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ABSTRACT

Crop wild relatives are an important reservoir of natural biodiversity. However, incorporating wild genetic

diversity into breeding programs is often hampered by reproductive barriers and a lack of accurate genomic

information. We assembled a high-quality, accurately centromere-anchored genome of Gossypium anom-

alum, a stress-tolerant wild cotton species. We provided a strategy to discover and transfer agronomically

valuable genes from wild diploid species to tetraploid cotton cultivars. With a (Gossypium hirsutum 3 G.

anomalum)2 hexaploid as a bridge parent, we developed a set of 74 diploid chromosome segment substitu-

tion lines (CSSLs) of the wild cotton speciesG. anomalum in theG. hirsutum background. This set of CSSLs

included 70 homozygous substitutions and four heterozygous substitutions, and it collectively contained

about 72.22% of the G. anomalum genome. Twenty-four quantitative trait loci associated with plant height,

yield, and fiber qualities were detected on 15 substitution segments. Integrating the reference genome with

agronomic trait evaluation of the CSSLs enabled location and cloning of two G. anomalum genes that

encode peroxiredoxin and putative callose synthase 8, respectively, conferring drought tolerance and

improving fiber strength.We have demonstrated the power of a high-qualitywild-species reference genome

for identifying agronomically valuable alleles to facilitate interspecific introgression breeding in crops.
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INTRODUCTION

The world is expected to reach a projected population of 9.8

billion in 2050 and 11.2 billion in 2100 (www.un.org), but in-

creases in crop yields are not keeping pace with the concomitant

growing demand. The narrow genetic base of modern crops has

resulted in a yield plateau from crop breeding (Tanksley and

McCouch, 1997). Crop wild relatives represent both raw

material for breeding and a valuable source of diversity that can
Plant Commu
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be used to improve the adaptation and agricultural

performance of modern crop cultivars. However, the key

challenge in using wild diversity is overcoming inherent

difficulties in distant hybridization such as cross-incompatibility
nications 3, 100350, September 12 2022 ª 2022 The Authors.
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Category G. anomalum G. anomalum (Grover et al., 2021)

Sequenced genome size (bp) 1 208 248 306 1 193 340 424

Anchored chromosome size (bp) 1 198 670 087 1 191 544 213

Percentage of anchoring (%) 99.21 99.85

Contig N50 (Mb) 7.78 10.8

Scaffold N50 (bp) 99 188 525 97 682 888

GC content (%) 34.25 34.27

Complete BUSCOs (%) 99.01 97.1

Number of annotated genes 42 752 37 830

Percentage of TEs (%) 62.59 47.90

Table 1. Summary of the final genome assembly and annotation for G. anomalum
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and the sterility of F1 hybrids (Zhang and Batley, 2020). Another

obstacle is the dual lack of efficient introgression strategies and

genomic information, which greatly hinders the wide use of wild

species in breeding programs. Genome assemblies are

expected to provide increased opportunities for revealing wild-

species-derived genetic variation (Bredeson et al., 2016) and

introducing disease resistance (Szymanski et al., 2020; Wang

et al., 2020), plant architecture for high yield (Stein et al., 2018;

Tian et al., 2019; Mamidi et al., 2020), and quality (Szymanski

et al., 2020) into cultivated varieties. It is now possible to rapidly

discover and clone agronomic genes from crop wild relatives

and engineer them into domesticated varieties with the help of

their reference genome. Therefore, wild relatives of modern

crops can be a rich resource to mine for useful variants lost

during domestication (Stein et al., 2018; Hake and Richardson,

2019).

Gossypium anomalum (B1B1, 2n = 2x = 26), a stress-tolerant

diploid wildGossypium species, grows widely in arid to extremely

arid parts of the southern Sahara, from the Sudan to the upper

reaches of the Baraka River valley in Eritrea (Silow, 1941). It

offers a rich source of breeding potential for desirable traits

such as good fiber quality, immunity to certain bacterial

diseases, resistance to insect pests, tolerance of water deficit,

and cytoplasmic male sterility (Mehetre, 2010; Newaskar et al.,

2013). Here, we assembled a high-quality, accurately

centromere-anchored genome of G. anomalum and developed

a set of 74 chromosome segment substitution lines (CSSLs) of

G. anomalum in the G. hirsutum background. This genome

resource enabled the discovery of genes for drought tolerance

and high fiber quality (Supplemental Figure 1). This wild-species

genome assembly and CSSL development will aid our under-

standing of the extent of hybridization between wild and domes-

ticated populations and of wild relative diversity, and it will allow

the identification of genomic regions for additional introgression

breeding to improve domesticated cotton.
RESULTS

Assembly, annotation, and evolution of the G.
anomalum genome

We generated 82.68 Gb (�643) of high-quality long reads using

the PacBio SMART platform (Supplemental Table 1). After

correction using 132.61 Gb (�1033) of Illumina paired-end
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data, the PacBio long reads were assembled into 611 contigs

that captured 1.20 Gb of the G. anomalum genome, 363 of which

were too short (total length 9.35 Mb) to be then validated and

scaffolded using BioNano optical maps (Supplemental

Tables 1–3). A total of 249 816 916 valid high-throughput chromo-

some conformation capture (Hi-C) readswere used to categorize,

order, and orient these scaffolds (Supplemental Figure 2;

Supplemental Tables 2 and 4). The final assembly comprised

364 scaffolds (N50 = 99.19 Mb), spanning 1.21 Gb and

accounting for �93.66% of the estimated genome (total size

1.29 Gb based on K-mer distribution analysis and 1.35 Gb by

flow-cytometry analysis), 351 of which were short scaffolds (total

length 9.58 Mb) and 13 were super-scaffolds representing the

complete set of G. anomalum pseudo-chromosomes and

comprising 99.21% of the total assembled sequence (Table 1,

Supplemental Figure 3, and Supplemental Tables 2, 5, and 6).

Significant correlation was observed between the linkage and

physical maps (Zhai et al., 2015) (Supplemental Figure 4). The

assembly’s completeness in genic regions was supported by

the identification of 2303 (99.01%) of the 2326 BUSCO groups

(Simão et al., 2015) and 242 (97.58%) of the 248 core

eukaryotic genes in the CEGMA v2.5 database (Parra et al.,

2007) (Supplemental Tables 7 and 8). Evaluation of assembly

continuity on the basis of repeat sequences yielded a long

terminal repeat (LTR) Assembly Index (LAI) value (Ou et al.,

2018) of 15.71. The Illumina short-read data and transcripts

derived from RNA sequencing (RNA-seq) of various tissues

were aligned to the genome with mapping ratios of 97.25% and

88.65% (>500 bp), respectively (Supplemental Tables 9 and

10). Assembly of centromeric regions was evaluated by

chromatin immunoprecipitation and sequencing (ChIP-seq)

using cotton CenH3 antibodies (Bi et al., 2020) (Supplemental

Figure 5A–5C). Unique prominent ChIP-seq peakswere observed

from each chromosome assembly, ranging from 0.96 to 1.89 Mb

in length (Figure 1A and Supplemental Figure 5D).

A total of 42 752 high-confidence protein-coding gene models

were predicted in G. anomalum (Figure 1A, Table 1, and

Supplemental Table 11), similar to previous predictions of

published diploid Gossypium species (Paterson et al., 2012;

Wang et al., 2012b; Li et al., 2014; Du et al., 2018; Udall et al.,

2019a; Cai et al., 2020; Grover et al., 2020; Huang et al., 2020).

Approximately 97.29% of the genes identified in G. anomalum

were annotated in the Swiss-Prot, NR, KEGG, InterPro, Gene
e Authors.



Figure 1. Overview and evolution of the G. anomalum genome.
(A)Chromosomal characterization of theG. anomalum genome. a, centromere distribution in each chromosome; b, centromere on each chromosome by

CenH3 ChIP-seq mapping; c, gene density in each chromosome; d, genes expressed in at least one tissue (root, stem, leaf, and flower); e, f, g, trans-

posable element (TE),Gypsy, andCopia retrotransposon density, respectively, on each chromosome. The inner lines show syntenic blocks among the 13

chromosomes.

(B) Phylogenetic analysis of eight diploid cotton species and Gossypioides kirkii.

(C) Analysis of synteny among diploid cotton genomes. Light gray indicates syntenic regions, dark gray indicates inversions, and purple indicates

translocations.

Genome sequence of G. anomalum Plant Communications
Ontology (GO), or Pfam database (Supplemental Table 12). In

addition, 262 microRNAs (miRNAs), 1085 tRNAs, 774 rRNAs, and

6064 small nuclear RNAs (snRNAs) were predicted in G.

anomalum (Supplemental Table 13). Transposable elements

(TEs) comprising a total of 756.28 Mb accounted for 62.59% of

the total genome (Figure 1A, Table 1, and Supplemental

Table 14). Compared with the published G. anomalum genome

(Grover et al., 2021), our assembled genome had a little

larger genome size and scaffold N50, more annotated genes, a

larger percentage of TEs, slightly higher complete BUSCO ratio,

and 13 anchored centromeres but a similar anchoring percentage,

GC content, and CEGMA ratio, a lower contig N50, and more

contigs (Table 1, Supplemental Figure 5, and Supplemental

Tables 6–8).

From the molecular phylogenetic tree, G. anomalum and its

close relatives G. longicalyx (F1) (Grover et al., 2020), G.

herbaceum (A1) (Huang et al., 2020), and G. arboreum (A2) (Du

et al., 2018) were estimated to have diverged �5.0 (3.8–5.9)

million years ago (MYA); likewise, the divergence time for G.

anomalum and G. australe (G2) (Cai et al., 2020) was

determined to be �6.1 (4.8–6.8) MYA. In addition, their

common ancestor diverged from G. turneri (D10) (Udall et al.,

2019a), G. thurberi (D1) (Grover et al., 2019), and G. raimondii

(D5) (Udall et al., 2019a) at around �6.9 (5.5–7.7) MYA

(Figure 1B). The LTR activity of G. anomalum increased
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continuously from 8.0 MYA until about 0.5 MYA, and it

apparently had higher LTR retrotransposition activity than G.

raimondii (D5) (Udall et al., 2019a) but lower activity than G.

herbaceum (A1) (Huang et al., 2020), G. arboreum (A2) (Du

et al., 2018), and G. australe (G2) (Cai et al., 2020)

(Supplemental Figure 6). This finding is consistent with the

species’ different genome sizes (Hawkins et al., 2006).

In one-to-one matching of syntenic blocks, approximately

86.88% of the G. anomalum genome matched with 89.99% of

the G. raimondii (D5) genome (Udall et al., 2019a), 89.51% with

87.21% of G. longicalyx (F1) (Grover et al., 2020), 80.41% with

72.11% of G. herbaceum (A1) (Huang et al., 2020), 77.42% with

69.49% of G. arboreum (A2) (Du et al., 2018), and 65.21% with

64.63% of G. australe (G2) (Cai et al., 2020) (Figure 1C and

Supplemental Figure 7). These results suggest that the overall

collinearities of G. anomalum with G. raimondii (D5) and G.

longicalyx (F1) are more conserved than those with other

species. There were at least 13 inversion events spanning a

total of 85.65 Mb that occurred across nine chromosomes

(Chr.02–05, 07, and 10–13) between G. anomalum and G.

raimondii (D5) (Udall et al., 2019a), (Figure 1C and Supplemental

Table 15). A much greater degree of chromosomal

rearrangement, 129.78 Mb, 184.77 Mb, 153.10 Mb, and 146.49

Mb, was detected between G. anomalum and G. longicalyx (F1)

(Grover et al., 2020), G. herbaceum (A1) (Huang et al., 2020), G.
nications 3, 100350, September 12 2022 ª 2022 The Authors. 3
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arboreum (A2) (Du et al., 2018), and G. australe (G2) (Cai et al.,

2020), respectively (Figure 1C, Supplemental Figure 7, and

Supplemental Table 15).
Development of the CSSL population

To transfer valuable genes that control important agronomic traits

from G. anomalum into G. hirsutum, a fertile hexaploid hybrid

(AADDBB)1 was successfully developed by first crossingG. hirsu-

tum cv. 86-1 3 G. anomalum and then inducing chromosome

doubling (Zhang et al., 2014). This hexaploid was further

backcrossed with G. hirsutum cv. Su8289 to develop the

CSSL population (Supplemental Figure 8). The major problem in

developing a cotton wild relative CSSL population is the

selection of recombinants, which occur at low frequency. In the

BC2F1 segregation generation, 50 recombination types from 357

recombination events were identified among 384 BC2F1 individ-

uals, and the recombination events occurred only between G.

anomalum and the At genome of G. hirsutum (Zhai et al., 2015).

In the present study, only 36 recombination types produced

viable BC3F1 seeds. To recover any of the missing donor seg-

ments and obtain as many recombination types as possible, alien

addition lines of 13 G. anomalum chromosomes were also back-

crossed to Su8289 in the BC2F1 and BC3F1 generations. Marker-

assisted selection (MAS) was conducted in each proceeding gen-

eration (Supplemental Table 16). A summary of population sizes

during five successive generations during the establishment of

the CSSL population is provided in Supplemental Table 17.

In the BC3F1 generation, 40 recombination types were obtained

from 4331 BC3F1 individuals. Compared with BC2F1, nine new

recombination types were identified on five chromosomes, and

five recombination types were lost during the backcross process

on the other five chromosomes (Supplemental Table 18). In the

BC4F1 generation, 56 recombination types were obtained from

8540 BC4F1 individuals. Compared with BC3F1, 18 new recombi-

nation types were detected on eight chromosomes, and two

recombination types were lost on Chr.04 (Supplemental

Table 18). In the BC4F2 generation, 51 recombination types,

including 45 homozygous genotypes and six heterozygous

genotypes, were obtained from 4543 BC4F2 individuals.

Compared with BC4F1, five new recombination types were de-

tected on Chr.06, Chr.09, and Chr.11 (Supplemental Table 18),

and 10 recombination types on 6 chromosomes were lost in

BC4F2. We assumed that some homozygous genotypes had

low gamete or zygote viability. In the BC4F3 generation, homozy-

gous candidate substitution lines were investigated again to

confirm the homozygous exotic genotype of each line; in the

BC4F3 and BC4F4 generations, heterozygous substitution lines

were further analyzed to identify homozygous substitution seg-

ments. A total of 53 recombination types, including 47 homozy-

gous substitutions and 6 heterozygous substitutions, were ob-

tained from 1533 BC4F3 individuals. Compared with BC4F2, two

new recombination types were detected on Chr.05 and Chr.11

(Supplemental Table 18).

In the BC4F4 generation, all recombination types were subjected

to a whole-genome survey with 230 markers evenly distributed

across the G. anomalum genome. A total of 74 CSSLs were ob-

tained, including 70 homozygous substitutions and four heterozy-

gous substitutions. These four heterozygous CSSLs remain in the
4 Plant Communications 3, 100350, September 12 2022 ª 2022 Th
final CSSL set, as they are expected to be of further use in fine

mapping significant quantitative trait locus (QTL) regions.

Genome-wide scanning enabled us to detect an additional 21

substitution lines, most of which carry more than one introgres-

sion segment in addition to the target introgression

(Supplemental Table 18).

Among the 74 CSSLs numbered from CSSL1 to CSSL74, 41, 26,

and 7 CSSLs had one, two, and three substitution segments of

the donor parents, respectively (Supplemental Table 19).

CSSL24 on Chr.03 and Chr.08, CSSL37 on Chr.05, CSSL43 on

Chr.06, and CSSL51 on Chr.09 still carried heterozygous substi-

tution segments even when they were selfed two or three times.

The cover length of substitution segments among different

CSSLs ranged from 4.75 cM (CSSL17) to 267.45 cM (CSSL43),

with an average of 72.09 cM. The total cover length was

1668.69 cM, and the coverage rate was about 72.22% of the G.

anomalum genome (Figure 2A and Supplemental Table 20).

Uneven distribution among the 13 chromosomes was

observed: Chr.01 and Chr.11 of G. anomalum were completely

represented by 20 and 28 different CSSLs, respectively, whereas

Chr.03 and Chr.07 were only represented by one CSSL, and

Chr.10 had the lowest coverage of only 17.89%. The distribution

of all the substitution segments among the CSSL population is

shown in Figure 2A and 2B.

To verify the accuracy of introgression segment identifications

using simple sequence repeat (SSR) markers, six CSSLs were re-

sequenced and verified for the presence of corresponding G.

anomalum segments (Figure 2C and 2D, Supplemental

Figure 9, and Supplemental Table 21). Four of these six CSSLs

(CSSL44, CSSL50, CSSL56, and CSSL63) were further

confirmed by fluorescence in situ hybridization (FISH) using G.

anomalum-specific oligo-FISH probes. FISH signals from corre-

sponding G. anomalum chromosomes were detected, and signal

coverage was consistent with the results of SSR and resequenc-

ing (Figure 2E and Supplemental Figure 10).
Agronomically valuable QTLs identified in G. anomalum

A total of nine quantitative traits, including plant height (PH), three

yield traits (boll seed index [SI], boll weight [BW], and lint percent-

age [LP]), and five fiber quality traits (fiber length [FL], fiber

strength [FS], micronaire [MIC], fiber uniformity [FU], and fiber

elongation [FE]), were investigated in four environments

(Supplemental Table 22). The genetic coefficient of variation

(GCV) of the nine traits ranged from 0.60% (FU in E3) to

17.21% (BW in E4), indicating that various degrees of genetic

variation existed in all of the traits. The relatively low GCVs

were related to the relatively high genetic background recovery

rate of Su8289. The heritability of traits ranged from 35.91% (FE

in Joint) to 98.49% (MIC in E4). The mean values of most traits

were similar to those of the recurrent parent, indicating that

transgressive segregation occurred in both positive and

negative directions in the CSSL population. Therefore, CSSLs

with significant differences from Su8289 could be found at both

sides for most traits in Supplemental Figure 11, and these

CSSLs might carry elite genes from G. anomalum.

Twenty-four QTLs were detected on 15 substitution segments of

six chromosomes (Supplemental Table 23). The total cover length
e Authors.



Figure 2. Characterization of the CSSL population derived from G. anomalum and introgression segments identified in CSSL44,
CSSL50, CSSL56, and CSSL63 based on SSR markers, resequencing, and FISH experiments.
(A) Genome coverage of substitution segments in the CSSL population.

(B) Chromosomal distribution of introgression segments identified from the 74 CSSLs and genome coverage of substitution segments in the CSSL pop-

ulation. Gray represents the genotype of the recurrent parent Su8289, blue represents the genotype of the donor parent G. anomalum, and light blue

represents heterozygous regions. On the vertical axis are the 74 CSSLs, arranged from top to bottom, and on the horizontal axis are the 13 chromosomes

of the G. hirsutum At1 genome, arranged from left to right.

(C–E) Introgression segments identified by SSR markers (C), resequencing (D), and FISH experiments (E). Introgression segments are indicated by light-

blue boxes. Scale bars, 10 mm.
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of the 15 segments was 402.25 cM, accounting for 24.11% of the

total cover length of all the substitution segments. Of these 24

QTLs, four were associated with PH, seven with yield traits

(four with BW and three with LP), and 13 with fiber quality traits

(three with FL, three with FS, two with MIC, two with FU, and

three with FE) (Supplemental Table 23). Some QTLs were

located on the same substituted segments; for example, four

different QTLs (qBW11-1, qLP11-2, qFL11, and qFU11) all map-

ped to the interval NAU3234–NAU2877 on Chr.11, and two QTLs

(qBW01 and qFL01-2) were both located on the same interval as

the linked marker JAAS0392 on Chr.01 (Supplemental Table 23).

Of the 24 QTLs, 13 for 7 traits (PH, LP, FL, FS, MIC, FU, and FE)

were identified as valuable loci involving 12 different substitution

segments on Chr.01, Chr.04, Chr.05, and Chr.11. Two valuable

QTLs, qFL01-1 and qFE01, were located on a single G. anoma-

lum segment on Chr.01, indicating that this segment could in-

crease FL and elongation simultaneously (Supplemental

Table 23).
Causal gene conferring drought tolerance in G.
anomalum

Through the transfer of genomic fragments associated with

distinct agronomic traits into cultivars in CSSLs, it is possible to

rapidly discover and clone agronomic genes from crop wild rela-

tives that have been sequenced.G. anomalum is distinctly charac-

terized by its extreme drought tolerance due to adaptation to an

extremely arid environment (Figure 3A); accordingly, we

attempted to identify G. ANOMALUM DROUGHT TOLERANCE
Plant Commu
(GADT) gene(s) from the CSSLs by combining substitution map-

ping, expression profiling analyses, and functional validation by

virus-induced gene silencing (VIGS). Drought tolerance of all

CSSLs was assessed using 20% polyethylene glycol (PEG) treat-

ment, and three introgression lines (CSSL29, CSSL30, and

CSSL31) showed tolerance to PEG stress at the seedling stage

(Figure 3B; Supplemental Figure 12A and 12B). Interestingly,

these three CSSLs carried overlapping substitution segments on

Chr.05 anchored by SSR markers JAAS6365 and JAAS5604.

Moreover, another introgression line, CSSL28, harbored a G.

anomalum segment anchored by JAAS6365–JAAS0803 that also

overlapped with the interval anchored by JAAS6365 and

JAAS5604. PEG treatment demonstrated that CSSL28 was

drought sensitive (Supplemental Figure 12C). These results

indicate that one or more genes involved in drought tolerance

were located in the JAAS0803–JAAS5604 interval (Chr.05:

1 415 831 bp to 2 878 211 bp) (Supplemental Figure 12D). This

interval of the G. anomalum genome contained 192 genes.

To exploit genes in the JAAS0803–JAAS5604 interval involved in

drought tolerance, a global analysis of transcriptome dynamics

was performed to compare CSSL29 and its recurrent parent

Su8289, both grown under 20% PEG stress conditions

(Supplemental Table 24). Twenty genes in the interval were

upregulated in CSSL29 relative to Su8289 under PEG stress at

any time point (6, 12, 24, and 72 h) (Supplemental Table 25).

Upon integrating these upregulated genes with functional

annotations of their Arabidopsis orthologs, nine genes were

validated by qRT–PCR and their functional relevance further
nications 3, 100350, September 12 2022 ª 2022 The Authors. 5



Figure 3. Drought tolerance of CSSL29, functional verification of Goano05G0268 by VIGS in CSSL29, and ectopic expression in
Arabidopsis.
(A) Phenotypic comparison of Su8289 and G. anomalum in response to water deficit. Scale bar, 5 cm.

(B) Phenotypic comparison of Su8289 and CSSL29 in response to drought stress using 20% PEG treatment. Photographs were taken at 0 and 72 h after

PEG treatment. Scale bar, 5 cm.

(C) Expression level of Goano05G0268 in Su8289 and CSSL29 under PEG stress at 0, 6, 12, 24, and 72 h. The left y axis shows the relative expression

according to qRT–PCR, and the right y axis shows the FPKM (fragments per kilobase per million mapped reads) value obtained from RNA-seq data.

**P < 0.01, Student’s t-test.

(D) Transcript levels of Goano05G0268 in leaves from CSSL29 plants infected with pTRV2 and pTRV2-Goano05G0268 under PEG stress at 72 h, eval-

uated by qRT–PCR. **P < 0.01, Student’s t-test.

(E) Phenotypes of CSSL29 plants infected with pTRV2, pTRV2-Goano05G0268, and pTRV2-CLA. Scale bar, 5 cm.

(F) Phenotypic comparison of Arabidopsis EE and WT seedlings after 25 days of drought stress.

(G) Endogenous H2O2 content, MDA content, and POD activity of Arabidopsis EE and WT lines before and after 14 days of drought stress. **P < 0.01,

Student’s t-test.
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confirmed by VIGS (Figure 3C, 3D, and 3E; Supplemental

Figures 13 and 14; Supplemental Tables 26 and 27). The

expression level of nine genes in VIGS-silenced plants at 72 h of

PEG stress was much lower than that in control plants

(Figure 3D; Supplemental Figure 14). Plants in which the

peroxiredoxin gene Goano05G0268 was silenced were more

sensitive to PEG stress at 72 h than TRV:00 plants, whereas

plants in which any of the other eight genes were silenced
6 Plant Communications 3, 100350, September 12 2022 ª 2022 Th
showed no significant sensitivity to PEG stress (Figure 3E;

Supplemental Figure 14). Hydrogen peroxide (H2O2) and

malondialdehyde (MDA) content and peroxidase (POD) activity

were measured in TRV:00 and TRV:Goano05G0268 cotton

plants under PEG stress at 0 and 72 h. Goano05G0268-silenced

plants had higher (P < 0.01) H2O2 and MDA content but lower

(P < 0.01) POD activity than TRV:00 plants under PEG stress at

72 h (Supplemental Figure 15).
e Authors.



Figure 4. Identification of valuable substitution segment associatedwith fiber strength and characterization of the candidate gene on
Chr.11 of G. anomalum.
(A) QTL distribution for the fiber strength trait in multiple environments. The x axis represents all introgression segments and the y axis the logarithm of

odds (LOD) score; the dashed line indicates the threshold value of 2.5, and the physical locations of QTLs are denoted by arrows.

(B)Graphical genotypes of SSR interval for fiber strength on Chr.11 and the phenotype of corresponding CSSLs. The orange line indicates theG. anom-

alum locus qFS11 mapped to the interval of JAAS4769–NAU2152 on Chr.11.

(C) Fiber strength phenotypic values of Su8289 and CSSL59 in multiple environments. **P < 0.01, Student’s t-test.

(D) Graphical genotypes and fiber strength values of Su8289, CSSL59, and 76 recombinants from the F2:3 population. Gray portions represent the ge-

notype of Su8289, blue portions represent the genotype of CSSL59, and light blue represents regions where crossover has occurred. The table on the

right indicates mean fiber strength values for the recombinant classes collected from Hainan Island. **P < 0.01, Student’s t-test.

(E) Callose synthase activity and callose content in fibers from CSSL59 and Su8289 at 20 DPA. **P < 0.01, Student’s t-test.
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Ectopic expression of Goano05G0268 modulates drought

response in Arabidopsis (Figure 3F and 3G; Supplemental

Figure 16). Three ectopic expression (EE) transgenic lines of

Goano05G0268 grown on Murashige and Skoog (MS) medium

with 200 and 250 mM mannitol had longer roots (P < 0.05) than

wild-type (WT) lines (Supplemental Figure 16B and 16C). These

lines had relatively lower (P < 0.01) H2O2 and MDA content but

higher (P < 0.01) POD activity than WT lines to modulate drought-

tolerant phenotypes (Figure 3F and 3G). Goano05G0268 encodes

a peroxiredoxin protein, which participates in protection against

oxidative damage and plays a role in plant responses to drought

stress (Rey et al., 2005; Dietz, 2007; Hernández et al., 2012;

Marquez-Garcia et al., 2015; AbdElgawad et al., 2020). Therefore,

Goano05G0268 may be involved in drought response and might

play an important role in drought-adapted evolution.

The Goano05G0268 gene in CSSL29 and its orthologous gene

GH_A05G0249 (Hu et al., 2019) (GhGADT) in Su8289 were

isolated by PCR amplification (Supplemental Table 28).

Sequence analysis revealed that the Su8289-derived GhGADT

contained one deletion (408 bp), three insertions (2549 bp,

159 bp, and 2 bp) in the second intron, and 11 SNPswithin exons
Plant Commu
1, 2, and 3 (Supplemental Figure 17), leading to the conclusion

that this gene likely became pseudogenized in Su8289 over

the course of evolution. The Goano05G0268 gene in G.

anomalum was also aligned with its orthologs in other

allotetraploid cotton species, such as G. hirsutum L. acc. TM-1

(Wang et al., 2019), G. barbadense L. cv. Hai7124 (Hu et al.,

2019), G. barbadense L. accession 3-79 (Wang et al., 2019), G.

tomentosum (Chen et al., 2020), G. mustelinum (Chen et al.,

2020), and G. darwinii (Chen et al., 2020). The results were

similar to those of the alignment of G. anomalum and Su8289,

that is, Goano05G0268 orthologs in these allotetraploid cotton

species contained a �2500-bp insertion and other small

deletions and insertions in the second intron and different

numbers of SNPs within exons 1, 2, and 3 (Supplemental

Figure 18 and Supplemental Table 29).
Candidate gene for improved fiber strength in G.
anomalum

Among the two elite QTLs identified as associated with FS, the G.

anomalum locus qFS11 mapped to the JAAS4769–NAU2152

interval on Chr.11 was consistently detected across all four
nications 3, 100350, September 12 2022 ª 2022 The Authors. 7
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environments (Figure 4A and Supplemental Table 30). Six CSSLs

carrying the overlapping segment (CSSL13, CSSL56, CSSL57,

CSSL58, CSSL59, and CSSL60) all showed significantly

(P < 0.01) greater FS values than the recurrent parent Su8289;

CSSLs lacking that segment showed no significant difference

from Su8289, indicating a tight association between the introgres-

sion segment and greater FS (Figure 4B and 4C; Supplemental

Figure 19). To mine the G. ANOMALUM FIBER STRENGTH

(GAFS) gene, we performed finemapping of qFS11 in an F2:3 pop-

ulation constructed from CSSL59 3 Su8289 using data collected

at Hainan Island in 2021. Substitution mapping narrowed down

qFS11 to the 1.19-Mb interval of JAAS8037–JAAS8040, which

contained 49 candidate genes (Figure 4D and Supplemental

Table 31). We then conducted a transcriptomic analysis of fibers

from CSSL59, CSSL13, and Su8289 at 20 days post anthesis

(DPA) (Supplemental Table 32), when the fiber elongates and the

secondary cell wall (SCW) thickens. Twelve genes located in the

qFS11 interval JAAS8037–JAAS8040 showed upregulated

expression in fibers from CSSL59 and CSSL13 relative to those

from Su8289 (Supplemental Table 33).

Of those 12 genes, nine contained probable function-altering varia-

tions relative to their homologs in G. hirsutum, whether from

transcript splicing, frameshift, gain of stop codon, or loss of stop

codon (Supplemental Table 34). These nine genes were verified

by qRT–PCR (Supplemental Figure 19 and Supplemental

Table 35). Among them, one gene, Goano11G3883 encoding

PUTATIVE CALLOSE SYNTHASE 8 PROTEIN (PCSY8P), was

significantly upregulated at 20 DPA in CSSL13, CSSL56, CSSL57,

CSSL58, CSSL59, and CSSL60, all of which carried the same

substituted segment JAAS4769–NAU2152 (Supplemental Figure

20). The orthologous gene GH_A11G3315 in G. hirsutum (Hu

et al., 2019) contains two deletions (2 bp and 13 bp) within exon

30 that result in a frameshift (Supplemental Figure 21A). The

protein encoded by GH_A11G3315 has five amino acids deleted

from the Glucan_synthase domain (Supplemental Figure 21B). We

amplified the partial sequence of this gene containing structural

variation from CSSL59 and Su8289 and confirmed their sequence

differences (Supplemental Figure 22 and Supplemental Table 36).

The SCW thickening stage, characterized by the synthesis and

accumulation of cellulose, is a key period that determines FS

(Meinert and Delmer, 1977; Hsieh et al., 2000; Kim and Triplett,

2001). PCSY8P is involved in the biosynthesis of callose ((1/

3)-b-D-glucan), an intermediate in cellulose biosynthesis (Meier

et al., 1981; Brown et al., 1996; Salnikov et al., 2003; Ruan

et al., 2004). Callose synthase activity and relative callose

content were significantly higher (P < 0.01) in CSSL59 than in

Su8289 (Figure 4E). Therefore, Goano11G3883 appears to be a

candidate for the GAFS gene that improves FS. The GAFS

gene may have been pseudogenized in the A subgenome

chromosome of G. hirsutum during evolution.

DISCUSSION

High-quality assembly of a wild-species genome will
greatly facilitate interspecific introgression breeding

It is well known that wild relatives of modern crops are rich re-

sources to mine for useful variants lost during domestication

(Hake and Richardson, 2019). Obtaining a high-quality reference

genome is an essential step in understanding the evolution, origin,
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and domestication of wild and cultivated species and enables the

best utilization of genetic resources and the improvement of agro-

nomic traits in modern plant breeding (Stein et al., 2018; Mamidi

et al., 2020; Szymanski et al., 2020). In this study, we assembled

a high-quality genome ofG. anomalum based on PacBio Illumina,

BioNano, and Hi-C technology. The quality of our assembly and

the recently published genome of G. anomalum (Grover et al.,

2021) are comparable, as we used similar approaches (PacBio +

Illumina + BioNano + Hi-C for our assembly, PacBio + Hi-C for

Grover et al., 2021) for genome sequencing and assembly. The

different results may arise from differences in analytical methods

and criteria. The two genomes can complement each other in

reference and utility value for the cotton community.

During the domestication and improvement of cultivated species,

particularly during the formation of allopolyploid species, some

agronomic genes lose their function or become defunctionalized

because of genome shock; these can be recovered by transfer-

ring the original functional gene from a crop wild relative into

domesticated stock. However, interspecific hybridization be-

tween cultivated species and wild species from the tertiary

gene pool is often challenging, hampered by reproductive bar-

riers and a lack of genomic information (Wendel et al., 2010).

Here, we have developed a strategy to transfer elite genes from

a wild diploid cotton species to tetraploid cultivars by

developing CSSLs, performing transcriptome and sequence vari-

ation analysis, and identifying causal genes integrated with the

reference genome. We report that introgressive G. anomalum

genes encoding peroxiredoxin and putative callose synthase 8

can confer drought tolerance and improve FS in upland cotton.

Such transfers of original functional genes fromwild or progenitor

species intoG. hirsutum along with the corresponding agronomic

trait, such as FS, will be very important and useful in interspecific

introgression breeding to improve yield and quality.
Development of a first set of CSSLs derived from a
diploid wild species and their application in cotton
breeding

In previous reports, the tetraploid wild species G. tomentosum

(AADD)3, G. mustelinum (AADD)4, and G. darwinii (AADD)5, were

used as donor parents to create CSSLs (Wang et al., 2012a;

Chandnani et al., 2017; Keerio et al., 2018). There are no

previous reports on creating a CSSL library with a diploid wild

cotton species as a donor parent owing to crossability

inhibition and limited recombination between chromosomes of

wild and cultivated plants. In this study, a fertile hexaploid

hybrid (AADDBB)1 developed in our previous studies was further

backcrossed three times with G. hirsutum cv. Su8289 and selfed

three times. MASwas applied in every generation. Finally, a set of

74 CSSLs in theG. hirsutum backgroundwere developed. ThisG.

anomalum CSSL population is comparable with those developed

for other crop species with regard to the ‘‘quality’’ of introgression

lines, e.g., relatively high exotic genome coverage (72.22%) and a

high grade of pureness (41 out of 74 lines possess a single exotic

introgression segment). These lines will be powerful materials for

QTL identification, fine mapping, map-based cloning, and ulti-

mately breeding utilization.

Cotton breeders have long recognized that low-performing wild

cotton species can contribute agronomically favorable alleles.
e Authors.
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Successful examples of utilizing cotton wild species in cotton-

breeding history include the use of G. harknessii (D2-2) as the

source of cytoplasmic male sterility (Meyer, 1973), the use of G.

thurberi (D1) to improve fiber quality (Culp and Harrell, 1973;

Culp et al., 1979), and the use of G. aridum (D4) to provide

resistance to reniform nematode (Sacks and Robinson, 2009).

In this study, agronomically positive QTL alleles from G.

anomalum were identified for drought tolerance, fiber quality

(e.g., FL, FS), and yield traits (LP), despite G. anomalum

having short seed hairiness. Linkage drag is one of the main

factors that affect the utilization of wild species in breeding

programs. We observed that exotic chromosome fragments

were associated with deleterious effects on some traits

such as BW and LP. For example, 28 of 74 CSSLs showed

significantly lower BW than the recurrent parent Su8289

(Supplemental Figure 11). Linkage drag between fiber quality

and yield traits was observed for G. anomalum loci on Chr.01

and Chr.11 (Supplemental Table 23). However, CSSL17 con-

tained a positive FL QTL at a small introgression fragment of

Chr.01 and showed no detectable negative effects on BW and

LP, indicating that further genetic dissection of the target region

could break linkage drag. Disruption of deleterious linkages and

reduction of pleiotropic effects could be achieved by fine map-

ping of target QTL regions or editing negative genes using

CRISPR technology.

METHODS

Plant materials

Highly homozygous G. anomalum plants were cultivated at Lishui Plant

Experiment Station, Jiangsu Academy of Agricultural Sciences (JAAS),

China. Young leaves from a single plant were harvested and frozen imme-

diately in liquid nitrogen for extraction of genomic DNA.

PacBio sequencing

An improved cetyltrimethylammonium bromide (CTAB) method was

used to extract the genomic DNA of G. anomalum. Size selection

was carried out on more than 5 mg of sheared and concentrated

DNA by the BluePippin system. Approximately 40-kb SMRTbell

libraries were prepared according to the protocol released by

PacBio. A total of 14 single-molecule, real-time (SMRT) cells were

run on the PacBio Sequel system, and 82.75 Gb of polymerase reads

were produced.

Illumina sequencing

A total of 1.5 mg ofG. anomalum genomic DNA was used as input material

for sample preparation. Sequencing libraries were generated using the

TruSeq Nano DNA HT Sample Preparation Kit (Illumina, USA) following

the manufacturer’s recommendations; index codes were added in order

to attribute sequences to each sample. DNA samples were fragmented

by sonication to sizes of 230 bp, 350 bp, and 500 bp, and the fragments

were end-polished, A-tailed, and ligated with the full-length adapter for Il-

lumina sequencing with further PCRamplification. PCR products were pu-

rified (AMPure XP system), and libraries were analyzed for size distribution

and quantification with an Agilent 2100 Bioanalyzer and real-time PCR,

respectively. The libraries were sequenced on an Illumina HiSeq platform,

producing 46.80 Gb, 41.38 Gb, and 44.92 Gb of raw data, respectively, for

each fragment size.

De novo assembly

The G. anomalum PacBio data were first corrected by the Fast Alignment

and CONsensus (Falcon) sense method (option correctedErrorRate =

0.025). High-quality pre-assembled reads were then used for genome as-
Plant Commu
sembly via Falcon using the Overlap-Layout-Consensus algorithm. Quiver

software was used to compute the genomic consensus and to call vari-

ants relative to the reference. The resulting contigs were then used to

map the Illumina short reads with BWA (version 0.7.15-r1140) (Li and

Durbin, 2009) and were polished using Pilon (version 1.22) with default

parameters (Walker et al., 2014).

Genome assembly improvement with BioNano optical maps

A highly homozygousG. anomalum plant was cultivated in a greenhouse at

theJAAS.Young leaveswerecollectedafter 4daysofdark treatment.High-

molecular-weight DNAwas isolated and labeled according to the BioNano

protocol with the single-stranded nicking endonuclease Nt.BssSI (Lam

et al., 2012). After labeling and staining, the complete genome-specific

marker library was constructed and loaded onto the Loading Saphyr array.

The stretched DNAmolecules were imaged on a BioNano Irys system, and

the raw image datawere converted into bnx files. After filtering on the Label

SNRfilter (threshold: 3.5–20),molecule length (more than 150 kb), and label

density, a total of 291.88 Gb of single-molecule data were produced. High-

quality labeled single molecules were pairwise aligned, clustered, and

assembled into contigs according to the BioNano assembly pipeline

(Lam et al., 2012; Cao et al., 2014), yielding a physical map with a total

length of 1.29 Gb. Hybrid scaffolding was performed with the assembled

PacBio contigs and BioNano optical maps using BioNano Solve. To detect

the best matches and potential reciprocal scaffolding of each dataset,

BioNano genome nick-based maps were compared with in silico nick

maps of the genome sequence. If any sites conflicted between the genome

sequence and optical maps, both were broken at those sites and reas-

sembled using Hybrid Scaffold software.

Hi-C library construction and chromosome assembly

Hi-C library construction forG. anomalumwas performed according to the

Hi-C procedure (Servant et al., 2015). The Hi-C library was controlled for

quality and sequenced on an Illumina HiSeq X Ten sequencer. After

filtering, we obtained 249 816 916 valid read pairs for the high-quality as-

sembly of G. anomalum. The 396 assembled scaffolds were separately

broken into fragments with an average length of 50 kb, and valid Hi-C

read pairs were mapped to these fragments using BWA (Li and Durbin,

2009). Uniquely mapped reads were retained and used for assembly

with LACHESIS (Burton et al., 2013). Any two fragments that showed

inconsistent connections with information from the raw scaffolds were

checked manually, and these corrected scaffolds were then assembled

by LACHESIS. Finally, 364 scaffolds with a total length of 1.21 Gb were

anchored, and 13 super-scaffolds (99.19%) were oriented to the respec-

tive 13 high-quality groups of G. anomalum.

The completeness of the genome assembly was evaluated using the

Benchmarking Universal Single-Copy Orthologs (BUSCO) dataset

(Simão et al., 2015) and the Core Eukaryotic Genes Mapping Approach

(CEGMA) version 2.5 with default settings (Parra et al., 2007). The

LAI was used to evaluate the continuity of repeat element sequences

throughout the assembly (Ou et al., 2018). In addition, assembly

accuracy and completeness were also supported by alignment via

BLAT of Illumina short-read data and transcripts derived from RNA-seq

of different tissues (Kent, 2002).

Identification of centromeric regions by CenH3 ChIP

ChIP experiments were performed according to a published protocol

(Nagaki et al., 2004). A total of 47.8 and 22.9 million CenH3 ChIP-seq

and genomic control reads (150 bp) were generated, respectively, 17.8

and 2.8 million of which were mapped to unique sites in the G. anomalum

genome assembly using Bowtie 2. Read density was calculated for each

genomic window by dividing the total number of uniquely mapped reads

by the total number of mapped nucleotides. The density of ChIP-seq

reads in each window was normalized using the density of input reads.

CenH3 domains were detected with SICER version 1.1 (Zang et al.,

2009) using the following parameters: 200-bp windows, required fold
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change (ChIP/control) R5 and false discovery rate (FDR) <0.01, and al-

lowed gaps of 400 bp.

Repeat sequence and non-coding RNA prediction

A de novo TE library was first constructed using LTR_FINDER (Xu and

Wang, 2007), RepeatScout (Price et al., 2005), and PILER-DF (Edgar

and Myers, 2005). TEs were then identified with RepeatMasker (version

4.0.6) (Chen, 2004) run against the de novo TE library and the Repbase

database (version 20.01) (Jurka et al., 2005). Tandem Repeats

Finder was used to search for tandem repeats in the genome (Benson,

1999). The tRNAscan-SE program was used to predict tRNA fragments,

and INFERNAL was used against the Rfam database (release 9.1) to iden-

tify rRNA, miRNA, and snRNA fragments (Griffiths-Jones et al., 2005). All

intact LTR-retrotransposons (LTRs) in cotton genome species were used

to calculate the insertion time using the formula time = Ks/2r, where Ks is

the synonymous substitutions per synonymous site and r is the rate of

nucleotide substitution (which was set to 7 3 10�9) (Li et al., 2014).

Protein-coding gene prediction

De novo, homology-based, and RNA-seq-based predictions were used to

annotate protein-coding genes in the G. anomalum genome. De novo pre-

diction used the programs AUGUSTUS (version 3.0.2) (Stanke and

Waack, 2003), GENSCAN (version 1.0) (Burge and Karlin, 1997), geneid

(version 1.3) (Blanco et al., 2007), GlimmerHMM (version 3.0.2) (Majoros

et al., 2004), and SNAP (Korf, 2004). For identification by homology,

protein sequences from six plant species—Arabidopsis thaliana

(Arabidopsis Genome Initiative, 2000), G. arboreum (CRI) (Du et al., 2018),

G. hirsutum (NAU) (Zhang et al., 2015), G. raimondii (JGI) (Paterson et al.,

2012), Populus trichocarpa (Tuskan et al., 2006), and Theobroma cacao

(Argout et al., 2011)—werealignedagainst the repeat-maskedG.anomalum

genome using tblastn (E-value%1e�5). BLAT (Kent, 2002) and GeneWise

(version 2.4.1) (Birney et al., 2004) were used to predict gene models

based on the aligned sequences. Finally, RNA-seq-based predictions

weremade on thebasis of twomethods for assembling the data into unique

transcript sequences: mapping the RNA-seq data to the G. anomalum

genomeusing TopHat (version 2.0.8) and cufflinks (version 2.1.1), and using

Trinity to assemble the RNA-seq data followed by PASA to model the gene

structures (Haas et al., 2003). Consensus gene models were generated by

merging the de novo predictions, protein alignments, and transcript data

using EVidenceModeler (EVM) (Haas et al., 2008). Finally, the gene

models generated by EVM were adjusted using PASA based on the

transcript assembly, yielding 42 752 predicted protein-coding genes.

Functional annotation of protein-coding genes was performed according

to the best BLAST hit by BLASTP (E-value %1e�5) against Swiss-Prot

(Boeckmann et al., 2003), Pfam, andNCBI non-redundant (NR) protein da-

tabases. Motifs and domains were annotated by searching against

InterPro (version 29.0) (Zdobnov and Apweiler, 2001). GO terms

(Ashburner et al., 2000) for each gene were obtained from the

corresponding InterPro description. Pathways in which the protein-

coding genes might be involved were assigned by performing BLAST

searches (McGinnis and Madden, 2004) against the KEGG database

(release 53) Kanehisa and Goto, 2000) (E-value %1e�5). In all, 41 592

protein-coding genes were annotated, accounting for 96.5% of the pre-

dicted genes.

Phylogenetic tree construction and gene synteny analysis

We identified single-copy gene families using the OrthoFinder package

based on protein sequences of eight diploid cotton species and

Gossypioides kirkii (Udall et al., 2019b). The corresponding CDS

sequences of proteins from single-copy gene families were extracted

and aligned using MAFF with default parameters (Rozewicki et al.,

2019). The alignments were then concatenated into a super matrix,

which was used for phylogenetic tree reconstruction via maximum-

likelihood methods implemented in RAxML with a GTRGAMMA substitu-

tion model (Stamatakis, 2014). Divergence times among these species
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were estimated using the MCMCtree program (Yang, 1997). The

collinearity between cotton species was estimated using the MCScanX

package (Wang et al., 2012c).

Development and molecular characterization of the CSSL
population

From the BC2F1 generation produced in 2013, recombinants carrying as

few substitution segments as possible were selected to make successive

backcrosses with Su8289 to produce the BC4F1 generation in 2015. In

parallel, to obtain as many recombination types as possible, alien addition

lines of 13 G. anomalum chromosomes were also backcrossed with the

BC2F1 and BC3F1 generations. The BC4F1 plants were subsequently

selfed three times to achieve stable and homozygous recombined lines.

To efficiently monitor G. anomalum substitution segments and reduce la-

bor cost as much as possible, 130 G. anomalum-specific markers (7–14

markers per chromosome) were used to track the target substitution seg-

ments (marker names listed in Supplemental Table 37) in each generation.

These markers were selected as being near the recombination

breakpoints in the BC2F1 generation and represented genomic regions

delimited by specific recombination events. MAS for foreground selection

was used to confirm the presence of target substitution segments in each

generation. In the BC4F3 generation, homozygous candidate substitution

lines were investigated again to confirm the homozygous exotic genotype

of each line and were then propagated until BC4F4 to obtain a sufficient

number of seeds for phenotype studies.

In the BC4F4 generation, all recombination types were subjected to fore-

ground and background genotyping with 230 markers evenly distributed

across the G. anomalum genome. The size of the substitution segment

in each finished CSSL was calculated, with the midpoint of two adjacent

markers with different genotypes being considered the endpoint of a sub-

stitution segment (Young and Tanksley, 1989). Graphical genotype

analysis was performed using GGT 2.0 software (van Berloo, 2008).

All generations except BC4F3 were planted at the Experiment Station for

Plant Science (JAAS), Nanjing, China (N31�360 E119�100); BC4F3 plants

were grown at Nanbin Farm, Sanya, China (N18�210 E109�100).

SSR marker analysis

Genomic DNA was extracted from fresh leaves using a modified CTAB

method for cotton. PCR reactions were performed using a Applied Bio-

systems 2720 thermal cycler (Thermo Fisher Scientific, MA, USA) in a

10-mL volume containing 7.5 mL of PCRMaster Mix (13, TsingKe Biotech,

Beijing, China), 0.5 mL of each primer (100 mM), and 1.5 mL of DNA template

(20 ng). For the collection of genotypic data, banding patterns were

marked as follows: the same band type as G. hirsutum was marked as

‘‘1;’’ the same band type as G. anomalum was marked as ‘‘2;’’ the same

band type as the F1 was marked as ‘‘3;’’ and missing and unclear band

types were marked as ‘‘0.’’

Resequencing of CSSLs and Su8289 and identification of SNPs

Leaves from six CSSLs (CSSL29, CSSL44, CSSL50, CSSL56, CSSL59,

and CSSL63) and Su8289 were collected from the Lishui Plant Experiment

Station, JAAS, China. DNA was extracted from leaves using an improved

CTABmethod, and at least 1.5 mg of DNAwas used for library construction

via the TruSeq Library Construction Kit with an insert size of about 350 bp.

All libraries were sequenced on the Illumina HiSeq platform with genome

coverage of at least 503 for Su8289, 303 for CSSL63, and 103 for other

CSSLs (Supplemental Table 21). After trimming of low-quality bases using

Trimmomatic (version 0.32), the clean data were mapped to the A subge-

nome of G. hirsutum TM-1 using BWA (Li and Durbin, 2009). All uniquely

mapped reads were extracted and SNP identification performed using

GATK (version 3.1.1) (McKenna et al., 2010) and SAMtools (version

0.1.19) (Li et al., 2009).
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Development of G. anomalum chromosome type-specific
oligo-FISH probes and FISH

Oligo-FISH probes were designed using Chorus2 based on a previously

published pipeline (Albert et al., 2019). In brief, single-copy oligos (45 nt)

were generated from Chr.06, Chr.09, and Chr.11 of G. anomalum with the

parameters of chorus ‘‘-l 45 -homology 75 -step 5.’’ Repetitive oligos were

then filtered using G. anomalum genomic sequence data. In total,

117 685, 117 287, and 156 457 oligos were generated from G. anomalum

Chr.06, Chr.09, and Chr.11, respectively. To distinguish G. anomalum

Chr.06, Chr.09, and Chr.11 in CSSL lines, we developed oligo probes spe-

cific to G. anomalum following a previously published protocol (do Vale

Martins et al., 2019). Oligos from G. anomalum Chr.06, Chr.09, and Chr.11

were first mapped to the G. hirsutum reference genome and then

classified into three sets on the basis of that mapping: oligos that were

identical to G. hirsutum, oligos that were completely different (PAV oligos),

and oligos that contained mismatches and/or indels (SNP oligos). Finally,

all PAV oligos and SNP oligos were selected as haplotype-specific oligo-

FISH probes for G. anomalum. This process yielded 266 PAV and 8 861

SNP oligos, 314 PAV and 7 185 SNP oligos, and 259 PAV and 10 597

SNPoligos forG.anomalumChr.06,Chr.09,andChr.11, respectively. All oli-

gos were synthesized by MYcroarray (Ann Arbor, MI, USA).

FISH was performed as previously described with several modifications

(Meng et al., 2020). Mitotic chromosome spreads were prepared using root

tips, and slides with good metaphase chromosomes were selected for the

FISH experiment. After hybridization, chromosomes were counterstained

with 40,6-diamidino-2-phenylindole (DAPI; Vector Laboratories, USA), and

the signal was detected directly under an Olympus BX63 fluorescence

microscope. Chromosome and FISH signals were captured using cellSens

Dimension 1.9 software with an Olympus DP80 CCD camera. Final image

adjustments were performed using Adobe Photoshop CC software.

Phenotypic identification of the CSSL population

The CSSL population and Su8289 were planted in a completely random-

ized block design with three replications at the Experiment Station for

Plant Science (JAAS), Nanjing, China in 2017 (designated E1), 2018 (E2),

and 2019 (E4). In each environment, the seedswere first sown in plug trays

to ensure good seedling emergence and growth rate. Seedlings were

transplanted to the field after 30 days, with one row per replication and

10 plants per row. Plants were separated by 50 cm and rows by

100 cm. Su8289 was planted among every tenth row and used as a

boundary. The lines were also planted in a completely randomized block

design with four replications at the National Crop Seeding Farm, Kuerle,

China (N41�500 E85�480) in 2018 (E3). In this environment, the seeds

were sown directly on mulch film with one row per replication and 30

plants per row. The rows were 4 m in length with 40 cm between rows.

Field management was carried out according to the local cotton produc-

tion management model in each environment.

PH wasmeasured as the length from the cotyledon node to the apical bud

at maturity in environments E1 and E2, and the average of 10 plants per

row was taken as the corresponding phenotypic value. Thirty mature cot-

ton bolls, fully open and from the interior middle of the plants, were

selected to investigate BW, LP, and SI in E1, E2, E3, and E4 (SI was

determined only in E2 and E3). Approximately 15 g of lint from each

sample was used for quality testing of FL, FS, MIC, FU, and FE at the

Supervision, Inspection and Test Center of Cotton Quality, Ministry of

Agriculture and Rural Affairs, Anyang, China.

Descriptive analysis of phenotypeswas performed using PROCMEANS in

SAS/STAT version 9.1.2 (SAS Institute, NC, USA).

Identification of substitution segments associated with
agronomic traits

A likelihood ratio test based on stepwise regression (RSTEP-LRT) in QTL

IciMapping 4.1 (Li et al., 2007) was used to detect associations between
Plant Commu
substitution segments and traits in each environment with the statistical

threshold of LOD (likelihood of odds) >2.5. RSTEP-LRT is suitable for

QTL mapping in a non-idealized CSSL population in which each line

carries two or more segments from the donor parent. The stepwise

regression was used to select the most important segments for the trait

of interest, and the likelihood ratio test was used to calculate the LOD

score of each chromosome segment (Wang et al., 2006). The QTL

designations begin with ‘‘q’’ followed by abbreviations of trait name,

chromosome name, and serial number.

Fine mapping of the genes for fiber strength

The hybridization of CSSL59 3 Su8289 was performed in 2019. The F1
seedswere planted and self-pollinated in Hainan Island. The F2 population

of 2168 individuals was grown at Lishui Plant Experiment Station, JAAS,

China in 2020. Nineteen polymorphic SSRmarkers were used to genotype

all the F2 plants, and 81 recombinants were identified (Supplemental

Table 31). The seeds of recombinants in the F2 population were

harvested separately, and these seeds of each F2 individual generated

F2:3 families, which were planted in Hainan Island. The fiber quality of

homozygous recombinants in the F2:3 families was tested at the

Supervision, Inspection and Test Center of Cotton Quality, Ministry of

Agriculture and Rural Affairs, Anyang, China.

Transcriptome analysis

For the drought tolerance test, CSSL29 and Su8289 were germinated in

soil and then irrigated with 20% PEG6000 solution at the seedling stage

(14 days after germination). Leaves were collected at 0, 6, 12, 24, and

72 h after PEG treatment. Fiber samples at 20 DPA were collected from

CSSL13, CSSL59, and Su8289. Three biological replicates of total RNA

for each sample were extracted using a plant RNA purification kit (Omega,

Beijing, China) following the manufacturer’s instructions. Libraries were

constructed using the Illumina TruSeq Stranded RNA Library Preparation

Kit and then sequenced on an Illumina HiSeq platform (150 bp paired-

end). We used the DESeq2 package (http://www.bioconductor.org/

packages/release/bioc/html/DESeq2.html) to identify genes that were

differentially expressed across samples or groups. We defined genes as

significantly differentially expressed when comparison yielded a fold

change R 2 and an FDR < 0.05.

Quantitative RT–PCR analysis

To estimate the validity of RNA-seq technology for expression profile anal-

ysis and screen the candidate genes involved in PEG stress and fiber

development, total RNA was extracted from leaves at 0, 6, 12, 24, and

72 h after PEG treatment and from fiber samples at 20 DPA and then

reverse transcribed into cDNA. Endogenous cotton histone-3 (AF024716)

was used as an internal standard to normalize the total amount of cDNA

in each reaction. Gene-specific primers corresponding to the candidate

genes were designed with Beacon Designer software (Supplemental

Tables 26 and 35). The qRT–PCR experiment was conducted using the

TB Green Premix Ex Taq (Tli RNaseH Plus) kit (TaKaRa), and three biolog-

ical replicates of all reactions were run on a QuantStudio 5 Real-Time PCR

System. Relative transcript levels were computed using the 2–DCt method,

whereDCt is the difference in Ct values between the control histone-3gene

(AF024716) products and the target gene products.

Virus-induced gene-silencing assay

For knockdown of Goano05G0164, Goano05G0170, Goano05G0207,

Goano05G0222,Goano05G0235,Goano05G0236,Goano05G0268,Goa-

no05G0301, and Goano05G0319, approximately 300-bp fragments of

these genes were PCR-amplified from CSSL29 cDNA. The primers used

are given in Supplemental Table 27. The resulting PCR products were

recombined into pTRV2 to produce VIGS vectors, after which pTRV1

and recombinant pTRV2 vectors were separately introduced into

Agrobacterium strain GV3101 by means of electroporation (Bio-Rad,

Hercules, CA, USA); bacteria harboring each vector were then mixed by

equal volume and incubated for 3 h at 28�C. Infiltration of CSSL29
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seedlings with mature cotyledons but without a visible true leaf (7 days af-

ter germination) was then performed by inserting the combined Agrobac-

terium suspension into the cotyledons via a syringe. The plants were

grown at 23�C with a 16 h/8 h (light/dark) cycle and a relative humidity

of 60%. VIGS effectiveness was assessed by generating a TRV:GbCLA

construct using the G. anomalum CLA1 gene as described previously.

The VIGS experiments were repeated at least three times with more

than five plants in each repeat.

Drought stress tolerance assays in Arabidopsis

We used the floral dip method (Clough and Bent, 1998) to generate EE

lines of Goano05G0268 in Arabidopsis and selected the positive lines on

MS basal salt mixture medium with 50 mg/l kanamycin. The positive

lines were further confirmed by PCR amplification (Supplemental

Figure 16A). Three EE (T1 generation) and WT lines were grown on MS

medium containing 0, 200, and 250 mM mannitol. The root length was

measured after 8 days. To assess drought stress during seedling

development, the WT and EE lines (T0 generation) were well watered for

21 days and then treated without supplemental water in the soil to place

the plants under drought stress. After 25 days, all of the WT plants

wilted and lost vitality owing to severe drought stress, whereas most EE

plants remained alive (Figure 3F).

Determination of physiological and biochemical indexes

Callose content (Keppler and Novacky, 1987) and callose synthase

activity in fibers of CSSL59 and Su8289 at 20 DPA were measured using

the aniline blue staining method. POD activity and H2O2 and MDA

content in TRV:00 and TRV:Goano05G0268 cotton plants under PEG

stress and in EE and WT lines of Arabidopsis under drought stress were

measured with assay kits (JianCheng, Nanjing, China).
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