occurred between

these two cultivated tetraploid cottons.

In this study, the genomes of G. barbadense landraces

and their Egyptian, American Pima, Central Asian, and Chi-

nese cultivars were sequenced to determine the spread

and breeding history of modern G. barbadense. Based on

genome-wide association study (GWAS) and genome link-

age disequilibrium interval genotyping of G. barbadense,

we deciphered the genetic basis of population differentia-

tion and the genetic diversity of G. barbadense and illumi-

nated the introgression events and haplotype selection

affecting associated fiber quality and environmental adap-

tation traits in modern cultivated G. barbadense. These

data will serve as a reference supporting breeding pro-

grams of G. barbadense.

RESULTS

Population properties of G. barbadense worldwide

In this study, a total of 365 diverse G. barbadense acces-

sions collected worldwide were used for resequencing,

and five G. hirsutum accessions were introduced as the

outgroup. A total of approximately 3.9 Tb Illumina

sequence data were generated, with an average depth of

15.6×, and 99.68% of reads were mapped against the latest

PacBio-assembled reference genome of G. barbadense (cv.

3-79) for each accession (Table S1). Mapping was used to

identify genomic variants (Kang et al., 2010) within the G.

barbadense population (n = 365), and a total of 3 729 095

high-quality single nucleotide polymorphisms (SNPs) and

2 472 396 indels were identified (Table S2). Of these SNPs,

18.13 and 1.04% were identified in the genic regions and

the protein-coding exons (Table S2).

To explore the genetic relationships among the acces-

sions, we constructed a phylogenetic tree and performed a

population analysis with a total of 252 609 SNPs (n = 370,

including five G. hirsutum accessions) with a missing rate

of <20%, a minor allele frequency (MAF) of >0.05, and an

r2 (squared correlation of adjacent SNPs) of <0.2. When

using G. hirsutum as the outgroup, all the G. barbadense

accessions could be categorized into four groups, which

were designated G1 (n = 22), G2 (n = 174), G3 (n = 106),

and G4 (n = 63) (Figure 1a; Table S1). G1 included the

primitive accessions; two accessions (CNH-64-85 and Line-

Dar) were collected from Peru, where G. barbadense origi-

nated (McGowan 1960; Fryxell 1965; Stephens and Mose-

ley, 1974; Percy and Wendel, 1990; Jack and Dillehay,

1996; Piperno and Pearsall, 1998). Most of the accessions

in this branch were perennial and collected from the south-

western regions of China (n = 20) (Figure S1a). According

to historical documents, the landraces of G. barbadense in

G1 might have been directly introduced into China from

South America in the seventeenth century during the Age

of Exploration by sailing (Figure 1b). Due to its isolation in

the mountainous areas of southwestern China, G1 retained

its primitive landrace genotype. Most of the obsolete culti-

vars (developed during the nineteenth and early twentieth

centuries) from the United States (cv. Pima series), Egypt

(cv. Giza series), and Central Asia (Figure 1a; Figure S1b)

were classified into the G2 group. Notably, this result was

not consistent with a previous original geographic classifi-

cation, which categorized G. barbadense accessions as

Pima type, Egypt type, and Central Asia type according to

their original regions of cultivation (Percy 2009). G3 mainly

consisted of improved cultivars collected from the Yangtze

River region of China, where cotton was first introduced

from Egypt in the twentieth century (Figure 1b; Fig-

ure S1b). Finally, G4 contained all the modern cultivars

grown in the northwestern region of China (Xinjiang
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Province), and it might have been introduced from the for-

mer Soviet Union after the 1950s and improved thereafter

(Figure 1b, Figure S1b).

We compared traits related to fiber yield, fiber quality,

maturity period, and morphology among the three groups

(Figure S1c, Tables S3–S5). We found no significant
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Figure 1. Genetic diversity and introduction history of Gossypium barbadense. (a) The upper panel shows a neighbor-joining tree of 365 G. barbadense and five

Gossypium hirsutum accessions constructed using 252 609 SNPs. Branch colors indicate the four groups of G. barbadense. The lower panel shows the popula-

tion structure based on different numbers of clusters (K = 2 to 5); all accessions (y-axis) are arranged in the same order as in the phylogenetic tree. (b) The left

panel shows the dispersal route of G. barbadense among the major cultivation regions according to the literature. Dispersal routes of wild and semiwild G. bar-

badense (black), landraces (G1) (red), obsolete cultivars (G2) (blue), improved cultivars (G3) (orange), and modern cultivars (G4) (green) are shown by colored

arrows. (c) The right panel indicates the genomic components of the four groups in the major cultivation regions. (d) Genome-wide averages of linkage disequi-

librium (LD) decay in three cultivar groups. (e) Genetic diversity and population differentiation across four groups. Values in the circles represent the nucleotide

diversity (π), and the values between the groups indicate population differentiation (FST). The cultivars shown include all the accessions in groups G2, G3, and

G4.
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differences in most traits between groups G2 and G3. How-

ever, compared with G2 and G3, we found that G4 differed

in terms of all aspects except fiber micronaire (FM), having

excellent fiber length (FL) and fiber strength (FS), a greater

leaf hair number (LHN), and a shorter growth stage (GS)

(Figure S1c, Tables S3–S5), implying that modern cultivars

(G4) have integrated more favorable traits than older culti-

vars. The high similarities of the genomic backgrounds

(Figure 1a,b) and phenotypes (Figure S1d) of the acces-

sions from the three early cultivation regions (United

States/Pima, Egypt, and Central Asia) demonstrated that G.

barbadense germplasm should be categorized into four

groups according to genotype, consistent with its introduc-

tion and breeding history.

The squared correlation of adjacent SNPs (r2) was calcu-

lated to investigate the extent of linkage disequilibrium

(LD) within each 1000-bp window. The LD decay distance

for group G2 for all SNPs was approximately 280 kb when

the value of r2 was set at 0.35 (when the LD value dropped

to half), while it was slightly longer in G3 and G4 (approxi-

mately 340 kb) (Figure 1d). The LD decay of G1 was not

calculated because of its small population size and low

genetic diversity. We concluded that, as an often cross-

pollinated crop, cultivated G. barbadense has an LD decay

distance similar to that of cultivated G. hirsutum (296 kb)

(Wang et al., 2017) and other cultivated G. barbadense

(388 kb) (Zhao et al., 2021), but higher than that of cross-

pollinated crops such as maize (Zea mays) (approximately

22-30 kb) (Hufford et al., 2012; Wang et al., 2020a) and rice

(Oryza sativa) (approximately 123 kb in indica and approxi-

mately 167 kb in japonica) (Huang et al., 2010).

To explore the population divergence within G. bar-

badense, we estimated the genetic differentiation of the

four groups using the pairwise fixation statistic (FST) (Fig-

ure 1e). We found that the FST value between the landrace

group (G1) and cultivar groups (combined G2, G3, and G4)

was much higher (0.059) than that within each cultivar

group (average 0.021) (Figure 1e). Among the cultivar

groups, the FST values of G2 versus G3 (0.014) and G2 ver-

sus G4 (0.016) were similar, while the FST value of G3 ver-

sus G4 was greater (0.033) (Figure 1e). These results

indicate that both G3 and G4 might have originated from

several primitive germplasm sources in G2 and diverged

into two different genotypes due to different local ecologi-

cal environments and breeding goals. Furthermore, the FST
analysis identified 33 (G2 versus G3), 51 (G2 versus G4),

and 39 (G3 versus G4) genomic regions with significant

genetic divergence (top 5% of FST values) covering 4733,

6015, and 5108 genes, respectively (Tables S6–S8). These
genes are essential for studying changes in the adaptability

and trait improvement of G. barbadense in the future.

Combining resequencing and GWAS analysis, five loci

associated with FL, lint percentage (LP), and Fusarium wilt

resistance have been identified recently (Zhao et al., 2021).

Compared with this research, our study focused on the

introgression event from G. hirsutum to G. barbadense.

We also found some genetic and genomic bases for the

critical agronomic traits which were different from those of

G. hirsutum.

Introgression from G. hirsutum restructured the genomic

architecture of G. barbadense

Two tetraploid cotton species, G. barbadense and G. hir-

sutum, originated from nearby areas in America and may

have introgressed with each other, and the agronomic

traits of G. barbadense could be introgressed by upland

cotton, but so far there is no molecular evidence to sup-

port this. To investigate the landscape of genomic

exchanges between G. barbadense and G. hirsutum, we

performed a genome-wide introgression analysis to iden-

tify genomic segments introgressed from G. hirsutum to

G. barbadense (ISs). A total of 9017 introgressed bins

were identified as introgressed from G. hirsutum, includ-

ing 2541 high-quality introgressed bins (MAF > 0.05). By

LD block analysis of the 2541 high-quality introgressed

bins, a total of 315 IS regions covering an approximately

164.4-Mb genomic region were identified, representing

approximately 7.3% of the whole G. barbadense genome

(Figure 2a; Figures S2 and S3; Tables S9 and S10). We

observed that the cultivars in G3 harbored the most ISs

(approximately 60.4 Mb), followed by G2 (approximately

44.4 Mb) and G4 (approximately 44.2 Mb). The G. bar-

badense landraces (G1) harbored much fewer ISs (ap-

proximately 7.8 Mb) than those of the cultivars in other

groups (Figure 2b, Table S10). This result indicated that

human breeding introgressed a lot more segments of G.

hirsutum into the G. barbadense than natural introgres-

sion. Among all the chromosomes, the four largest IS

regions (>9 Mb) were identified, including one previously

identified region located from approximately 51.1 to

71.2 Mb (IS-A01-22) (Page et al. 2016) on chromosome

A01 and three new regions on A01 (IS-A01-28), A06 (IS-

A06-12), and A10 (IS-A10-8) (Figure 2a,c; Figures S2–S6),
and all these four IS regions overlapped with the high-

diversity and high-divergence regions identified by π and

FST (Figure 2c–h). In total, approximately 70% of the intro-

gression regions (approximately 122.5 Mb) were found

overlapped with these high-genetic-diversity regions, with

more than 95% introgression regions overlapping with

the high-diversity regions in chromosomes A01, D03, and

D09 (Figure 2c–h, Table S11). These data demonstrated

that most introgression from G. hirsutum greatly

increased the genetic diversity and divergence of G. bar-

badense (Figures S4–S6).
We also found some introgressions that were directly

related to the agronomic variations. Through genotyping,

92 IS regions were associated with at least one trait varia-

tion (Table S9). Among them, 11, nine, and seven IS
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Figure 2. Introgression and population divergence in G. barbadense. (a) Heatmap of segment introgression from G. hirsutum to G. barbadense. The y- and x-

axes show the positions of the introgressed segments (ISs) and chromosomes, respectively. Color intensity of the heatmap indicates the frequency of introgres-

sion (FI) at a given location, where FI = the number of accessions carrying ISs. (b) IS length (ISL) ratios of the four groups on each chromosome, where ISL

ratio = the total length of the IS on a given chromosome/length of the chromosome. The x-axis shows the chromosomes. (c) Frequency of introgression (FI) in

the A subgenome. The y-axis indicates the number of accessions. (d) Genetic diversity (π) of the A subgenome in 365 G. barbadense accessions. (e) Population

differentiation (FST) between pairs of groups on the A subgenome. The x-axis of (c–e) indicates the 13 chromosomes on the A subgenome. (f–h) The same fea-

tures as (c–e) for the D subgenome. The IS regions associated with related traits are shown above (c) and (f), and the related traits are shown in brackets. The

major (length > 9 Mb) FI-π-FST overlapping regions are highlighted by transparent red boxes in red font.
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regions were associated with FS, FL, and FM, respectively

(Figure 2c,f).

Half of the 11 FS-associated IS regions had a negative

effect (Table S12). Among them, IS-A10-20 had the largest

impact, with an average decrease of 16% in fiber quality

(Figure S7a,e). Four accessions (Figure S7b,f), GB0085,

GB0387, GB0111, and GB0065, were chosen to identify the

candidate genes associated with FS. By further analysis of

all the introgressed gene expression patterns (Table S13),

IS-A01-44 (Figure S7a) and IS-A10-20 (Figure S7e) were

chosen to identify the candidate genes. Gbar_A01G021870

was located in IS-A01-44, with higher expression levels in

the accessions with ISs (GB0085, GB0387, GB0111) at the

15- and 20-days post-anthesis (DPA) fiber (Figure S7b–d).
Gbar_A10G022420 was located in IS-A10-20, with higher

expression levels in the accession without ISs (GB0085),

mainly at 15 DPA fiber (Figure S7g,h). Gbar_A01G021870

encodes the bidirectional sugar transporter SWEET12 and

Gbar_A10G022420 encodes a macrophage erythroblast

attacher. These results indicate that introgression events of

IS-A01-44 and IS-A10-20 resulted in high expression of

Gbar_A01G021870 and Gbar_A10G022420, which affects

FS in G. barbadense.

Among the nine FL- and seven FM-associated IS regions,

seven and four IS regions had negative effects (Tables

S14–S17), indicating that the introgression event from G.

hirsutum to G. barbadense mainly led to shorter FL but

better fiber fineness. IS-A07-2 was identified as a pleotro-

pic IS region associated with FL and FM (Figure S8a,d). By

gene expression pattern analysis (Figure S8c–g),
Gbar_A07G001990 and Gbar_A07G002030 were identified

as candidate genes, which encode arginine–tRNA ligase

and leucine-rich receptor-like protein kinase, respectively.

Among the nine boll weight (BW)- and seven LP-

associated IS regions, five and six IS regions had positive

effects (Tables S18–S21). The higher expression of

Gbar_D12G002630 (Figure S8k) and Gbar_A08G012800

(Figure S8o), which encode the two-component response

regulator ARR18-like protein and natural resistance-

associated macrophage 1, at the −1 and 5 DPA ovules in

the accessions carrying the IS regions (Figure S8j,n) was

involved in the regulation of BW and LP.

In conclusion, the introgression event from G. hirsutum

was mainly favorable for the improvement of BW, LP, and

FM, but negatively affected FS and FL in G. barbadense.

Whole genome analysis of important agronomic traits in

G. barbadense

To dissect the genetic basis of agronomically important

traits, we noted 17 fiber-, yield-, maturity-, and

morphology-related traits of 326 cultivated G. barbadense

accessions in four environments. The best linear unbiased

prediction (BLUP) values (for multiple environmental traits)

were used to perform GWAS with 3 797 297 SNPs (MAF >
0.05, missing rate < 20%). A total of 13 803 significant

SNPs (−log(P) > 6.88) were identified (Figure 3a; Table

S22). Among the 17 traits examined, we detected the great-

est number of significant SNPs for LHN (9813 SNPs) and

FM (4362 SNPs), which were located on chromosomes A06

(9642 SNPs), D10 (2991 SNPs), and D11 (1289 SNPs) (Fig-

ure 3a; Table S22). A total of 6088 rare significant varia-

tions (0.02 < MAF < 0.05, −log(P) > 6.88) were detected in

our study (Figure 3a), distributed on nearly all chromo-

somes. This result indicated that many of the complex

traits were associated with rare variations rather than com-

mon variations, which is consistent with previous studies

(Mägi et al., 2012; Wagner, 2013; Sazonovs and Bar-

rett, 2018; Luo et al., 2020). Our results also highlight the

potential of GWAS to explore genes associated with rare

variants. Moreover, many new loci associated with fiber

quality, especially FS, have been identified. This rare muta-

tion will provide a better understanding of the regulatory

mechanisms of fiber quality.

Genetic source and potential improvement of FM in G.

barbadense cultivars

FM is one of the most vital properties for spinning high-

quality textiles (Bradow and Davidonis, 2000; Seagull et

Figure 3. Genomic distribution of all significant genome-wide association study (GWAS) signals (−log(P) > 6.88) and genetic basis of fiber micronaire (FM). (a)

Genomic distribution of significant signals for all investigated traits in G. barbadense. BN, number of bolls per plant; FBT, fruit branch type; FFB, first fruit

branch; FL, fiber length; FM, fiber micronaire; FS, fiber strength; FU, fiber uniformity; GS, growth stage; LA, leaf area; LHN, leaf hair number; LP, lint percentage.

Each significant GWAS signal is represented by a blue vertical line. (b) Manhattan plots of GWAS for FM (best linear unbiased prediction [BLUP]). Two major

signals were labeled as FM1 (chromosome D10) and FM2 (chromosome D11). Horizontal red dashed lines indicate the significance threshold (−log(P) > 6.88) of

GWAS. (c) Genotype heatmap of locus FM1, ranging from approximately 15 Mb to approximately 18 Mb on chromosome D10 (x-axis), with all the accessions

ordered according to local single nucleotide polymorphism (SNP) clustering (y-axis). Colored labels on the left indicates the four groups, consistent with Fig-

ure 1a. A total of four haplotypes were identified in this locus (HapFM1-1 to HapFM1-4) and were further merged into two, representing a favorable haplotype

(FM1) and an inferior haplotype (fm1) according to their phenotypes (Figure 3d). (d) Boxplots showing the FM values (upper panel) and ISL ratios (bottom panel)

of the four haplotypes. (e) Genotype heatmap of locus FM2, ranging from approximately 8 to approximately 13 Mb on chromosome D11 (x-axis), with all the

accessions ordered according to local SNP clustering (y-axis). Colored labels on the left indicate the four groups, consistent with Figure 1a. A total of three hap-

lotypes were identified in this locus (HapFM2-1 to HapFM2-3) and further merged into two, representing a favorable haplotype (FM2) and an inferior haplotype

(fm2) according to their phenotypes (Figure 3f). (f) Boxplots showing the FM values (upper panel) and ISL ratios (bottom panel) of three haplotypes. (g) Boxplots

showing the FM values for four haplotype combinations (FM1 + FM2, fm1 + FM2, FM1 + fm2, and fm1 + fm2). (h) Frequencies of the four haplotype combina-

tions in the four groups. (i) Schematic diagram showing the proposed model of origin and recombination for FM haplotypes. For the boxplots, the center lines,

box limits, and whiskers indicate the median, the upper and lower quartiles, and the 1.5× interquartile range, respectively. Dots indicate the outliers. Significant

differences were tested by a two-sided Wilcoxon test.
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al., 2000; Rodgers et al., 2017). Understanding the genetic

basis of FM is essential for enhancing the fiber fineness of

modern G. barbadense cultivars. Our GWAS identified two

stable FM-related QTLs in four environments located at

approximately 15 to 18 Mb on chromosome D10 (FM1) and

approximately 8 to 13 Mb (FM2) on chromosome D11 (Fig-

ure 3b; Figures S9 and S10). Haplotype block analysis indi-

cated that FM1 could be divided into four haplotype blocks

designated HapFM1-1 to HapFM1-4 (Figure 3c). According to

the genotyping data, four haplotype blocks were grouped

into two types, named FM1 (representing favorable FM

haplotypes with lower FM values) and fm1 (with unfavor-

able haplotypes) (Figure 3d). We found that both HapFM1-1

and HapFM1-4 were present in G1, which indicated that they

were primitive haplotype blocks, and these haplotype

blocks further artificially recombined to form HapFM1-2 and

HapFM1-3 during the breeding process (Figure 3c). More-

over, introgression analysis showed that none of these

haplotype blocks were derived from G. hirsutum (Fig-

ure 3d, bottom). These data suggest that the fiber

fineness-related haplotypes (HapFM1-1 to HapFM1-4) at

approximately 15 to 18 Mb on chromosome D10 originated

from primitive G. barbadense.

To identify the candidate genes underlying the QTLs, we

selected two accessions carrying contrasting FM1 haplo-

types (Figure S11a) and investigated a total of 84 genes

located in the FM1 genomic region at critical stages of fiber

development (0, 10, and 25 DPA) (Table S23). According to

gene annotations and expression levels, Gbar_D10G011110,

which encodes a filament-like plant protein (Oda et al,

2015), was significantly highly expressed at 25 DPA (the

stage of fiber cell secondary wall thickening and matura-

tion, which is essential for FM), indicating it is a candidate

gene underlying FM1 (Figure S11b).

For FM2 on chromosome D11 (Figure 3b,e), we found

that all the accessions could be divided into three haplo-

types (HapFM2-1 to HapFM2-3) (Figure 3e). HapFM2-1 and

HapFM2-2 were identified as favorable haplotypes (FM2)

with lower FM values (Figure 3f, top). Interestingly, the

median IS ratio for FM2 reached nearly 0.8 (Figure 3f, bot-

tom), indicating that FM2 might have been derived from G.

hirsutum. Nearly all the accessions in G1 and G4 carried

the normal haplotype block (fm2) (Figure 3e). This result

demonstrated that a G. hirsutum-introgressed haplotype

block (FM2) might enhance FM in a small subset of G. bar-

badense cultivars (most of the accessions were in G2 and

G3) (Figure 3e). In the genomic region of FM2, a total of

411 genes were annotated (Table S24). Based on a com-

parison of the expression levels of these genes between

two accessions carrying contrasting haplotype blocks (Fig-

ure S11c), Gbar_D11G011390, which encodes suppressor

of gene silencing 3 (SGS3), was significantly highly

expressed at 20 DPA in Xinhai 21 (fm2), and was predicted

to be a candidate gene (Figure S11d).

To evaluate the combined effects of favorable haplo-

types for FM traits in G. barbadense, we compared FM

among accessions carrying multiple favorable allelic com-

binations (Figure 3g,h). We found that accessions carrying

two favorable haplotypes (FM1 and FM2) showed better

fineness than those carrying only one haplotype of FM1 or

FM2 (Figure 3g), and G3 carried more FM-favorable haplo-

types than other groups; however, G4 carried the least

FM2 (Figure 3h), which might explain why the FM trait of

G4 was poor compared to those of other groups. In sum-

mary, we revealed that the excellent FM trait in modern G.

barbadense originated from the recombination of FM hap-

lotypes (FM1, fm1, and fm2) of G. barbadense landraces

and the introgressed haplotype (FM2) from G. hirsutum

(Figure 3i). This research also implies that breeders could

improve FM by transferring the favorable haplotype of

FM2 into modern G4 cultivars to improve the quality G.

barbadense varieties in the future.

Genetic basis of FS of G. barbadense on chromosome A03

FS is one of the most important fiber quality traits for G. bar-

badense. To understand the genetic basis of FS, rare muta-

tions (0.05 > MAF > 0.02) and common (MAF > 0.05)

variants were used together to identify FS-associated loci by

GWAS. The results showed that 90 unique SNPs were associ-

ated with FS trait, and nearly all belonged to rare variations,

except for three common SNPs (Table S25). Among the

related rare mutation SNPs, the locus located from 5.60 to

6.50 Mb on chromosome A03 (Figure S12a) was considered

as the most important. A high frequency of introgression (FI),

nucleotide diversity (π), and population differentiation (FST)

were identified in this region (Figure S12b–d), indicating that

this region was related to the introgression event from G. hir-

sutum. Two haplotypes could be roughly categorized (Fig-

ure S12e,f), including the elite haplotype FS and the

unfavorable haplotype named fs. Importantly, the SNP heat-

maps indicated that the FS haplotype blocks originated from

the primitive G1 group, and the fs haplotype was nearly the

same as most of G. hirsutum (Figure S12e). This implies that

these rare FS haplotypes already existed in the primitive G.

barbadense. In addition, two candidate genes (Figure S12g,h)

had higher expression levels at 25 DPA fiber in the accession

carrying a favorable FS type (Xinhai 25). Gbar_A03G004180,

which encodes ethylene-insensitive 3, acts as a positive regu-

lator in the ethylene response pathway. The other gene,

Gbar_A03G004270, encodes mitogen-activated protein kinase

3 (MAPK3), which also plays an important role in the ethylene

response pathway. These two genes may work together to

improve FS of the modernG. barbadense cultivars.

Identification of the haplotypes with LH and GS adapted

for the high-latitude region

Gossypium barbadense cultivars are mainly grown in

northwest China (mostly in Xinjiang Province), where they

� 2022 Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2022), 110, 764–780
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are located in a high-latitude region that severely lacks pre-

cipitation (Figure 4g). To adapt to the local environment,

the G. barbadense cultivars of Xinjiang have gained a ser-

ies of unique characteristics, such as abundant leaf hairs

and early maturity. LH is a beneficial trait responsible for

increasing resistance to insects and pathogens, reflecting

excess solar radiation and reducing water loss (Lee 1985;

Wright et al., 1999; Lacape et al., 2005; Wan et al., 2014;

Ding et al., 2015). In our study, the QTL genomic region

highly associated with LH ranged from approximately 99.84

to approximately 107.49 Mb on chromosome A06 (Figure 4a).

A previously cloned gene, GbHD1, that controls stem hair

was recently uncovered in this region (103.25–103.26 Mb)

(Ding et al., 2015) (Figure S13). A total of three haplotype

blocks could be roughly categorized, including a hairy haplo-

type block (HapLH-1), a hairless haplotype block (HapLH-2), and

an intermediate haplotype block (HapLH-3), which weremainly

carried by the G4, G1, and G2/G3 groups, respectively. The

hairy haplotype block might have originated from G. bar-

badense landraces (G1) (Figure 4b,c).

The maturity period is another adaptive trait in crops

and is significantly influenced by the photoperiod (Fowler

et al., 2001; Meyer and Purugganan, 2013; Song et

al., 2013). GWAS signals for GS were found in the region

ranging from approximately 14.91 Mb to 19.75 Mb on

chromosome D07 (Figure 4d,e, Figure S14). The strongest

signal was a non-synonymous mutation (SNP_15803388)

located in the exon of a previously reported gene, GbSP

(Gbar_D07011870), which was suggested to control the

sympodial branch type and flowering time (Chen et

al., 2015; Si et al., 2018). By analyzing the population geno-

type data, we found that the early maturity haplotype (GS)

might have originated from an early Egyptian accession,

cv. Ashmouni, developed in the 1860s (Smith et al. 1999).

During the northward expansion of the cultivation region,

this haplotype became predominant in G4 instead of the

late-maturity haplotype (gs) (Figure 4e,f). Therefore, we

concluded that GS was a domestication locus in G. bar-

badense, allowing it to adapt to long-day regions.

By examining the geographical distribution of major G.

barbadense cultivation regions, we found that the selection

of both LH and GS traits matched the changes in the plant-

ing regions of G. barbadense. In the last 200 years, due to

decreasing precipitation and increasing daylength in new

cultivation regions, such as Central Asia and Xinjiang in

China, the enrichment of hairy and early maturity haplo-

types in cultivars could be beneficial for rapid adaptation

to water shortages and long-day environments (Figure 4g).

GWAS for plant architecture and vegetative growth-

related traits of G. barbadense and their pleiotropic effects

In addition to high fiber quality and disease resistance,

stronger vegetative growth habit is also an important char-

acteristic trait for G. barbadense, which was distinguished

from G. hirsutum. In this study, we found that all three

maturity-related traits, including the first fruit branch (FFB),

GS, and flowering stage (S-F), were positively correlated

with each other, and the vegetative growth-related and

plant architecture traits, including fruit branch number

(FBN), fruit branch type (FBT), leaf area (LA), and fresh leaf

weight (FW), were also positively correlated with each

other (Table S26). Moreover, all maturity-related traits

were significantly negatively correlated with vegetative

growth-related traits, which is consistent with previous

studies in other crops (Wu et al., 2014; Wang et al., 2018).

GWAS results showed that the GS locus had a pleiotropic

effect on the sympodial branch type (FBT), other maturity-

related traits (FFB, S-F), and the vegetative growth-related

traits (FBN, LA, and FW) (Figure 3a, Figure S15). All these

traits, including plant type, GS, and leaf traits, were signifi-

cantly correlated with one non-synonymous SNP

(SNP_15 803 388) on Gbar_D07G011870 (Figure 4d, Fig-

ure S15), which was previously cloned as a candidate gene

for multiplex-type branching (Chen et al., 2015; Si et

al., 2018). This result demonstrated that the GbSP gene

(Gbar_D07011870), which might also affect plant architec-

ture, similar to some FT genes in rice (Chardon and Damer-

val, 2005; Hedman et al., 2009; Huang et al., 2010), had

pleiotropic effects on plant type, GS, and leaf traits. This

pleiotropic effect on plant architecture and vegetative

growth habits may also result in the limited population

divergence and adaptation of G. barbadense.

DISCUSSION

Gossypium barbadense was previously categorized into

three types, including Egypt, Pima, and Central Asia,

according to source and geographical distribution. In this

study, the whole population was categorized into four

genetic groups based on deep resequencing of 365 G. bar-

badense accessions. We found no apparent genomic differ-

ences among obsolete cultivars from Egypt, Pima, and

Central Asia (Figure S1b), suggesting that G. barbadense

should be reclassified based on genomic data. The new

four-group classification, including landraces (G1), obso-

lete cultivars (G2), improved cultivars (G3), and modern

cultivars (G4), was more consistent with the breeding history

of G. barbadense (from early to late). Notably, we also

reported for the first time the genotype of a group of peren-

nial G. barbadense landraces (G1) collected in the mountain-

ous regions of southern China. Their genomes were similar

to those of two primitive accessions collected from South

America, implying a much earlier history of Chinese G. bar-

badense introduction (during the Age of Exploration) than

previously documented (during 1920s–1950s) (Kong 2002;

He 2004). Moreover, we found that the genotype of the G1

group differed from those of the other groups across the

entire genome (Figure S1a), and thus, G1 could greatly

expand the genetic diversity ofG. barbadense.

� 2022 Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2022), 110, 764–780
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Owing to the lack of any reproductive barrier between G.

hirsutum and G. barbadense, abundant interspecific elite

lines have been developed over the past decades. Genomic

exchange has been found to occur between these two spe-

cies on multiple occasions (Kohel et al., 2001; Zhang

et al., 2002; Paterson et al., 2003; Lacape et al., 2005; He

et al., 2007; Lacape et al., 2009; Fang et al., 2017). In a

recent report, G. barbadense averaged 6.8 Mb of the total

introgressed sequence per cultivar from G. hirsutum and

only 5% of the genes under selection were located in intro-

gressed regions (Yuan et al., 2021). Our study identified

sequences with a total length of approximately 158.5 Mb

in the G. barbadense genome (covering approximately

7.4% of the genome) that might have been derived from G.

hirsutum. We also found that the current G. barbadense

population was strongly affected by these introgressed

fragments. Unexpectedly, we found that only a few of the

investigated agronomic trait-related QTLs, except those for

FM (D11) and FS (A03), overlapped with the ISs of G. hirsu-

tum. This result was inconsistent with previous findings,

which indicated that G. hirsutum contributed yield-related

loci to G. barbadense. Therefore, an in-depth analysis of
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Figure 4. Genetic basis of two representative adaptive loci (leaf hair number and maturity period) in G. barbadense. (a) Manhattan plots of GWAS for leaf hair

number (LH_BLUP). Horizontal red dashed lines indicate the significance threshold (−log10(P) > 6.88) of the GWAS. The position of the cloned gene GbHD is

marked. (b) Genotype heatmap of locus LH, ranging from approximately 103 Mb to approximately 104 Mb on chromosome A06 (x-axis), with all the accessions

ordered according to local SNP clustering (y-axis). Colored labels on the left indicates the four groups, consistent with Figure 1a. (c) A total of three haplotypes

were identified in this locus (HapLH-1 to HapLH-3) and the remaining were classified into three according to their phenotypes: a hairy haplotype (LH), an intermedi-

ate haplotype (lh-2), and a hairless haplotype (lh-1). (d) Manhattan plots of GWAS for growing stage (GS_BLUP). Horizontal red dashed lines indicate the signifi-

cance threshold (−log10(P) > 6.88) of the GWAS. The position of the cloned gene GbSP is marked. (e) Gene model of GbSP and the causal mutation. The

location of the strongest GWAS signal (D07:15803388, −log(P) = 22.43) for GS (BLUP) is marked by a vertical red dashed line. Amino acid mutations and the fre-

quencies of the two haplotypes (GS and gs) in the groups are shown. (f) Boxplot showing the growing stages of two haplotypes. The center lines, box limits,

and whiskers indicate the median, the upper and lower quartiles, and the 1.5× interquartile range, respectively. Dots indicate the outliers. Significant differences

were tested by a two-sided Wilcoxon test. (g) Geographic distribution and frequencies of haplotypes for LH and GS. Precipitation data are shown using the aver-

ages from 1979–2013 in July (Karger et al., 2017). Daylength (hours) in July is shown by a gradient from black to white on the right side of the graph.
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the relationships between the genes within the ISs and

improved traits in G. barbadense should be conducted.

Recently, many studies on introgression events between

G. hirsutum and G. barbadense have been reported. By

constructing recombinant inbred lines with G. barbadense

introgressions, eight stable QTLs were identified, including

qFL-A03-1, qFL-D07-1, and qFL-D13-1 (Wang et al., 2020b).

As the reference genomes were different, no similar results

were identified between this study and our study. Through

sequencing and GWAS analysis of 229 G. barbadense

accessions and 491 G. hirsutum accessions, many loci

associated with agronomic traits have been identified

(Fang et al., 2021). Among them, the pleotropic loci associ-

ated with FL, FS, and FU on chromosome A03 were close

to the rare mutation SNPs associated with FS in our study

(Figure S12).

Combining the whole genome resequencing and GWAS,

several candidate genes associated with FS and LP were

identified (Yuan et al., 2021). The loci associated with FS

on chromosome D11 were close to our results (Table S26).

However, in our study, the loci associated with FS on chro-

mosome D11 could only be identified in the environment

HN14. This FS-associated locus was also reported by

GWAS of other G. barbadense populations (Zhao et

al., 2021). One non-synonymous SNP significantly corre-

lated with FS.

Previous studies showed that environmental change,

especially as it relates to maturity, has a significant influ-

ence on FM (Verhalen et al., 1975; Bradow and Davi-

donis, 2000), causing difficulties in the precise mapping of

FM-related QTLs in both cultivated G. hirsutum and G. bar-

badense. In the present study, we identified two stable FM-

related haplotype blocks on chromosomes D10 (FM1) and

D11 (FM2). Interestingly, the favorable haplotype FM2 was

derived from G. hirsutum, another cultivated tetraploid cot-

ton with inferior fiber quality. Although most modern Xin-

jiang G. barbadense cultivars (G4) have well-integrated

favorable traits, such as early maturity and excellent FL

and FS, FM was one of their weakest traits (Figure S1c).

The low frequency of FM2 in modern cultivars (G4) might

explain the poor FM of G4. In the future, incorporating hap-

lotype FM2 could fill this gap in modern G. barbadense

cultivars. Meanwhile, we can also consider transforming

the favorable fiber fineness genes located in the favorable

haplotype FM1 region in G. barbadense to G. hirsutum and

thereby improving the fiber fineness of G. hirsutum.

The genetic diversity and environmental adaptability of

G. barbadense were worse than those of G. hirsutum.

Therefore, it is usually planted in a limited environment. In

China, it is mainly planted in the Alar region of Xinjiang,

Hainan, Yunnan, and other southern regions. This study

found that the plant type traits (FBN and FBT), growth

period-related traits (FFB, GS, and S-F), and vegetative

growth-related traits (LA and FW) of G. barbadense were

controlled by pleiotropic genes such as GbSP, which was

previously also reported to function in nulliplex-type

branching. It is also an important pleiotropic gene respon-

sible for the decrease in genetic diversity and strong con-

sistency in the plant growth habits of G. barbadense.

These characteristics indicate that G. barbadense has

strong vegetative growth habits and a longer growth per-

iod. It is not difficult to understand that a longer fiber

growth period and higher nutrient accumulation result in

better fiber quality. Therefore, this study preliminarily clari-

fied the reasons behind the poor adaptability and good

fiber quality of G. barbadense based on the development-

related traits. In our study, we found that the pleiotropic

gene GbSP plays an important role in the plant type traits,

growth period, and vegetative growth of G. barbadense.

We believe that GbSP improves the plant architecture and

changes the GS from vegetative to reproductive growth,

so if it is transferred to G. hirsutum, it will affect nutrient

accumulation in the fibers. This may increase the fiber

quality for G. hirsutum.

Collectively, our study sheds light on the breeding his-

tory of G. barbadense through genome-wide introgression

and association analyses. The identification of favorable

haplotypes could accelerate the production of high-quality

G. barbadense cultivars and provide crucial data for the

cotton research community.

METHODS

Sampling, DNA extraction, and resequencing

All 365 G. barbadense accessions used in this study were

preserved in the China National Gene Bank, Institute of

Cotton Research, Chinese Academy of Agriculture Sciences

(Anyang, China), after collection from the main cotton cul-

tivation regions worldwide, including China, South Amer-

ica, the United States, Egypt, and Central Asia (Table S1).

For DNA extraction, we planted all the seeds in a green-

house, collected the young leaves from a single seedling

of each accession, and froze them at −80°C immediately.

Genomic DNA was extracted following the CTAB method

with some modifications (Paterson et al., 1993). The 500-

bp DNA libraries were constructed according to the proto-

col provided by Illumina and sequenced on a HiSeq X Ten

platform (Illumina, San Diego). A total of approximately

3898 Gb raw data were produced, with an average cover-

age depth of 15.6× for each accession.

Sequence alignment and variation calling

After obtaining raw reads from each accession, the follow-

ing reads were removed: (i) reads aligned to adaptors; (ii)

reads with ≥10% unidentified nucleotides; and (iii) reads

with >50% bases having a Phred score of <10. The remain-

ing high-quality reads were aligned against the reference

genome of G. barbadense using the Burrows–Wheeler

� 2022 Society for Experimental Biology and John Wiley & Sons Ltd.,
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Aligner program (ver. 0.7.12) with default settings (Wang

et al., 2019; Li and Durbin, 2010). SAMtools (ver. 1.1) was

used to generate consensus sequences for each accession

and prepare input data for SNP calling using the Genome

Analysis Toolkit (GATK, ver. 3.2–2), based on Bayesian esti-

mation (Li et al., 2009; McKenna et al., 2010). To ensure

the accuracy of SNP calling, some pre-treatments were

performed, including marking duplicates with Picard soft-

ware (ver. 1.119), local realignment, and base recalibration

with GATK. The remaining SNPs called by GATK were

used for SNP annotation using SnpEff software (Cingolani

et al., 2012) (ver. 5.0), including SNP location and effect

impact.

Population genetic analysis

A subset of 252 609 SNPs screened with missing rate <
20%, MAF > 0.05, and r2 (squared correlation of adjacent

SNPs) < 0.2 was used for phylogenetic and population

structure analysis (n = 370). A neighbor-joining tree was

built in FastTreeMP (Price et al., 2009) (ver. 2.19). The pop-

ulation structure was investigated with the software admix-

ture_linux (ver. 1.23) (Alexander et al., 2009). The LD

coefficient (r2) between pairwise high-quality SNPs was

calculated using Plink (ver. 1.07) (Purcell et al., 2007) with

the parameters ‘--ld-window-r2 0 --ld-window 99 999 --ld-

window-kb 1000’.

Genetic diversity analysis

The population fixation statistics (FST) among the sub-

groups and the nucleotide diversity (π) of each subgroup

were calculated using VCFtools (ver. 0.1.12b) with 1-Mb

sliding windows and a step size of 100 kb (Danecek

et al., 2011). The regions with the top 5% of the FST and π
values for each comparison were selected as the candidate

high-divergence and high-diversity regions, respectively.

Identification of ISs

To identify the ISs derived from G. hirsutum in the G. bar-

badense genomes, we first used resequencing data from a

total of 800 accessions, including 365 G. barbadense, six

Gossypium darwinii (the wild relative of G. barbadense;

Fryxell 1965), and 429 G. hirsutum (PRJNA399050) acces-

sions, to call SNPs against the G. barbadense genome

(Wang et al., 2019). A simplified workflow for identifying

introgressed G. barbadense fragments in G. hirsutum has

been reported (He et al., 2021). In this study, the workflow

was used to identify introgressed G. hirsutum fragments in

G. barbadense (Figure S16).

To confirm their genetic relationships, a phylogenetic tree

of all accessions was constructed using FastTreeMP (Price et

al., 2009) (ver. 2.19) (Figure S1a). Based on phylogenetic tree

analysis, all 800 accessions were divided into two popula-

tions which well matched with two species, including the G.

hirsutum population (Gh-POP, n = 429), the G. barbadense

population (Gb-POP, n = 365), and six accessions of G. dar-

winii. First, 500 SNPs were considered as a bin. Second, the

allele frequencies at each SNP site were calculated. For a sin-

gle SNP (i.e., A/C), we calculated the allele frequency inG. hir-

sutum (FC/FA) (Figure S16a) as follows:

FC ¼ 2 �N_CCþN_CA
2 � n , FA ¼ 2 �N_AAþN_CA

2 � n ,

where n = 429, FC is the frequency of base C in G. hirsu-

tum, FA is the frequency of base A in G. hirsutum, N_CC is

the number of haplotype CC in G. hirsutum, N_CA is the

number of haplotype CA in G. hirsutum, and N_AA is the

number of haplotype AA in G. hirsutum.

In G. barbadense, fc/fa (Figure S16b) was calculated as

follows:

fc ¼ 2 �N_CCþN_CA
2 � n , fa ¼ 2 �N_AAþN_CA

2 � n ,

where n = 365, fc is the frequency of base C in G. bar-

badense, fa is the frequency of base A in G. barbadense,

N_CC is the number of haplotype CC in G. barbadense,

N_CA is the number of haplotype CA in G. barbadense,

and N_AA is the number of haplotype AA in G. bar-

badense.

Third, the fragment similarity value for any given G. bar-

badense accession (P) was calculated based on 500 contin-

uous SNP loci. The formula for the candidate accession

(CC/AA/GT/. . ./GG) is as follows (Figure S16c):

P ¼ 2 � FC− fcð Þ þ 2 � FA− fað Þ þ FG − fgð Þ þ FT− ftð Þ½ � þ . . .þ 2 � FG− fgð Þ
2 � n ,

where n = 500; FA, FC, FG, and FT are the frequencies of

different bases at SNP in G. hirsutum; and fa, fc, fg, and ft

are the frequencies of different bases at SNP in G. bar-

badense. The bins with 500 SNPs and P > 0.2 were defined

as ISs from G. hirsutum to G. barbadense.

After obtaining the ISs, the genotype of the IS bin was

transferred to the normal type. Then, with the help of TAS-

SEL, the rare bin with MAF < 0.05 was filtered. By LD block

analysis, all the IS bins (MAF > 0.05) were clustered into

315 IS regions (Table S9). Each IS region was genotyped

based on different agronomic traits (Table S4). The genetic

effects of the main IS regions associated with FS (Table

S12), FL (Table S14), FM (Table S16), BW (Table S18), and

LP (Table S20) in different environments were calculated

according to the following formula. For example, the effect

of the IS region IS-A01-44 associated with FS (Table S12) =
(FS − fs)/fs, where FS is the average FS of the accessions

carrying the IS-A01-44 region in certain environments and

fs is the average FS of the accessions with no introgres-

sion of IS-A01-44. A significance test was performed for all

the calculations.

Phenotyping and statistical analysis

In this study, we investigated three yield-related traits,

including boll number (BN), BW, and LP (%); five fiber

� 2022 Society for Experimental Biology and John Wiley & Sons Ltd.,
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quality-related traits, including fiber elongation rate (FE, %),

FL (mm), FM, FS (cN/tex), and fiber uniformity (FU, %);

seven morphology-related traits, including boll setting (BS),

FBN, FFB, FBT, FW, LA (cm2), and LHN (count/mm2); and

two maturity-related traits, including flowering stage (S-F,

day) and GS (day); (Table S3). All accessions were planted

in three locations, including Akesu (41°15’N, 80°29’E, Xin-

jiang Province, China), Sanya (18°14’N, 109°31’E, Hainan

Province, China), and Anyang (36°08’N, 114°48’E, Henan

Province, China), with three replicates in each location. All

the yield-, fiber quality-, and maturity-related traits were

investigated in two locations for 3 years, and the

morphology-related traits were investigated in Anyang in

2016 (Table S3). Field management, including watering,

weed management, and fertilization, was performed accord-

ing to the usual local practices in each location during the

growing period. GS was calculated from the sowing day to

the day that approximately 50% of the bolls had opened in

one block. FBN, FBT, FFB, BN, FW, and LA were measured

using approximately 30 randomly selected individuals for

each block. The second, third, and fourth leaves of each

plant were harvested to measure LA with an LI-3000C porta-

ble leaf area meter (LI-COR, Lincoln). LH was counted using

an Olympus ix71 inverted microscope (Olympus, Tokyo). A

total of 30 bolls were harvested from each block to measure

BN, BW, and LP, and then the fiber was ginned for quality

testing. All fiber quality-related traits were evaluated using

an HFT900 instrument (Premier Evolvics Pvt. Ltd., Coimbat-

ore) at the cotton quality testing center of the Ministry of

Agriculture (Anyang, China). The BLUP value for each acces-

sion across the three environments was calculated using

the R library ‘lme4’. All data statistics, including Student’s

two-tailed t-test and one-way analysis of variance (ANOVA),

were calculated by GraphPad Prism 8 (ver. 8.4.3).

GWAS

GWAS was conducted using Efficient Mixed-Model Associ-

ation eXpedited (EMMAX) software (Kang et al., 2010)

based on 3 797 297 SNPs (MAF > 0.05, missing rate <
20%) and 6 300 596 SNPs (MAF > 0.02, missing rate <
20%). The phenotypic contribution of each locus was calcu-

lated using ANOVA. In this study, we used a significance cut-

off of −log10(P) > 6.88 and −log10(P) > 7.10 (MAF > 0.02)

(P = 0.5/n, where n is the effective number of SNPs) to

define the signal threshold for GWAS.

Haplotype block identification and haplotyping on

chromosomes A03, A06, D10, and D11

The GWAS loci (haplotype blocks) were identified by the fol-

lowing steps: (i) The chromosome-wide LD blocks on chro-

mosomes A03, A06, D10, and D11 were identified by TASSEL

5 (ver. 20200709) with an average r2 of SNP pairs greater than

0.6. (ii) Any overlapping region between the LD blocks and

the GWAS signal region (−log(P) > 6.88) was identified as a

GWAS locus. We then constructed a local phylogenetic tree

based on the SNPs in each GWAS locus to generate a geno-

type heatmap. The haplotypes of each locus were roughly

categorized according to the heatmap (Dai et al., 2020).

Transcriptome analysis

Four G. barbadense accessions (cv. Xinhai 25, cv. Maorad, cv.

Hai7124, and cv. Xinhai21) with different FM values and hap-

lotypes were used to identify the expression patterns of can-

didate genes located in the GWAS loci on chromosomes D10

and D11. Cotton ovules of cv. Xinhai 25, which had a favor-

able haplotype (FM1, FM_BLUP = 3.89; FS, FS_BLUP =
45.87), and cv. Maorad, which had an inferior haplotype

(fm1, FM_BLUP = 4.66; FS_BLUP = 29.42), were sampled at

0, 10, and 25 DPA. Cotton ovules of cv. Hai7124, which had a

favorable haplotype (FM2, FM_BLUP = 4.04), and cv. Xin-

hai21, which had an inferior haplotype (fm2, FM_BLUP =
4.64), were sampled at −1, 5, 10, 15, and 20 DPA.

Four G. barbadense accessions (cv. 3-79, cv. E24-3389,

cv. Hai7124, and cv. Xinhai21) with different IS regions

were used to identify candidate genes associated with fiber

quality and yield. The four accessions were sampled from

leaf, flower, −1, 5, 10, and 20 DPA ovules, and 10, 15, and

20 DPA fibers.

Total RNA was extracted following the instructions of the

RNA Isolation Kit (TIANGEN Biotech, Beijing). The RNA

sequencing libraries were prepared as described previously

and sequenced on an Illumina HiSeq X Ten platform (Zhong

et al., 2011). After removal of the adaptors and low-quality

data, the clean reads were mapped against the G. bar-

badense genome (Wang et al., 2019) using HISAT2 (Kim et

al., 2015) (ver. 2.2.0), and gene expression levels were calcu-

lated using StringTie (Pertea et al., 2015) (ver. 2.13).

Climate data

Climate data for the earth land surface area in July (full-

blooming stage for cotton) from 1979 to 2013 were down-

loaded from CHELSA (Climatologies at High Resolution for

the Earth’s Land Surface Areas, www.chelsa-climate.org)

according to the GPS coordinates of the original collection

sites (Karger et al., 2017).
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