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Annotation. Advances in genome sequencing over the past decade have revolutionized our
understanding of Gossypium hirsutum by transforming fragmented short-read assemblies into near-complete,
chromosome-scale genomic maps. In this review, genome assemblies of key G. hirsutum cultivars, beginning
with the reference line TM-1, which provided the foundation for the earliest high-quality genome assembly,
were examined. Then, additional cultivars, such as CRI-12 and ZM24, and several elite breeding lines,
whose assemblies have refined knowledge of genome structure, gene content, and structural variation, were
considered. These genomic resources offer critical insights into the genetic basis of traits such as fiber
quality, yield, and stress tolerance. Next, recent advances in genomic tools and breeding strategies were
considered. Particular attention was given to genome-wide association studies (GWAS), high-density SNP
arrays, and transcriptomic profiling, which accelerate trait mapping and candidate gene identification. By
synthesizing progress in genome assemblies and molecular breeding, this review underscores the central role
of genomic resources in developing resilient, high-yielding cultivars to meet global agricultural and
industrial challenges.

Keywords: Upland cotton (Gossypium hirsutum), whole genome sequencing, genome assembly,
pangenome, GWAS, molecular breeding, structural variation

Introduction. Gossypium hirsutum L., commonly known as Upland cotton, is the most
widely cultivated cotton species worldwide, accounting for approximately 95% of global cotton
fiber production [1]. Due to its broad ecological adaptability, high yield potential, and economic
importance, G. hirsutum has become a central focus of modern breeding programs aimed at
improving fiber quality, productivity, and tolerance to biotic and abiotic stresses [2]. However,
traditional breeding approaches, which rely primarily on phenotypic selection and long-term field
evaluation, are constrained by the complexity of its allotetraploid genome (AADD, 2n = 4x = 52),
high heterozygosity, and substantial structural variation [3].

The rapid development of high-throughput sequencing technologies over the last decade has
dramatically transformed the landscape of cotton genomics. Early genome sequencing attempts
produced fragmented and incomplete assemblies, limiting in-depth molecular analyses. The advent
of long-read sequencing platforms such as PacBio and Oxford Nanopore, combined with Hi-C—
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based chromosomal scaffolding and hybrid assembly strategies, enabled a transition from draft
genomes to highly contiguous, chromosome-level assemblies. The reference genome of the TM-1
line laid the foundation for comprehensive genomic studies, while subsequent sequencing of
additional cultivars such as ZM24, CRI-12, ZM113, BARBREN-713, NDMS, and Yuanmianl1
greatly expanded our understanding of genomic diversity, structural rearrangements, and functional
organization within G. hirsutum.

Advancements in genomic research on G. hirsutum provide a fundamental framework for
next-generation breeding technologies by enabling a deeper understanding of the genetic
architecture underlying economically important traits. This review aims to systematize current
knowledge on Upland cotton genome sequencing efforts, characterize major cultivars and their
genomic features, and evaluate the role of these resources in developing highly productive, stress-
resistant, and adaptable cotton varieties.

Materials and methods. This review focuses on G. hirsutum as the primary research
material. Particular attention was given to G. hirsutum cultivars and related genomic resources that
contribute to understanding cotton evolution, genome structure, and breeding potential.

The literatures for this review was obtained from several major scientific databases,
including the Web of Science Core Collection, PubMed, Google Scholar and the National Center
for Biotechnology Information. A total of more than 41 publications were examined, comprising
research articles, review papers, books, and book chapters published in leading international and
regional journals. The search covered the period from 2012 to 2025 to ensure the inclusion of both
foundational and recent advances in cotton genomics.

The search strategy utilized a combination of topical keywords and controlled vocabulary
terms, including: Gossypium L., cotton genetics and genomics, genome structure and variation, SNP
arrays, GWAS, QTL mapping. Boolean operators (“AND”, “OR”) and filters by publication year,
article type were applied to refine search results. Reference lists from key papers were manually
screened to identify additional relevant studies. Microsoft Office Excel 2021 was used for
quantitative analysis of the literature and made table.

Genome assemblies of Gossypium hirsutum cultivars. With the advancement of molecular
biology and genomics, since 2015 large-scale studies have been initiated to perform detailed
sequencing and annotation of the G. hirsutum genome. This stage marked a significant shift from
phylogenetic reconstructions to an in-depth molecular analysis of genome structure and function.

The Texas Marker 1 (TM-1) line of G. hirsutum, developed through over 50 generations of
self-pollination, has been established as the genetic standard for Upland cotton. Owing to its high
homozygosity, TM-1 serves as a key reference in genomic and breeding studies.

The sequencing and assembly of the G. hirsutum genome has undergone a remarkable
transformation over the past decade, evolving from highly fragmented drafts to a nearly gapless,
chromosome-level reference. The first widely cited assembly, presented by Saski et al. (2017) [14]
using [llumina MiSeq, captured only 169.3 Mb—several times smaller than the actual genome size
of approximately 2.3 Gb. It included just four chromosomes and had a scaffold N50 of 48 Mb,
reflecting significant fragmentation. A subsequent effort by Li et al. (2015) [15] employed Illumina
HiSeq 2000, expanding the assembly to 2.2 Gb and recovering all 26 chromosomes, but the genome
remained heavily fragmented into 9,146 scaffolds, and the longest chromosome reached only about
117 Mb, still below the lengths observed in high-quality assemblies. The transition to long-read
sequencing marked a turning point. Yang et al. (2019) [16] used PacBio Sequel to produce the first
chromosome-scale assembly, reducing the scaffold count to 599 and achieving an N50 of 96.7 Mb.
For the first time, chromosome length extremes were clearly defined, with the longest chromosome
(AhO6) measuring approximately 128.2 Mb and the shortest (Dh03) about 54.9 Mb. Chen et al.
(2020) [17] advanced these results using PacBio RSII, raising the N50 to 108.1 Mb and producing a
highly contiguous genome of 2.3 Gb that included more than 75,000 protein-coding genes. The
current gold standard is the assembly by Zhang (2024) [17], which combined Oxford Nanopore
PromethION with PacBio Sequel. This effort generated just 26 contigs one per chromosome with an
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N50 of 108.2 Mb and an L50 of 10, representing minimal fragmentation and near-complete
continuity (Table 1). The longest and shortest chromosomes remained consistent with earlier long-
read assemblies, underscoring the stability of these genomic features. This steady improvement
from limited Illumina-based drafts to an almost perfect hybrid assembly highlights the rapid
progress in sequencing and assembly methods.

While the TM-1 cultivar has served as the primary reference genome for Gossypium
hirsutum, sequencing additional cultivars is essential to capture the broader genetic diversity of
upland cotton. Different cultivars exhibit unique adaptations, fiber qualities, and stress tolerances
that are often the result of both natural selection and targeted breeding efforts. By generating and
analyzing high-quality genome assemblies for these varieties, researchers can identify structural
variations, gene content differences, and novel alleles absent from the TM-1 reference. Such
comparative genomic studies provide critical insights into trait evolution, facilitate the discovery of
candidate genes for breeding programs, and help refine the pangenome of G. hirsutum. This section
focuses on recent sequencing efforts involving multiple cultivars, detailing their assembly
strategies, genome statistics, and potential implications for cotton improvement.

The ZM24 cultivar was characterized by Yang et al. (2019) at the Chinese Academy of
Agricultural Sciences (CAAS). Genomic DNA was extracted from seedlings, with Zhongzhimian
No. 2 as the parental line. High-molecular-weight DNA was sequenced on the PacBio Sequel
platform, and assembly was performed using Canu v1.5. The assembled genome size was estimated
at 2.3 Gb, with an average sequencing depth of 1.0x and a GC content of 34.5%. Among the
assembled chromosomes, the largest was A06 (121,900,087 bp) and the smallest was D09
(50,656,052 bp). The Zhongzhimian No. 2 cultivar was characterized by Li, Zhang ef al. (2023) at
the Institute of Plant Protection, CAAS. DNA was extracted from seedling leaves, with Zhongmian
113 (ZM113) as the parental line. Sequencing was conducted using PacBio Sequel and Illumina
platforms, and assembly was carried out with NextDenovo v2.3.0. The genome size was 2.3 Gb,
with 125.0x coverage and a GC content of 34.5%. The largest chromosome was A06 (127,742,751
bp) and the smallest was D03 (53,820,448 bp).

The Zhongmian 113 (ZM113) cultivar was described by Hu, G. and Wang, Z. (2024) at the
Institute of Cotton Research, CAAS. DNA was isolated from seedling leaves, with BARBREN-713
as the parental line. Sequencing employed Oxford Nanopore GridION, PacBio Sequel, Illumina
NextSeq, and Oxford Nanopore platforms. Genome assembly utilized Hifiasm v0.19.3-r572, Hi-C-
Pro v2.8.1, LACHESIS, NextDenovo v2.3.1, and NextPolish v1.3.0. The final assembly size was
2.3 Gb, with 150.0x coverage and a GC content of 34.5%. The largest chromosome was A06
(128,015,698 bp) and the smallest was D03 (54,059,521 bp).

The BARBREN-713 cultivar was analyzed by Perkin et al. (2021) at the USDA. DNA was
extracted from entire seedlings, with Barbren-713-32-30 as the parental line. Sequencing was
performed on the PacBio Sequel platform, and assembly was done using Hifiasm v0.13-r307. The
genome size was 2.4 Gb, with 49.0x coverage and a GC content of 35.5%. The largest chromosome
was A06 (127,477,704 bp) and the smallest was D03 (54,675,798 bp).

The Barbren-713-32-30 cultivar was reported by Perkin, Bell et al. (2021) at the USDA.
DNA was extracted from entire seedlings, with NDMS as the parental line. Sequencing was
conducted using PacBio Sequel, and assembly employed Hifiasm v0.13-r307. The genome size was
2.4 Gb, with 36.0x coverage and a GC content of 35.0%. The largest chromosome was A06
(127,360,497 bp) and the smallest was D03 (54,589,988 bp).

The NDMS cultivar was described by Ma (2021) at Hebei Agricultural University. Genomic
DNA was extracted from leaves of two-week-old seedlings. Sequencing was performed on PacBio
RSII and Ilumina HiSeq platforms, and genome assembly was conducted using FALCON v1.0.
The assembled genome size was 2.3 Gb, with a sequencing depth of 89.6x and a GC content of
34.5%. The largest chromosome was A06 (119,073,090 bp) and the smallest was D09 (54,703,076

bp).
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Table 1 — Genomic characteristics of G. hirsutum cultivars

. Zhongzhimian Zhongmian BARBREN- Barbren-713-
Cultivar ZM24 No.2 (13 (ZM113) 713 3230 NDM3
1 2 3 4 5 6 7
?t:;lop ment not collected seedling seedling seedling seedling two weeks
Tissue seedling young leaves young leaves entire plant entire plant young leaves
Geographlc China China: Henan China USA: College USA: College China
location Station Station
GenBank CMO017385.1- | CM045129.1- CM104155.1- | CM038291.1- | CM038317.1- | CM032202.1-
CMO017410.1 CMO045154.1 CM104180.1 CMO038316.1 CMO038342.1 CMO032227.1
Chinese Chinese Institute of .
. Academy of Academy of cotton Hebp !
Submitter . . USDA USDA Agricultural
Agricultural Agricultural research of University
Sciences Sciences CAAS
Date Jul 29,2019 Aug 9, 2022 Jan 30, 2025 Jan 13, 2022 Jan 13,2022 Jun 24,2021
Assembly type | haploid haploid haploid haploid haploid haploid
Assembly Chromosome | Chromosome Complete Chromosome | Chromosome | Chromosome
level Genome
Sequencing PacBio Sequel | PacBio Sequel PacBio Sequel | PacBio Sequel | PacBio Sequel | PacBio RSII
technology
Assembly Canuv. 15 NextDenovo v. II:I?SI})IESOIVSOV. hifiasm v. hifiasm v. FALCON v.
method o 2.3.0 v V231 0.13-r307 0.13-r307 1.0
Genome size 2.3 Gb 2.3 Gb 2.3 Gb 2.4 Gb 2.4 Gb 2.3 Gb
Total ungap- | 5 5 23 Gb 23 Gb 2.4 Gb 2.4 Gb 23 Gb
ped length
Genome 1.0x 125.0x 150.0x 49.0x 36.0x 89.6x
Coverage
GC percent 34.5 34.5 34.5 35.5 35 34.5
chr AO1 112 577 161 121043734 120 628 686 119 731 888 119 383 478 119073090
chr A02 104 266 397 109 264 372 108 366 301 107964587 108 284 803 107674 087
chr AO3 105 393 268 114 342 330 113 591 098 113 515 339 113723839 113072 090
chrA04 80 868 428 89 470 856 89 294 814 89135339 89 061 088 88948101
chr A05 107 448 258 112971 952 114 104 290 112749629 113294159 112049794
chr A06 121 900 087 127 742 751 128 015 698 127477704 127 360 497 127097621
chr A07 93 248 268 99 241 639 99 024 949 98 310 344 98365699 98540322
chr A08 121232 165 127 282 784 126 367 618 126 075 804 125486242 126523771
chr A09 79 884 170 86 366 132 88 768 367 88 669 301 88519516 83270209
chr A10 109 403 145 118 750 516 117 804 371 118 207 260 118071405 118226 759
chr All 115914562 125 156 326 123843250 124 361 224 124 380 747 123047 965
chr A12 102340594 109 904 319 109 204 060 109 205 764 109263233 109222 716
chr A13 107 345 356 122 444 943 112013 154 112615166 111982279 111309922
chr DO1 61090159 65 136 658 65 763 041 66207413 66293935 66018313
chr D02 68262679 73 471 370 73 180 589 74339275 73927 771 73 080 204
chr D03 53049694 53 820 448 54059521 54675798 54 589 988 54703076
chr D04 54327443 58 609 752 59 504 096 59 435 069 59 483 441 58732198
chr D05 62317630 71744 611 67228 931 67 264 888 67 944 199 67339501
chr D06 63 144 374 68 098 790 66 462 893 66728972 66 724 857 66853151
chr D07 55165807 59 767 106 61139987 61 060 688 61154651 61153 439
chr D08 66058605 70425916 71805435 71947194 71 994 581 69886574
chr D09 50656052 54 158 153 57310 315 55172275 55950 205 55028699
chr D10 64331360 69 384 279 69 073 422 68 797 300 69 022 009 69313209
chrD11 69233432 75 329 889 74 034 940 74325253 73930370 73297438
chr D12 60589447 62 856 854 63 419 764 63320231 63382697 63248683
chrD13 60 180 343 66 343 539 65051914 64760530 64960949 65224646
References [16] [18] [17] [20] [20] [21]
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continuation of the table 1

Cultivar JBM Yuanmianll YZ1 CSX8308 PSC355 UA48
8 9 10 11 12 13 14
Development | young . ' leaf area and Whole leaf area and
stage seedling seedling not applicable zanopy seedling canopy
evelopment development
Tissue young leaves young leaves young leaves young leaves not applicable | young leaves
Geographlc China: China: Xinjiang | China: Hubei USA:.South USA: Texas USA:.S outh
location Anyang Carolina Carolina
GenBank CM045499.1- | CM069105.1- CM074220.1- | CM076542.1- | CM082153.1C | CM082236.1-
CMO045524.1 CMO069130.1 CMO074245.1 CMO076567.1 MO082178.1 CMO082261.1
o Ningxia
(T?éér;tségute Academy of Huazhong HudsonAlpha HudsonAlpha
Submitter Agriculture and | Agricultural Institute for USDA-ARS Institute for
Research of . . . .
CAASc Fo.restry University Biotechnology Biotechnology
Sciences
Date Aug 17,2022 | Jan 12,2024 Mar 18,2024 | Apr 24,2024 | Jul 30, 2024 Jul 30, 2024
Assembly type | haploid haploid haploid haploid haploid haploid
itiseimbly Chromosome Chromosome Chromosome | Chromosome | Chromosome | Chromosome
Sequencing PacBio Sequel | PacBio HiFi PacBio Sequel | PacBio Sequel | PacBio Sequel | PacBio Sequel
technology
Assembl hifiasm v. hifiasm v. hifiasm v.
ethod 4 FALCONv. 1 | 1'% 0161 MECAT v. 1.3 | e oo MECAT v. 1.4
Genome size 2.3Gb 2.3 Gb 2.3 Gb 2.3 Gb 2.3 Gb 2.3 Gb
Total ungap- | 5 3 i, 23Gb 23Gb 23Gb 23Gb 23Gb
ped length
Genome 128.0x 40.0x 18.0x 179.0x 40.9x 161.0x
Coverage
GC percent 34.5 34.5 34.5 34.5 34.5 34.5
chr AO1 119 487501 119 503 960 120 249496 119 381165 119 474 596 117112808
chr A02 106956 574 108475289 108211375 107188 849 108 240 954 105664978
chr A03 113005158 113 458 299 113500973 112124 782 113 544 907 111010592
chrA04 88 659 587 88 956 553 89 337 491 88712028 90 025 657 88 451 855
chr A05 110920663 112953 411 112613041 109991 617 112 537 697 109917801
chr A06 129207784 128 147 158 128075698 125428 350 128169327 126621437
chr A07 98851549 98 581 300 98 446 870 98 241 532 98 278 401 97 335 875
chr A0S 125754566 126 444 814 126280128 125201 531 126 651 951 125748362
chr A09 84538544 87981 018 87 408 150 84 008 366 87012 727 83 019 028
chr A10 117587747 117979994 118248507 117248 284 118 101 055 117182076
chr All 123337410 124 292 941 124313 730 122992942 124 146 241 122100811
chr A12 108770671 109 357 382 109210752 107737407 109 175953 108042066
chr A13 111406123 111981 636 112156509 111082 403 112117856 111143903
chr DO1 67 005 298 65 874 432 65713259 66904707 66 201 905 65 558 898
chr D02 73787793 73 423 024 73570973 72562124 73 250 298 71457 850
chr D03 55080092 54737 121 54558231 54 602 881 54 720 647 54539853
chr D04 58826415 60261 276 59381772 58397551 59 665 483 57408129
chr D05 66072703 67 605 726 66 914 693 67136090 65908 016 65327979
chr D06 66 737 491 66 763 680 66 572 821 66 247 743 66 868 618 66329078
chr D07 62 054 521 61456119 60 679 514 59643 172 61 041 968 58286762
chr D08 70 204 606 71743 061 71821552 69 655 482 71775 203 68510787
chr D09 54809226 56 121 625 55760029 54 917 242 56087791 53 813 707
chr D10 68 788 203 68 821 615 68879443 67837702 68 597 512 68 178 173
chrD11 73 120 872 73 003 245 73541740 73488099 74015571 72 849 196
chr D12 63032241 63 445 998 63455446 63 245 180 63 565 837 62835596
chrD13 65063187 65063231 65 100 670 65235532 65 155 209 64 558 943
References [22] [23] [24] [25] [26] [27]
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The JBM cultivar was characterized by Peng et al. (2021) at the Institute of Cotton
Research, Chinese Academy of Agricultural Sciences. Genomic DNA was extracted from leaf
tissue of young seedlings, sequenced using the PacBio Sequel platform, and assembled with
FALCON v1.0. The genome size was 2.3 Gb, with 128.0x coverage and a GC content of 34.5%.
Chromosome A06 was the largest (119,487,501 bp) and D09 the smallest (55,080,092 bp).

The Yuanmian 11 cultivar was investigated by Wang, Liang et al. (2023) at the Ningxia
Academy of Agriculture and Forestry Sciences. DNA was extracted from seedling leaf tissue,
sequenced using PacBio HiFi, and assembled with hifiasm v0.16.1. The genome size was 2.3 Gb,
with 40.0x coverage and a GC content of 34.5%. The largest chromosome was A06 (119,503,960
bp) and the smallest was D09 (54,737,121 bp).

The YZ1 cultivar was studied by Xu (2024) at Huazhong Agricultural University. Genomic
DNA was extracted from leaf tissue, with no developmental stage specified. Sequencing was
performed on PacBio Sequel, Oxford Nanopore PromethION, and Illumina HiSeq platforms, and
the assembly was generated using hifiasm v0.16.1. The final genome size was 2.3 Gb, with 18.0%
coverage and a GC content of 34.5%. Chromosome A06 measured 120,249,496 bp, while D09
measured 54,558,231 bp.

The CSX8308 cultivar was characterized by Stiller et al. (2024) at the HudsonAlpha
Institute for Biotechnology. DNA was extracted from young leaves collected during the leaf area
and canopy development stage. Sequencing was conducted on PacBio Sequel II and Illumina
NovaSeq platforms, with assembly performed using MECAT v1.3. The genome size was 2.3 Gb,
with 179.0% coverage and a GC content of 34.5%. Chromosome A06 was the largest (119,381,165
bp) and D09 the smallest (54,602,881 bp).

The PSC355 cultivar was described by Cohen, Perkin et al. (2024) at the USDA-ARS.
Genomic DNA source was not specified. Sequencing was performed using the PacBio Sequel
platform, and assembly employed hifiasm (version dated 03/18/2022). The genome size was 2.3
Gb, with 40.9% coverage and a GC content of 34.5%. The largest chromosome was A06
(119,474,596 bp) and the smallest was D09 (54,720,647 bp).

The UA48 cultivar was analyzed by Bourland et al. (2024) at the HudsonAlpha Institute for
Biotechnology. DNA was extracted from young leaves at the leaf area and canopy development
stage, sequenced using PacBio Sequel II and Illumina NovaSeq platforms, and assembled with
MECAT v1.4. The genome size was 2.3 Gb, with 161.0x coverage and a GC content of 34.5%.
Chromosome A06 measured 117,112,808 bp, and D09 measured 54,539,853 bp.

Comparative analysis of these genome assemblies confirms the conserved chromosomal
organization of upland cotton while highlighting subtle differences associated with cultivar-specific
adaptations. The table 1 summarizes 13 haploid-level genome assemblies of upland cotton cultivars
from China and the USA, generated between 2019 and 2025. These assemblies were produced
using advanced sequencing platforms, mainly PacBio Sequel and Sequel 1I, often complemented
with [llumina or Oxford Nanopore technologies, and assembled with tools such as Canu, FALCON,
MECAT, hifiasm, and NextDenovo. Genome sizes are consistent at 2.3-2.4 Gb with a GC content
of ~34.5-35.5%. The samples were collected at different developmental stages and tissues,
reflecting diverse experimental designs Chromosome A06 was invariably the largest, while D09 (or
DO03 in some cases) was the smallest. Variation in sequencing technologies, assembly algorithms,
and parental lineages reflects both advances in genomic methodologies and the distinct breeding
histories of these cultivars. These high-quality assemblies substantially enrich cotton genomic
resources, supporting pangenome development, structural variant detection, and the identification of
alleles linked to agronomic performance, stress tolerance, and fiber quality—ultimately informing
targeted breeding strategies for G. hirsutum improvement (Table 1).

Advances in genomic tools and breeding strategies for G. hirsutum. Whole Genome
Sequencing (WGS) is a comprehensive genomic analysis technique that determines the complete
DNA sequence of an organism’s genome in a single process. By providing base-by-base coverage,
WGS allows the identification of virtually all types of genetic variation, including single nucleotide
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polymorphisms (SNPs), insertions and deletions (indels), structural variants, and copy number
changes [29]. For crop species such as G. hirsutum, WGS enables the discovery of millions of SNPs
across the genome, which can subsequently be filtered and curated to design high-density
genotyping arrays [30]. WGS provides flexibility for exploring novel loci, detecting rare variants,
and identifying genomic regions under selection. This makes WGS not only a source of high-
quality marker datasets but also a strategic platform for developing resources such as the
CottonSNP63K and CottonSNP8OK arrays.

CottonSNP63K array

Single nucleotide polymorphisms (SNPs) are the most common type of variation in plant
genomes. They are evenly distributed across the genome, bi-allelic, and codominant, which makes
them a valuable tool for genotyping, quantitative trait locus (QTL) mapping, and marker-assisted
selection. A breakthrough came with the development of the CottonSNP63K array, designed using
genomic libraries (RAD-seq and RNA-seq) from 11 cotton lines and interspecific sequencing data.
From 1.2 million candidate SNPs, 45,000 interspecific and approximately 18,000 intraspecific
markers were selected. The panel proved useful for trait mapping and diversity analysis but had
limited coverage of intraspecific polymorphisms within G. hirsutum [31].

If the CottonSNP63K array became the first universal tool for cotton genotyping, the
CottonSNP80K array significantly enhanced intraspecific resolution, making it possible to conduct
fine-scale genetic analyses within G. hirsutum. Together, these arrays marked the transition from a
limited set of markers to high-density platforms, opening new horizons for functional genomics and
cotton breeding.

CottonSNP8OK array

The next step was the creation of the CottonSNP80K array, specifically optimized for
intraspecific diversity. Its development was based on the reference genome sequence of the TM-1
line and resequencing data from 100 G. hirsutum cultivars. From 1.37 million candidate SNPs,
those passing filters for minor allele frequency (MAF > 0.1), flanking sequence quality, and
Ilumina design scores were narrowed down to 82,259. The final array, implemented on the
[lumina Infinium platform, contained 77,774 markers evenly distributed across the genome,
averaging one SNP every ~25 kb.

This technological advancement enabled highly accurate genotyping with reproducibility
rates of up to 100% and more than 95% concordance with whole-genome sequencing data,
facilitated the mapping of important agronomic traits through GWAS, traced the origin of modern
cultivars and the contribution of landraces and introduced forms, accelerated the identification of
valuable alleles for breeding programs, and allowed for the verification of cultivar identity and the
detection of heterozygosity in F1 hybrids [32-33].

Axiom® Cotton Genotyping Array

There is another array, the Axiom® Cotton Genotyping Array, which is relatively new in
this field. It was developed by Affymetrix in collaboration with the National Botanical Research
Institute, India, and represents one of the most comprehensive tools for high-density SNP
genotyping in cotton. The array includes 35,550 markers identified in G.hirsutum and G.
barbadense (Pima cotton), the two species that account for the majority of global cotton production.
Cotton is crop with a narrow germplasm base, making SNP discovery and genotyping particularly
challenging due to the low frequency of polymorphisms. Traditional approaches such as
genotyping-by-sequencing (GBS) have proven inefficient and costly for this genome type. The
Axiom® Cotton Genotyping Array overcomes these obstacles by providing robust, reproducible,
and cost-effective genotyping results.

The markers on the array were selected from multiple sources, including gene-enriched
genomic sequences of G. hirsutum, genome reduction approaches based on restriction site
conservation (GR-RSC), and interspecific assemblies of G. hirsutum and G. barbadense.
Importantly, marker discovery was performed using diverse accessions representing both cultivated
and wild cotton forms, as well as lines with contrasting fiber qualities, ensuring the array’s
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relevance for both diversity studies and breeding applications [34]. This platform is suitable for a
wide range of applications: genome-wide association studies (GWAS), QTL mapping, marker-trait
association, molecular breeding, and SNP discovery. It provides reliable data for analyzing complex
traits of economic importance and for accelerating the development of new cotton varieties through
marker-assisted selection.

GWAS as a tool for dissecting complex traits in plants

Genome-wide association studies (GWAS) are a powerful approach used to identify genetic
loci associated with phenotypic traits by scanning the entire genome for statistically significant
marker—trait associations. Unlike traditional linkage mapping, which relies on bi-parental
populations, GWAS leverages natural genetic variation in diverse germplasm collections, offering
higher resolution for locating causal genes. In plants, GWAS has become an essential tool for
dissecting the genetic architecture of complex traits, such as yield, quality, and stress tolerance.

The first genome-wide physical map of G. hirsutum was constructed by Zhang et al. (2012)
using a BIBAC-based approach. They developed a comprehensive physical map consisting of 3,450
BIBAC contigs with an N<sub>50</sub> size of 863 kb, spanning approximately 2,244 Mb —
covering nearly the entire genome (= 92.6%) and sorting contigs by their A- and D-subgenome
origins [40]. This map, annotated with ~10,000 BIBAC-end sequences (BESs) (one per ~250 kb),
provided a crucial platform for fine mapping, gene/QTL cloning, and sequencing efforts [35].

Before that, in 2010, a draft physical map of the diploid progenitor species Gossypium
raimondii (D-genome) was constructed by Lin et al., integrating overgo hybridization probes,
agarose fingerprinting, and high-information-content fingerprinting (HICF). This connected 1,585
contigs to a consensus cotton genetic map, anchoring them also to Arabidopsis and grapevine
genomes, thereby aiding assembly and comparative genomics [36].

More recent advances include the development of subgenome-anchored physical maps for
upland cotton. In 2017, Saski et al. constructed BAC libraries and generated a de novo whole-
genome physical map, partitioning it into A- and D-subgenomes using BES alignment, FISH
validation, and SNP genetic mapping. This approach delivered the first subgenome-anchored
physical maps and advanced the road toward obtaining a reference-grade genome assembly.

One of the earliest systematic applications of GWAS for investigating drought tolerance in
G. hirsutum was carried out by Hou et al. (2018) [37], who used a natural panel of cotton genotypes
phenotyped under both water-deficit and well-watered conditions. Their analysis revealed
significant SNP associations with traits linked to drought adaptation, including loci near genes
involved in abscisic acid (ABA) signaling, stomatal regulation, and root system development,
laying the groundwork for molecular marker—assisted selection in breeding for stress tolerance.

Building on this foundation, Guo et al. (2022) [38] applied the high-density CottonSNPSOK
array to a population of G. hirsutum races, identifying novel loci associated with physiological traits
such as water-use efficiency and photosynthetic performance under drought conditions. By
integrating GWAS findings with transcriptomic data, they pinpointed transcription factors such as
DREB, NAC, and bZIP, along with aquaporin genes essential for maintaining cellular turgor.

More recently, Sun et al. (2023) [39] conducted GWAS on 150 G. hirsutum genotypes
grown under normal irrigation and water-limited environments, discovering SNP markers strongly
correlated with yield components and root morphology under drought stress. These markers were
recommended for use in marker-assisted and genomic selection to accelerate the introgression of
drought-tolerance traits into elite lines.

Collectively, these studies demonstrate that GWAS, especially when paired with high-
density SNP arrays, offers a powerful means of uncovering genes and alleles underlying drought
response, providing valuable molecular tools for breeding and advancing the understanding of the
mechanisms driving cotton’s adaptation to water stress, thereby bridging fundamental genomics and
applied crop improvement to enable the development of climate-resilient cultivars.

Meanwhile, wild species of Gossypium are recognized as invaluable reservoirs of genetic
diversity for breeding. They possess traits such as disease resistance and abiotic stress tolerance that
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can be introgressed into G. hirsutum. Efforts to utilize wild species like G. mustelinum have shown
improvements in fiber quality through backcrossing generation trials, although reproductive barriers
such as hybrid breakdown and daylength sensitivity pose challenges [40]. Reviews emphasize how
untapped genetic variation in wild Gossypium species — including salt and wilt tolerance — can
broaden the genetic base and enhance stress resilience in elite cultivars [41].

The combination of high-density SNP arrays, GWAS, and wild species introgression thus
forms a comprehensive, modern toolkit for cotton breeding. These synergistic approaches accelerate
the development of improved germplasm exhibiting superior agronomic traits and resilience to
environmental stresses.

Conclusion. In this article, we first reviewed the genome assemblies of several key G.
hirsutum cultivars, including TM-1, CRI-12, and ZM24, which have served as reference materials
for comparative genomic analyses. We highlighted the pioneering works of Li et al., Zhang et al.,
and Wang et al., who provided high-quality assemblies that have significantly advanced our
understanding of cotton genome organization, gene content, and structural variation. These genomic
resources form the foundation for dissecting complex traits such as fiber quality, yield potential, and
stress tolerance.

Furthermore, we examined recent advances in genomic tools and breeding strategies for G.
hirsutum in greater detail. Particular attention was given to the integration of GWAS, high-density
SNP arrays, and transcriptomic profiling which collectively enhance the resolution of trait mapping
and accelerate the development of elite cultivars. The works of Fang et al., Huang et al., and Chen
et al. exemplify the application of these approaches in identifying candidate genes linked to
agronomically important traits, including salinity tolerance, drought resistance, and improved fiber
properties.

By synthesizing current knowledge on genome assemblies and advanced breeding
methodologies, this review underscores the critical importance of integrating genomic data into
breeding programs. Such integration not only facilitates a more precise identification of key genetic
determinants but also enables the design of molecular breeding strategies tailored to global
agricultural challenges. Ultimately, these insights provide a robust framework for the sustainable
improvement of G. hirsutum cultivars to meet the demands of both producers and the textile
industry in the context of climate change and resource limitations.
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MAKTA (GOSSYPIUM HIRSUTUM) 'EHOMBIHBIH PECYPCTAPBI 3AMAHAYHU
CEJIEKIIUAJIBIK )K¥YMBICTAP YHIIH MOJIEKYJIAJIBIK HEI'I3 PETIHJIE

AmanreasasieBa H.K.2, 7M05107 — «buosnorus» BBB-HBIH 2 Kypc MarucTpanTsl
Opxken A."3, 8D05107 — «Buosnorus» BBB-HBIH 1-Kypc T10KTOpaHTHI
Kymaoaii H. B.", 8D08100 — «Arporomus» BBB-HBIH 1-Kypc JOKTOpaHTHI
Mamna6aesa I1I. A.!3, Guonorus FBUIBIMIAPBIHBIH KaHIUAATHI, Tpodeccop
Maxmamkanos C. I1.2, aybuimapyanbiibiK FhUIBIMAAPBIHBIH KaHIUIAThI, KaybIMIACTHIPBIIFAH MPodeccop
Tycinkan JI.'", PhD, kaybIMaacThIpblFad podeccop

"Ynimmuix 6uomexnonoeus opmanvievt, Acmana ., Kazaxcman
‘«Maxma sicane 6axuia aywin wapyawinsiebl masxcipube cmanyusacoly KIIC, Typkicman o6n.,
Amaxenm a., Kazaxcman
J1L.H.T'ymunee amwindasor Eypasus ynmmoix ynusepcumemi, Acmana ., Kasaxcman

Angatna. CoHFBl OH KBUIA TEHOMIBI CEKBEHHUpJeyZeri >KeTicTikrep Gossypium hirsutum-apl
3eprTeyai TyOereini e3repTTi, elTKeHI OYpBIHFBI ()parMEeHTTENreH KBICKA JKUHAKTAP €HJi TONBIK JIEpIiK,
XpoMocoMa JICHreHiHAeri TeHOMBIK Kaprajapra aiHamael. byn monyna G.  Airsutum-HbIH HETi3ri
KyJIbTUBApJIAPbIHBIH T€HOMIBIK JKWHAKTaphl KapacThIPBULABI, OJApbIH IMIHIE AJFAIIKbl JKOFAaphl Carajbl
TeHOM/IBIK JKMHAKTBl KamTamachl3 eTkeH TM-1 3TaloHABIK JIMHUSACH HEri3ri OpblH anajabl. bynan keiin
TCeHOM KYPBUIBIMBIH, TeHIIK KYPaMbIH JKoHE KYPBUIBIMABIK Bapuanusiapabl Tycinyai xeriaaipred CRI-12,
ZM?24 xone Gacka J1a SIHMTAJBIK CEIeKIMIIBIK TeKTapMaKTapbl KapacThIPhUIIBL. Bysl TeHOMIBIK pecypcTap
TaJIIBIK Canachl, OHIMIIUTIK )OHE CTPECC TO3IMILIIT CHAKTHI MaHBI3Ibl OENTUIEp/iH TeHeTUKAIbIK HETi3iH
aHBIKTayFa MYMKIiHAIK Oepemi. KeliH reHOMIBIK Kypanjgap MEH CeJISKIHs CTPaTerusIapbIHIAFbl COHFBI
KeTiCTiKTepl Tankpuianabl. Ocipece, GWAS 3eprreynepiHe, jxoFapbl THIFBI3ABIKTaFsl SNP MaccuBTepiHe,
TPaHCKPUIITOM/IBIK TIPO(HIIBACYTe epekie KeHin OemiHmi, cebebi omap Oenrinepai KapTalayasl JKOHE
KaHIWJAT-TeHAEp/li aHBIKTAayJbl JKeaeneTeqi. ['eHOMABIK JKUHAKTAp MEH MOJICKYJIANBIK CEJICKIIUSIaFbl
MPOTPeCTi KOPBITHIHIBUIAH OTHIPBIN, OYJI IIONY TYPaKThl opi KOFapbl OHIMJI COPTTapAbl JAaMBITyla
TeHOM/IBIK PECYPCTap/IbIH HETIi3T1 peIliH alKbIH A bl

Tipex ce3nep: Maxra (Gossypium hirsutum), TONBIK T€HOMIbl CEKBEHHpJICY, '€HOMABIK >KUHAK,
nanreHoM, GWAS, MonleKyIalIbIK CeIeKIUs, KYPhUIBIMIBIK BapHaIlusiap.
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IT'EHOMHBIE PECYPCBI XVIOITYATHUKA (GOSSYPIUM HIRSUTUM) KAK MOJIEKYJISIPHAS
OCHOBA J1JIs1 COBPEMEHHBIX CEJIEKIIMOHHBIX PABPABOTOK

Amanreasabiesa H.K.?, maructpant 2 kypca OIT 7M05107 — «Bronorus»

Opxken A.'3, MmarucTp ecTecTBEHHBIX HayK, qokTopant 1 kypca OIT 8D05107 — «Buosorus»
Kymabaii H. B.!, MarucTp ecTecTBEHHBIX HayK, JokTopanT 1 Kypca OIT 8D08100 — « ArpoHOMUS»
Mana6aesa III. A.'?, kangunaT, Guonorndeckux Hayk mpodeccop
Maxmakanos C.IL.%, KaHIUIaT CENbCKOXO03SHCTBEHHBIX HAYK, ACCOLMUPOBAHHBIN podeccop
Tycinkan JI.'", PhD, accouunpoBanusiii mpodeccop

'Hayuonanvnwiii yeump buomexnonocuu, Acmana, Kazaxcman
?Cenvcroxosaticmeennas onvimnas cmanyus Xionkoeodcmea u baxuesoocmea, ¢ Amaxenm, T YpPKeCmAaHcKas
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AnHoTtamus. JlocTmkeHuss B OOJIaCTH CEKBEHHUPOBAHHS TE€HOMa 3a IIOCIEAHEE EeCSATHIIETHE
paZuKaTbHO W3MEHWIHM Halle nmoHuManue Gossypium hirsutum, TpeBpaTHB paHee (pparMeHTHpOBAaHHBIE
KOPOTKOYHTHBIE COOpKM B TPAaKTHYECKH TOJIHBIE, XPOMOCOMHBIE KapThl TeHoMa. B nmanHOM 0030pe
paccMOTpeHbI TeHOMHBIE COOPKHM KITFOUEBBIX KYJIbTUBApOB G. Airsutum, HaYMHAS C 3TATOHHOHN nmuHun TM-1,
KOTOpasi TIOCTYXHJIa OCHOBOW [UIsi TIEPBBIX BBICOKOKAYECTBEHHBIX TE€HOMHBIX cOopok. [lamee
MPOAHAM3UPOBAHKEI Takue KylnbTuBapbl, Kak CRI-12, ZM24 u psan SAUTHBIX CENEKIIMOHHBIX JTUHUHN, YbU
cOOpKH YTOYHWIIM 3HAHUS O CTPYKTYpE T€HOMa, COCTaBE F€HOB U CTPYKTYPHBIX BapHalUsIX. DTH TCHOMHBIC
PECYPCHl TIPEIOCTABISIFOT Ba)KHBIE CBEICHHS O TCHETHYECKOH OCHOBE TAaKMX IPHU3HAKOB, KaK KadeCTBO
BOJIOKHA, YpPOXKallHOCTh W YCTOMYMBOCTH K crTpeccaM. Jlamee B 0030pe 0OCYKITArOTCSI COBpPEMEHHEIC
TCHOMHBIC MHCTPYMEHTBI M cTpareruu ceiekiuu. Ocoboe BHuUMaHue yaeneHo GWAS-uccienoBaHHsIM,
BBICOKOIUIOTHBIM ~ SNP-maccuBaM,  TpaHCKpUOITOMHOMY  NpPOQHIMPOBAHHIO, KOTOPHIE  YCKOPSIOT
KapTUPOBaHWE MPU3HAKOB W BBISBICHHE KaHIUAATHHIX TeHOB. O000ImIast mporpecc B 00JIacTH T€HOMHBIX
cOOpPOK U MOJICKYJISAPHOH CENEeKINH, JaHHBIH 0030p MOJYEPKUBACT HEHTPAIBHYIO POJIb TEHOMHBIX PECYpCOB
B CO3/IaHUM YCTOWYHMBBIX U BBICOKOYPOXKAMHBIX COPTOB, OTBEYAIOIIMX MHPOBBIM arpapHbIM H
MIPOMBIIIUICHHBIM BBI30BaM.

KaroueBbie caoBa: XmomuatHuk (Gossypium hirsutum), TIOTHOE CEKBEHHPOBAaHHE TeHOMA,
reHOMHas coOopka, manreHoM, GWAS, MonexyJsipHast CENeKIHsl, CTPYKTypHBIE BapHAIIUH.
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