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Editorial on the Research Topic
 Trends in cotton breeding: Meeting the challenges of the 21st century





Introduction

Cotton is one of the most important crops in the world due to its universal use in the textile industry. India, China, the United States, and Brazil produce 75% of the world's cotton. Global cotton production totaled 120.3 million bales in 2021–2022, up 5% from 114.1 million bales in 2020−2021. The United States remains a key cotton exporter, with a total export of 15.5 million bales in 2021. China imported 11 million bales in 2021, which represents a 54.1% increase from 2020.

Global cotton production faces many challenges in the 21st century. Between the rapid increase in human population and the loss of arable land due to soil erosion, soil salinization, harsher climate conditions, and urbanization, the demand for promoting cotton yield is increasing dramatically. Establishing research initiatives to tackle these challenges depends on identifying the major factors that limit increases in yield. These factors have been studied by cotton breeders for decades. They include biotic stresses and abiotic stresses (particularly the water shortage that many regions are experiencing), global climate change, genotype by environmental interactions, limited germplasm resources, and the negative association between yield and fiber quality. The dominance of transgenic cotton has also changed cotton production infrastructures. Throughout the 21st century, cotton breeders have adapted to these changes.

This Research Topic aims to display the perspectives of various disciplines within cotton science and present innovative approaches that can be applied to the science of cotton breeding for genetic improvement of yield and fiber quality. This body of work presents comprehensive reviews and original articles on topics including the history of cotton breeding, biotic and abiotic stresses, germplasm development, and the development of new biotechnological tools for cotton breeding and cultivation.



Reviews: Germplasm development, breeding, disease and insect resistance

Germplasm collection is an important step in the plant breeding process. Similarly, core collection has become a hot topic in recent years, particularly in terms of the challenges associated with representing genetic diversity with a limited set of germplasm and improving efficiency in the management and utilization of germplasm collection, and in connection with arising problems such as the identification of “real core” and difficulties with the selection of representative accessions. A group of Australian researchers summarized the work by the Commonwealth Scientific and Industrial Research Organization (CSIRO) on cotton germplasm collection and analyzed the value of core collection in cotton breeding (Egan et al.). Their study reviewed the current prospects in the development of core collections and how cotton core collections have played a role in worldwide research discovering new genetic diversity in biotic and abiotic tolerance. The authors expect that core collections will continue to be useful to Australian cotton breeding, especially given that the collections can selectively include traits that fit their industry needs.

Increasing the genetic diversity in cotton germplasm and incorporating new genomic approaches into cotton breeding are critical for meeting 21st-century challenges. Several review articles present the histories and accomplishments of cotton breeding programs in select cotton-producing countries. One Australian group, for example, discussed CSIRO's research activities on improving the genetic diversity of cotton germplasm for yield and fiber quality, pest and disease resistance, and abiotic stress using traditional and genomic approaches (Conaty et al.). The success of CSIRO's cotton breeding programs are the result of Australian cotton breeders' tremendous efforts to battle challenges to cotton production in these areas. The authors of these reviews emphasize the importance of the new breeding methods, i.e., combining phenomics, gene editing, and genomics with host plant resistance, for future success in the development of new germplasm for biotic resistance. Similarly, the increase of plant resistance to insects and disease has been key to reducing the impact of stress (Egan and Stiller).

Glandless cotton offers an attractive protein source for humans and dairy animals because the toxic content, gossypol, has been removed. However, gossypol is a natural insecticide, and its removal leaves glandless cotton vulnerable to plant insects. Moreover, the low yield of glandless cotton leaves it rather unpopular as a planting choice. One article in this series reviewed the research on glandless genetics and the progress in breeding glandless cotton (Zhang and Wedegaertner). The authors note the development of glandless cotton cultivars in New Mexico, US. These cultivars feature improved yield and insect resistance, and thus hold promise for reducing the yield gap with glanded cotton. The authors conclude with an observation on the need to introduce diverse glandless genes into high yielders to further improve yield.

Virus diseases negatively affect cotton yields worldwide. Early detection of viral infection is critical for disease control because its symptoms can be easily confused with those of other conditions such as nutrient deficiency and insect damage. A team of scientists in Brazil presented a review of newly emerging technologies for the detection of viral diseases and their applications in cotton breeding (Tarazi and Vaslin). Serological and molecular virus-detecting techniques can detect virus in plants and identify resistant lines. However, as the authors point out, although molecular detecting techniques can detect the presence of virus in plants, the establishment of disease cause requires identifying a direct association between a specific virus and the evident disease. Virome information can facilitate the introgression of viral resistance genes in molecular breeding. The review also presents newly sensitive detection techniques that can replace more costly quantitative reverse transcription polymerase chain reaction (qRT-PCR) diagnostic testing. A number of different digital disease assessment and phenotyping techniques are now available to save time and cost in breeding scores.

The use of traditional methods to increase genetic diversity and breed for improved yield and fiber quality is time-consuming, and the cost is high. Modern molecular technologies facilitate the identification of molecular markers and have thus emerged as new approaches in plant breeding. A team from Uzbekistan presented a review and analysis of the applications of molecular markers in the breeding and development of cotton germplasm (Kushanov et al.). Marker-based approaches include marker-assisted backcross selection, marker-assisted recurrent selection, marker-assisted gene pyramiding, and genomic selection. RNA-based sequencing technologies and transcriptome-wide association studies have also emerged in association studies of some important fiber traits. These new techniques may be appealing in future cotton breeding. Conventional breeding methods could be made more efficient by employing chromosome substitution lines to facilitate interspecific introgression.

Ratoon cultivation of cotton is a practice that could save cost, extend germplasm utilization time, and maintain male-sterile lines in hybrid cotton production. The review by Zhang et al. introduced the background of the perennial conservation of Gossypium species and gene pools and the genome assignment of the perennial species; discussed strategies for collecting, conserving, and characterizing perennial germplasm; and described the roles of ratoon cultivation in breeding. The review summarized and analyzed the different perennial cropping methods for ratoon cotton, the key measures for high yield of ratoon cotton, and the various applications of ratoon cultivation in cotton production.



Original research


Marker-assisted selection

Marker-assisted selection was studied in a breeding program by selection of superior fiber quality and agronomy traits using SSR markers (Darmanov et al.). Selections by the combined phenotypes (superior fiber quality) and marker genotypes (homozygous genotypes of Microsatellite (SSR) markers QTL) were applied in a backcross population. Two cultivars derived from the BC5F5 generation were developed with improved fiber strength and fiber length based on marker-assisted selections.



Sequencing tools as molecular markers

In one study, the transcriptome, an RNA-based biotechnology, was used to analyze differentially expressed genes between parents with contrasting fiber quality (Jiang et al.). In another study, transcriptome analysis was used to reveal differential expression between 2,4-D–susceptible (TM-1) and tolerant plants (CS-B15sh) derived from chromosome substitution lines (Perez et al.). Components of the 2,4-D/auxin response pathway were identified as upregulated, with 3-fold higher expression in TM1 in contrast to CS-B15sh plants. Genes associated with herbicide metabolism also had 2-fold increased expression in CS-B15sh, which suggests the potential molecular basis of 2,4-D tolerance.

The sequencing-based marker single nucleotide polymorphism (SNP) has become a popular system in molecular marker analysis, with applications in cotton breeding. Two marker systems, genotype-by-sequencing (GBS) and SNP markers, were used in 250 recombinant inbred lines (RILs) and mapped 25 QTLs for the micronaire fiber trait (Pei et al.). Between two stable such QTLs, 338 genes were identified and 8 candidate genes were detected via differential expression between the two parents. In a similar study, 250 backcross inbred lines (BILs) derived from a cross between upland cotton and G. barbadense were screened with SNP markers for seed size and seed shape (Wu et al.). A total of 49 QTLs were identified explaining large variations of phenotypes. Further physiological analysis, genome sequencing, and gene expression analysis revealed five genes encoding mechanism-related starch synthase, which indicates possible candidate genes for seed size and shape. Another interesting study analyzed 181 intra-specific RILs by SNP markers for fiber quality under water stress (Boopath et al.). Fifty-three QTLs were detected for morphological and agronomic traits under water stress, with nine of them identified as major QTLs. Further analysis revealed putative candidate genes associated with water stress in the QTL hotspot on chromosome 22.



New methods for disease resistance

The appropriate field evaluation method for resistance to FOV4 is critical in cotton disease resistance breeding. A study was conducted to investigate the effects of genotype, planting date, and inoculum density on disease progression (Zhang et al.). This study identified favorable temperatures at different times during planting season for FOV4 infection and further analyzed disease progression curves in different genotypes at different planting dates and inoculation methods. It was concluded that the disease progression curves can be used to demonstrate ROV4 infection with differential planting dates and inoculation methods.

Leafroll dwarf virus (CLRDV) is a disease detected in cotton worldwide. The detection of this disease is mainly based on RT-PCR, which is time-consuming and high-cost. A diagnostic method was developed using an enzyme-linked immunosorbent assay (ELISA) test (Hoffman et al.). This test used peptides based on the coat protein to produce polyclonal and monoclonal antibodies, which were used as a “double antibody sandwich” method for the ELISA test. The newly developed diagnostic method was found sensitive to CLRDV in cotton and weeds.



Biotic and abiotic stresses: Mapping, resistance genes, and physiological traits

An RIL population derived from parents with differential levels of resistance to Race 7 of F. wilt was analyzed using SNP markers to study the genetic basis of resistance in cotton (Han et al.). Nine QTLs were identified for the Race 7 resistance. The gene expression study identified a candidate gene encoding calmodulin protein, and suppression of this gene lead to increased disease damage in plants. Aquaporins (AQPs) have been known for their role in water transport across cell membranes and thus in response to osmotic stress. Gao et al. identified a number of candidate genes in Gossypium hirsutum, G. arboretum, and G. raimondii (Guo et al.). Further gene expression studies confirmed a high expression of plasma intrinsic protein, GhPIPs, in G. hirsutum. These gene-silenced cotton plants showed damages in the chlorophyll and changed enzyme activities under salt stress. Furthermore, the overexpressed plants showed reduction of H2O2 under salt stress. The authors concluded that GhPIPs play positive regulatory roles.

The roles of sucrose:sucrose 1-fructosyltransferase (1-SST) in drought tolerance have been documented, but how the 1-SST–enhanced plants would perform in fields under stress was unknown. Liu et al. investigated ectopic expression in 1-SST–transformed cotton plants under drought stress and detected increased sugar, proline, and water contents. The yield loss under stress was reduced by 20% in the transgenic plants. This study confirmed the roles of sucrose 1-fructosyltransferase gene in drought tolerance at field level.

In another study, 181 RILs derived from intraspecific cross in upland cotton were compared between irrigated and limited water treatments and mapped using SNP markers (Boopathi et al.). Fifty-three QTLs were detected controlling morphological and agronomic traits under stress. One QTL hotspot was identified on chromosome 22 with a span length of 89.4 cM with 7 major QTLs for sympodial branch trait.

Limiting transpiration trait (TRlim) in plants under water stress would be ideal for alleviating yield loss under drought and saving water. Broughton and Conaty (Broughton and Conaty) studied cotton transpiration and yield under differential vapor pressure deficit (VPD). The difference of the limited transpiration trait was identified among Australian genotypes. A subsequent analysis revealed that this trait was not significant for reducing water use because of the negating effect due to increased transpiration rate at lower VPD environment in TRlim cotton. The results suggested that this factor should be considered in future breeding for selecting genotypes under limited water stress.



Other new tools for breeding

A comprehensive database was developed to demonstrate genomic variations and genome-wide associations in cotton (Peng et al.). This database has four modules for information including (1) genomics for locating the genomic position of the targeting sequences, (2) variations for identified polymorphic SNP and InDels, (3) genetics for detailed genome-wide association studies (GWAS) information, and (4) the capability to exhibit the genetic diversity of more than 3,000 sequenced tetraploid cotton genotypes. The database is available online for cotton researchers worldwide.




Author contributions

LZ conceived the idea and coordinated the Research Topic. LZ, IW, and FB co-edited the Research Topic. All authors contributed to this article and approved the submitted version.



Funding

LZ acknowledges financial support by USDA-ARS, Project No. 6066-21000-052-00D. FB was supported by the Arkansas Agriculture Experiment Station, Project No. 2658. IW acknowledges financial support by Cotton Breeding Australia, a joint venture between CSIRO and Cotton Seed Distributors Ltd.



Acknowledgments

We acknowledge and thank Dr. Sukumar Saha for his contributions to conceptualizing and coordinating the Research Topic. USDA is an equal opportunity provider and employer.



Conflict of interest

This study received funding from Cotton Seed Distributors Ltd. The funder was not involved in the study design, collection, analysis, interpretation of data, the writing of this article or the decision to submit it for publication. Author IW was employed by CSIRO, Agriculture and Food.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.












	 
	REVIEW
published: 06 October 2021
doi: 10.3389/fpls.2021.753426





[image: image]

Genetics and Breeding for Glandless Upland Cotton With Improved Yield Potential and Disease Resistance: A Review

Jinfa Zhang1* and Tom Wedegaertner2

1Department of Plant and Environmental Sciences, New Mexico State University, Las Cruces, NM, United States

2Cotton Incorporated, Cary, NC, United States

Edited by:
Linghe Zeng, USDA-ARS Crop Genetics Research Unit, United States

Reviewed by:
Wayne Smith, Texas A&M University, United States
Devendra Pandeya, Texas A&M University, United States
Jack McCarty, USDA/ARS, United States

*Correspondence: Jinfa Zhang, jinzhang@nmsu.edu

Specialty section: This article was submitted to Plant Breeding, a section of the journal Frontiers in Plant Science

Received: 04 August 2021
Accepted: 14 September 2021
Published: 06 October 2021

Citation: Zhang J and Wedegaertner T (2021) Genetics and Breeding for Glandless Upland Cotton With Improved Yield Potential and Disease Resistance: A Review. Front. Plant Sci. 12:753426. doi: 10.3389/fpls.2021.753426

Glandless cotton (devoid of toxic gossypol) can be grown as a triple-purpose crop for fiber, feeds, and food (as an oil and protein source). However, its sensitivity to insect pests and its low yield due to the lack of breeding activities has prevented the realization of its potential in commercial seed production and utilization. Since the mid-1990s, the commercialization of bollworm and budworm resistant Bt cotton and the eradication of boll weevils and pink bollworms have provided an opportunity to revitalize glandless cotton production in the United States. The objectives of this study were to review the current status of genetics and breeding for glandless cotton, with a focus on the progress in breeding for glandless Upland cotton in New Mexico, United States. Because there existed a 10–20% yield gap between the best existing glandless germplasm and commercial Upland cultivars, the breeding of glandless Upland cultivars with improved yield and disease resistance was initiated at the New Mexico State University more than a decade ago. As a result, three glandless Upland cultivars, i.e., long-staple Acala 1517-18 GLS, medium staple NuMex COT 15 GLS, and NuMex COT 17 GLS with Fusarium wilt race 4 resistance were released. However, to compete with the current commercial glanded cotton, more breeding efforts are urgently needed to introduce different glandless traits (natural mutations, transgenic or genome-editing) into elite cotton backgrounds with high yields and desirable fiber quality.

Keywords: cotton, glandless cotton, genetics, breeding, pest responses


BACKGROUND

Cotton (Gossypium spp.) is the most important fiber crop in the world and one of the most important oilseed crops along with soybean, rapeseed, sunflower, and peanut.1 Currently, cottonseed, traditionally treated as a by-product in cotton production, is primarily used for cooking oil and animal feed (Cherry et al., 1978, 1981; Cherry, 1983; Cherry and Leffler, 1984), and provides about 14–19% of the farm-gate value in cotton production.2 Cotton produces 150 kg of cottonseed for every 100 kg of lint fibers produced (O’Brien et al., 2005). Cottonseed oil is predominantly used in food service due to its exceptional high-temperature frying characteristics and is also used in processed foods where it contributes to extended shelf life. Unlike other plant seed oils, the toxic gossypol in cottonseeds needs to be chemically removed during seed crushing and oil refining before it can be used for human consumption. The cottonseed crushing industry estimated this to add 20% of the cost in cottonseed processing. Glandless cotton will produce cottonseeds devoid of gossypol which will be much easier and cheaper to convert to refined edible oil. Glandless cotton will also make cottonseeds an important protein source for human consumption especially in major cotton-growing developing countries (Rathore et al., 2020).

The growth of the global human population demands an increased production of food, fiber, and feeds. However, crop production is restrained by climate conditions, including the increased drought frequency and salinity in agricultural lands. Because of the reduction in insect pressure owed to the widespread use of the insect-resistant transgenic Bt cotton, there is a recent renewed interest in the research and usage of glandless Upland cotton (G. hirsutum L.). Glandless cotton can produce glandless seeds which may be used for human food (as an oil and/or protein source) and animal feed, even though it was reported that glandless cottonseed products might cause hypersensitive allergic reactions in a very small percentage of humans (Atkins et al., 1988). Potentially, the commercial production and processing of glandless cottonseeds can significantly increase the net income for both cotton producers and processors, making cotton a triple-purpose (fiber, feed, and food) crop.

The objectives of this study were to review the current status of genetics and breeding for glandless cotton, with a focus on the progress in breeding for glandless Upland cotton in New Mexico, United States (Zhang et al., 2014a,b,c,d, 2016a, 2017, 2018, 2019b, 2019c; Zhang et al., 2020b). Other relevant studies on glandless cotton from New Mexico, such as responses to insects and crop management practices, were also mentioned in this study. A review of the processing and utilization of glandless cottonseed can be found in the study by Lusas and Jividen (1987). Recently, Rathore et al. (2020) published a comprehensive review on glandless cotton research including the biosynthetic pathway of gossypol and related terpenoids, animal feeding studies, and human nutrition studies.



SOURCES AND GENETICS OF THE GLANDLESS TRAIT

There are four genetic sources for the potential glandless cottonseed production. The first natural glandless mutant (with no gland on the plant and seed) in Upland cotton was discovered by McMichael (1959), which is conditioned by two recessive alleles, namely, gl2 and gl3 (McMichael, 1960). The two glandless genes, gl2 and gl3, did not exhibit any deleterious effects on the lint yield and fiber quality, however, contributed to the lower cottonseed yield, smaller seed size, and higher lint percentage in glandless cotton (Halloin et al., 1978). The two genes were later mapped to chromosomes (Gl2 to A12 and Gl3 to D12) through linkage analysis (Lee, 1965; Endrizi et al., 1985; Kohel, 1979) and molecular mapping (Dong et al., 2007). While normal glanded cotton carries homozygous dominant Gl2Gl2Gl3Gl3 (provides ca. 1% of the gossypol content in seeds and plants), the distribution of glands or gossypol content may be changed by the other alleles of the two genes and other glanded loci (Gl1, Gl4, Gl5, and Gl6) with different alleles from different genetic sources (Wilson and Smith, 1977; Lee, 1978; Endrizi et al., 1985; Calhoun, 1997).

The second glandless cottonseed source was an induced dominant glandless mutation, identified in “Bahtim 110,” which was derived from the irradiation of seeds from the Egyptian cotton (G. barbadense L.), “Giza 45” (Afifi et al., 1966). The glandless (with no glands in the plants and seeds) trait is conditioned by a dominant gene, Gl2e, which is allelic to gl2, although marginal or reduced glandedness in the cotyledons and hypocotyls were also observed in heterozygotes (Kohel and Lee, 1984). Gl2e is epistatic to Gl3 in that it suppresses the expression of the glanded Gl3 gene that renders glandless plants and seeds in the Gl2eGl2eGl3Gl3 genotype. The genetic basis was later confirmed in other genetic backgrounds or advanced backcrosses (De Carvalho and De Macedo Vieira, 2000; Hinze and Kohel, 2006). For example, when this gene was incorporated in the commercial Brazilian Upland cultivar CNPA Precoce 2, a few glands were shown in the cotyledons of the heterozygous plants, indicating the incomplete dominance of the glandless trait, but the F1 seed had gossypol-free content, similar to the homozygous Gl2eGl2e parent (De Carvalho and De Macedo Vieira, 2000). The Gl2e gene was fine mapped within a 15 kb region in chromosome A12 with only one gene (with 1428 bp) encoding for a basic helix–loop–helix (bHLH) transcription factor of 476-amino acids (Cheng et al., 2016; Ma et al., 2016), which was named as the Gossypium pigment gland formation gene (GoPGF) by Ma et al. (2016). Through homologous gene cloning and sequencing, Ma et al. (2016) further showed that the single “T” nucleotide insertion between 735 and 736 bp in the coding region of GhPGF_A12m is the likely causal gene for the recessive glandless gl2 allele in A12, while the single “A” nucleotide insertion between 916 and 917 bp in the coding region of GhPGF_D12m is likely the causal gene for the recessive glandless gl3 allele in D12. The two single nucleotide insertions caused the premature translation termination of the encoded transcription factors, making the truncated proteins non-functional.

The third source, a glanded plant and glandless cottonseed trait with delayed pigment gland morphogenesis, was found in a few wild diploid Australian cotton species, as represented by G. bickii. Attempts have been made for the interspecific crossing between these Australian species and Upland cottons, such as through a tri-specific hybridization between amphidiploid [(G. arboreum × G. bickii) F1 (2n = 52, A2A2G1G1), (G. herbaceum × G. astrale) F1 (2n = 52, A1A1G2G2), or (G. thurberi × G. sturtianum)F1 (2n = 52, D1D1C1C1)] and G. hirsutum (Bi et al., 1999; Zhu et al., 2004, 2005; Liu et al., 2015). There have also been attempts through synthetic hexaploid avenues such as between the G. hirsutum–G. bickii amphidiploid (2n = 78, AADDG1G1) and G. hirsutum (Tang et al., 2018), or between the G. hirsutum–G. raimondii amphidiploid (2n = 78, AADDD5D5) and G. sturtianum (Bi et al., 1999). However, the trait has not been successfully transferred into Upland cotton for utilization in research due to the difficulty in interspecific introgression. Therefore, the genetic basis (such as the number of genes, gene effects, and chromosomal locations) for the characteristic- glanded plant and glandless cottonseed trait with delayed pigment gland morphogenesis is still unknown.

The fourth source, a genetically engineered (GE) Upland cotton, producing ultra-low gossypol cottonseeds (ULGCS), was produced by Sunilkumar et al. (2006), based on RNA interface (RNAi) to silence the delta-cadinene synthase gene(s) driven by a seed-specific α-globulin promoter. The ULGCS and glanded plant trait were reported to be stable under both greenhouse and field conditions (Rathore et al., 2012; Palle et al., 2013). As compared with the Coker 312 used for the transformation, the three ULGCS lines tested appeared to have similar leaf terpenoid and gossypol content, lint yield, seed protein content, and fiber quality, but 4–8% higher seed oil content (Rathore et al., 2012; Palle et al., 2013). As compared with the normal glanded Coker 312, the developing cotyledons of the transformed ULCGS cotton appeared to have a lower level of gossypol content, incurring a higher level of damage from African cotton leafworms, Spodoptera littoralis (Boisd.), while the fully expanded true leaves showed similar responses to the insect (Hagenbucher et al., 2019). Rathore et al. (2020) have recently provided a detailed account of events that led to the development of ULCGS. The petition for the deregulation of the GE low-gossypol trait was recently approved by both the United States Department of Agriculture (USDA) (in Oct. 2018) and the Food and Drug Administration (FDA) (in Sept. 2019) (Rathore et al., 2020). The introduction of this trait to elite cotton has been ongoing but has made slow progress due to the concerns about international regulatory hurdles. There were other attempts in developing transgenic or non-transgenic glandless cotton. For example, most recently, Li et al. (2021) reported using the temperature-sensitive CRISPR/LbCpf1 (LbCas12a) mediated- genome editing system to successfully create non-transgenic gossypol-free Upland cotton. Other genes (Tian et al., 2018; Janga et al., 2019; Gao et al., 2020), involved in gland formation and the gossypol biosynthetic pathway, can be targets for genetic modification to produce glandless cottonseed.



BREEDING FOR GLANDLESS UPLAND COTTON

Since the discovery of the double recessive glandless (gl2gl2gl3gl3) cotton by McMichael (1959, 1960), numerous efforts have been made in breeding and researching glandless cotton in the United States until the 1970s, which were summarized in a conference entitled “Glandless cotton-its significance, status and prospects” published in 1978 (Anonymous, 1978). Numerous improved glandless germplasm lines were developed and released. Thaxton et al. (1987) reported progress in developing glandless cotton in the multi-adversity resistant (MAR) program and showed that the new glandless GCANH-1-83 MAR strain had improved yield potential, fiber quality, and disease resistance that was equal to the latest releases of Tamcot cultivars such as the CAMD-E but was slightly less resistant to insects (Thaxton et al., 1998). Seed companies and public breeders developed several commercial glandless cultivars; however, glandless cotton was grown in only a very limited acreage in central Texas and the Texas High Plains in the mid-1980s. However, dehulled, roasted, and whole glandless kernel products and associated business did not gain much of the market, due to quality control, insects, and marketing issues, in addition to possible allergenic reactions (Hinze and Kohel, 2012). Since then, there were intermittent breeding activities until the late 1990s (Shepherd, 1982; Smith and Niles, 1988; Owen and Gannaway, 1995; Dobbs and Oakley, 2000). Using the glandless trait as a genetic marker, breeding populations using Upland cotton lines with varying gland densities involving glandless cotton were recently developed (Gutiérrez et al., 2006; Scheffler and Romano, 2012; Hinze et al., 2014). The potential of glandless cottonseeds in cotton production and product development as a triple-purpose crop (fiber, feeds, and food) has not been realized in the United States.

In the 1970s, glandless germplasm (with the gl2gl2gl3gl3 genotype) was introduced from the US to other cotton-growing areas including Africa and China, and the breeding for glandless Upland cotton was subsequently conducted. Hau (1987) reported that 24,000 hectares were cultivated in Ivory Coast in 1984 with the glandless variety, ISA BC2, created by IRCT-IDESSA in Bouak. China released at least 20 glandless Upland cotton cultivars (Ma et al., 2016).

Although the genetic study on Gl2e was conducted in the US (Kohel and Lee, 1984), no breeding activities were recorded using this glandless source. The National Cotton Germplasm Collection does not have accessions possessing the Gl2e gene, and the glandless accessions are all homozygous recessive gl2gl2gl3gl3. However, the dominant glandless Gl2e gene was introduced from G. barbadense into Upland cotton through interspecific hybridizations and backcrossings in China (Yuan et al., 2000). Based on a field study on seven pairs of near-isogenic lines (NILs) with glanded or dominant glandless traits in Upland cotton, Yuan et al. (2000) did not detect significant associations between the dominant glandless gene and most agronomic, fiber, and seed quality traits; however, the oil or protein content was higher in one glandless line than in its glanded NIL. Advanced backcross populations involving the Gl2e gene were used in a quantitative trait locus (QTL) mapping for yield, yield component traits, fiber quality, and disease resistance by the Yuan group (Shi et al., 2016, 2019; Li et al., 2019). A new Upland cotton cultivar with glanded plants and seeds with low gossypol content was reportedly released (Zhang et al., 2001); however, its authenticity was not independently verified.



RESPONSES TO INSECT PESTS IN GLANDLESS COTTON

Glands containing toxic gossypol and other terpenoid aldehydes are distributed in most of the tissues and organs of cotton, which plays an important role in defending cotton against insect pests that feed on its tissues and organs. Glandless cotton eliminates this protection and incurs heavier insect damage than conventional glanded cotton (Benedict et al., 1977). In addition, glandless cotton is susceptible to field mice and foraging by livestock and wildlife animals. This has become one of the most important limiting factors preventing the commercial production of glandless cotton. Therefore, a more detailed review of the responses of glandless cotton to insect pests is warranted here.


Boll Weevils (Anthonomus grandis Boheman)

The boll weevil had been a major cotton insect in the US Cotton Belt until its successful eradication in the early 2000s. Stephens and Lee (1961) compared the feeding and oviposition preferences of boll weevils among a standard Upland cotton cultivar and three mutant strains, namely, hairy, hairy-glandless, and hairy-glandless-red, in laboratory tests and a field test, and no discriminations were observed between glandless and glanded cotton. Through a 2-year field study to compare two pairs of glanded and glandless NILs in large plots and 13 pairs of glanded and glandless NILs in small plots in Mississippi, Jenkins et al. (1967) showed that glandless cotton possessing the two glandless genes, gl2 and gl3, were not more susceptible, although the boll weevils were slightly larger on some glandless NILs. In another companion laboratory study, Maxwell et al. (1966) showed that the weevils fed significantly less on six glandless lines than on their glanded parental NILs and laid significantly more eggs on three glandless lines than on their glanded NILs, while there was no difference detected in the oviposition rate between the nine pairs of glandless and glanded NILs. The weevils reared on square powder diets made from three glandless lines were larger than those with similar diets made from their glanded NILs, while the opposite was true for the other paired lines. No significant difference was observed in the developmental period of weevils between the glandless and glanded paired NILs studied. The results from both studies led to the conclusion that the double recessive glandless trait will not increase boll weevil susceptibility in some genetic backgrounds. In a 4-year field study at Stoneville, Mississippi, Merkl and Meyer (1963) showed that the level of the punctured squares by weevils on the glandless cotton was the same as the cotton lines with smooth leaves or the nectariless trait, and factors such as plant height, leaf color, and growth characteristics affected the percentage of the infested squares. Through an inheritance study in the F1, F2, and backcross progeny of the cross with Upland Deltapine Smooth Leaf (DPSL), Buford et al. (1968) showed that among the 252 cotton lines tested, “S. I. Seaberry” (G. barbadense) produced the lowest oviposition rate by the weevils, and possessed a genetic factor (X factor) that suppresses weevil oviposition. However, the gossypol content in cotton is related to the preference of weevils in feeding and oviposition. When the gossypol contents increased to levels higher than normal in cotton, the weevils preferred feeding and oviposition on glandless (with no gossypol) or normal-glanded (normal gossypol content) strains (Singh and Weaver, 1972).



Helicoverpa spp.

Glandless cotton is highly susceptible to Helicoverpa (often called heliothis), including tobacco budworm [H. virescens (F.)], corn earworm [H. zea (Boddie)] and bollworm (H. armigera Hubner), a serious pest in cotton in most cotton-growing countries. It appears that Helicoverpa cannot metabolize the gossypol but excretes it to a certain degree (Montandon et al., 1987). The first stage larvae of H. spp. were shown to avoid feeding on the gossypol glands of anthers or other parts of the cotton plant due to the presence of allelochemicals including anthocyanins, but then non-selectively consumed the glands (Belcher et al., 1983; Parrott et al., 1983; Parrott, 1990), and they were, therefore, feeding less frequently and resting more on the glanded cotton than on glandless cotton (Schmidt et al., 1988). Consequently, the H. zea or H. virescens larvae feeding on glandless cotton grew faster and gained more weight (Lukefahr et al., 1966; Meredith et al., 1979; Montandon et al., 1986, 1987; Scheffler et al., 2012), had increased survival rates and shorter developmental time, and caused more damage on the cotton (Mullins and Pieters, 1982; Zummo et al., 1983; Wang et al., 2008; Pierce et al., 2012, 2014; Garnett et al., 2013). The number of dominant glanded alleles is associated with the preference of H. virescens in that the larvae favored glandless (gl2gl2gl3gl3) seedlings, and the preference was decreased as the number of Gl2 and Gl3ral alleles increased (Wilson and Lee, 1971). Wilson and Lee (1971) indicated that the number of pigment glands on the cotyledonary petiole and percentage of seed gossypol were correlated with seedling damage and the number of larvae that H. virescens left on the seedlings. Glandless cotton not only lacks gossypol but also lacks or contains small quantities of volatile terpenes (Elzen et al., 1985). Lukefahr and Houghtaling (1969) found that cotton with high gossypol (HG) contents (1.7%) inhibited the growth of H. spp. Shaver et al. (1980) observed a significant linear relationship between the reduction in larval weight of tobacco budworms and gossypol content in squares. Commercial Upland cotton normally exhibits an approximate 3 (+)-gossypol to 2 (−)-gossypol ratio and Stipanovic et al. (2006) showed that both (+)-gossypol and (−)-gossypol were equally inhibitory to H. zea larvae, although (+)-gossypol is less toxic than (−)-gossypol to non-ruminant animals. In a feeding study to compare three pairs of glanded and glandless NILs using leaves and artificial diets with five levels of gossypol content, Kong et al. (2010) found that the glanded cotton and diets with higher levels of gossypol decreased larval weights and moth eclosion rates and delayed the development of the larvae and pupae of H. armigera; and the larvae that fed on the glanded cotton leaves were more tolerant to two insecticides (cyhalothrin and monocrotophos). In studies comparing 14 pairs of normally glandless and glanded cotton NILs, the increased larval growth of H. zea was only observed when they fed on diets of glandless cotton (Lukefahr et al., 1966; Oliver et al., 1971), but there were no significant differences between any glandless vs. glanded pairs in the number of eggs oviposited or in the number of squares and bolls damaged by the H. zea in field plots (Oliver et al., 1970a,b). Additionally, in field studies, Jenkins et al. (1966) showed that H. zea caused similar damages on the Rex Smooth leaf glanded and glandless cotton lines and glanded Deltapine Smooth Leaf, but the glandless Acala incurred higher damage than glanded Acala cotton.

The resistance of glandless cotton to the damages from H. spp. can be improved to the level of glanded cotton by using Bt genes. Benedict et al. (1993) showed that two glandless lines with Bt genes reduced the larval survival of H. zea to nearly zero with no damage to the squares and bolls, as compared to the average of 24–33% survival rates on glanded non-Bt NILs. However, it appeared that no commercial cotton cultivars possessing both glandless and Bt traits were developed and commercialized.



Armyworm (Spodoptera spp.)

In field conditions, Bottger et al. (1964) observed that beet armyworms [S. exigua (Hübner)] preferred glandless cotton over glanded cotton. In laboratory bioassays, McAuslane and Alborn (1998) confirmed that S. exigua larvae strongly preferred feeding on glandless cotton when given a choice between glanded and glandless cotton plants. In a greenhouse study, McAuslane and Alborn (2000) further showed that neonate beet armyworms avoided feeding on the gossypol-rich young leaves of glanded cotton plants because they moved down the plant to feed on the older leaves when placed on the terminal foliage; however, the larvae feeding on glandless plants were evenly distributed within the plant. In a no-choice laboratory study, even though the larvae feeding on young or mature leaves from the glanded or glandless plants had similar survival rates, the pupae and adults from the larvae reared on the young or old leaves of glanded cotton weighed significantly less than those on the glandless plants. In addition, the time to pupation and adult emergence was significantly longer for the larvae fed on glanded plants. In New Mexico, Pierce et al. (2012, 2014) and Garnett et al. (2013) reported that beet armyworms caused higher leaf damage and took a shorter time to pupation with 2–6 times higher survival rates when fed on glandless Acala GLS as compared to glanded Acala 1517-99. In Israel, Meisner et al. (1977c) compared the effects of different cotton strains with different gossypol contents of leaves on the development of S. littoralis larvae and showed that the larvae fed on HG (1.23%) strain had lower weight, required longer time for pupation, and reduced pupal weight and pupation rate. The S. littoralis larvae fed on only half of the food containing an extract from the HG cotton strain than that containing an extract of a glandless strain (Meisner et al., 1977a). Zur et al. (1978) determined the gossypol content of the cotyledons and true leaves during the growing season in 12 HG Upland cotton lines, a normal glanded cultivar, and a glandless line, and the S. littoralis larvae feeding on the glandless cotyledons gained the highest weight and the lowest on the three HG lines. Zur et al. (1980) further confirmed the value of HG cotton strains in suppressing S. littoralis and Earias insulana (Boisd.) populations as compared with a glandless strain and a normal glanded Upland cultivar, in unsprayed fields of two production regions. Similar to S. exigua, an avoidance strategy was reported for the S. littoralis larvae that avoided gossypol-rich young leaves by migrating from the young leaves to the older leaves (Anderson et al., 2001). Meisner et al. (1977b) showed that glandless cotton reduced the effectiveness of phosfolan (2-(diethoxyphosphinylimino)-1,3-dithiolane in controlling S. littoralis.



Plant Bugs (Lygus spp.)

Plant bugs are a serious mid-season insect pest problem in cotton production, as they prefer to feed on the squares and young bolls. The western tarnished plant bug (WTPB) (L. hesperus Knight) feeding on glandless cotton increased its growth rate and survival of nymphs by twofold, resulting in a 2.5 times greater WTPB population and a 57% reduction in cotton bolls in California (Tingey et al., 1975; Benedict et al., 1981; Leigh et al., 1985). However, the susceptibility of glandless cotton is dependent on genetic backgrounds. In a field cage study, Leigh et al. (1985) showed that 32 glandless lines supported 1.9- to 2.5-fold higher WTPB than the glanded “Acala SJ-2,” whereas 20 other glandless lines did not differ from Acala SJ-2 in WTPB populations. Thirty-seven glandless lines were selected to further evaluate the effect of cotton genotypes on nymphal survival, growth rate, and adult oviposition preference in a greenhouse. The results indicated that glandless cotton that is no more susceptible to WTPB than the glanded cultivar, Acala SJ-2, could be developed, indicating that other genetic factors can reduce the susceptibility of glandless cotton. Based on a 2-year multi-location study in the San Joaquin Valley (SJV), California, Goodell et al. (2001) found little difference among the Acala, Upland, and Pima cultivars for arthropod affinity; however, the glandless Acala cultivar C-166 had a significantly higher total population of WTPB than the other glanded cultivars in three locations over the 2 years. In Mississippi, Meredith et al. (1979) showed that glandless cotton had a higher yield loss upon infestation from tarnished plant bugs (TPB) [L. lineolaris (Palisot de Beauvois)] than without TPB; and among 99 glandless lines, the least sensitive glandless lines possessed combinations of nectarilessness, hirsuteness, or rapid fruiting ability, characteristics which were previously found to be less susceptible to TPB.



Thrips (Frankliniella spp. and Thrips tabaci Lind.)

Thrips are important insect pests at the seedling stage. Based on a leaf area reduction to measure the resistance of thrips (Rummel and Quisenberry, 1979), Quisenberry and Rummel (1979) showed that morphological traits such as glandlessness (gl2gl3) did not provide the plant with resistance to thrips, except for Pilose (H2) which was highly resistant. In China, glandless cotton was also more susceptible to thrips (Fang et al., 1995). Based on a field study of 11 glanded Pakistan Upland cotton and a glandless check (Rizwan et al., 2021), the glandless check had significantly higher populations of whiteflies [Bemisia tabaci (Genn.)], thrips, and jassids (Amrasca devastans Dist.), and the leaf gland density was significantly and negatively correlated with the populations of the three insect pests. However, in an extensive field study in New Mexico (Zhang et al., 2014b,d), many glandless cotton lines were compared with the glanded control Acala 1517-08 and other glanded lines for their resistance to the Western flower thrips [F. occidentalis (Pergande)]. These lines were divided into four replicated field tests, each with 32 genotypes. In the same field, many glanded commercial cultivars and breeding lines were divided into three other tests to compare with the glanded Acala 1517-08 and Acala 1517-99. Overall, the glandless cotton had similar or lower damages from thrips than the glanded cotton, indicating that the glandless trait may serve as a genetic factor for suppressing damage from thrips. As compared with Acala 1517-08 which represented one of the most thrips resistant genotypes among the glanded cotton tested, glandless Acala GLS and many glandless selections were more resistant, indicating that unknown genetic factors other than the glandless trait also affect thrips resistance in cotton (Zhang et al., 2014b). The results were corroborated by the development of many thrips resistant lines in an Acala 1517-08 × Acala GLS cross. Similar results were obtained in a greenhouse study (Larson et al., 2015; Larson, 2019).



Other Insects

Many secondary insects or insects that did not use normal glanded cotton as a major host were found to infest glandless cotton and cause significant damages. In Arizona, Bottger et al. (1964) observed that, in addition to H. zea and S. exigua, black fleahoppers [Spanogonicus albofasciatus (Reuter)], grape colaspis beetles [Maecolaspis flarida (Say)], cutworms (undetermined species), pill bugs (Porcellio spp.), and rodents also preferred eating glandless cotton before attacking glanded cotton under field conditions. Maxwell et al. (1965) observed greater susceptibility in several glandless experimental lines than in their glanded NILs to cotton leafworms [Alabama argillacea (Hüibner)], bollworms, grape colaspis beetles, and Gastrophysa cyanea (Melch) in Mississippi; and Japanese beetles (Popilla japonica Newman) damaged the leaves of glandless lines extensively in North Carolina. Also in Mississippi, Jenkins et al. (1966) observed a preference in feeding and oviposition on all glandless lines from adult insects such as M. flavida, G. cyanea, and A. argillacea that usually did not cause damage to glanded cotton, causing considerable damage to all glandless lines. Glandless cotton was also more sensitive to two-spotted spider mites [Tetranychus urticae (Koch)] (Schuster et al., 1972; Bailey and Meredith, 1983). After the glandless cotton germplasm was introduced and tested in other countries or regions such as China, India, Pakistan, Brazil, and Africa, higher insect pest pressures were also found on glandless cotton than on glanded cotton. For example, glandless cotton lines were heavily infested by sucking pests throughout the growing season in India, including cotton leafhoppers (Amrasca biguttula biguttula Ishida), jassids, B. tabaci, and T. tabaci (Bhatnagar and Sharma, 1991).



Predators

Benedict et al. (1977) reported that more predators were collected in glandless plots compared to glanded plots in California. In New Mexico, Ellington et al. (1984) showed that glandless cotton supported larger phytophagous populations than glanded cotton, but the HG genotypes did not affect the phytophagous populations and its effect on the population of predators was ambiguous. Also in New Mexico, Pierce et al. (2015, 2016, 2017) showed overall similarity in predation rates between glanded and glandless cotton based on multi-year field studies. In Brazil, Silva et al. (2002) did not observe any difference in the population density of predators between glandless and glanded genotypes.



Controversial Results

Montandon et al. (1986) fed glanded and glandless cotyledons to A. argillacea, a specialist on Gossypieae, and showed that the A. argillacea survived equally well on either cotton type but had significantly higher larval weights by feeding on the glanded leaves. The results suggested that glanded cotton may not lessen but even increase the impact of the adapted specialists on cotton. It was reported in China that glandless cultivars were more resistant to aphids (Aphis gossypii Glover) and spider mites damage than glanded ones (Fang et al., 1995). In Arizona, a glandless Pima mutant (G. barbadense) was found to suffer significantly less seed damage from pink bollworms [Pectinophora gossypiella (Saund.)] than the glanded check Pima S-4 or S-5 (Wilson et al., 1977, 1979). In Pakistan, among the 20 cotton genotypes evaluated for their resistance or tolerance to A. devastans, Scirtothrips dorsalis (Hood), T. tabaci, B. tabaci, E. insulana (Boisd.), E. vittella (F.), and pink bollworms (Baloch et al., 1982), the glandless, nectariless and gossypol-free genotypes were susceptible to the attacks by A. devastans, while the glandless, nectariless, glabrous, hairy and okra-leaf genotypes were more susceptible than the others to E. spp. and pink bollworms. In Brazil, no differences were observed between the glandless and glanded genotype population density for cotton aphids, T. tabaci, cotton leaf worms, and pink bollworms (Silva et al., 2002). It should be noted that because most of these studies with controversial results came from germplasm lines with different morphological traits, different genetic backgrounds, experimental designs, growing stages, and environmental conditions may affect the effect of glandless cotton on the growth and development of different insect pests. Because genotype × trait interactions often exist, NILs in different genetic backgrounds should be developed and used to compare glandless and glanded cotton.

McCarty et al. (1983) studied Upland cotton lines with different morphological traits in multiple locations without early season insect control, and the results showed that the nectariless lines had high adaptability, while the lines with other morphological traits, including glandlessness, did not, due likely to the varying insect pressures in different locations. In New Mexico and the other areas of the US Cotton Belt such as Arizona and Far-west Texas, the overall insect pest pressure has been low, due to the successful eradication of boll weevils and pink bollworms and the reduced damage of budworms/bollworms by growing transgenic Bt cotton. Thus, glandless cotton may not suffer from heavy insect damages and high yield losses as before. The responses of glandless cotton to phytophagous populations and predators should be studied under the current production conditions.




RESPONSES TO DISEASE INFECTIONS IN GLANDLESS COTTON

It is well known that gossypol and other related terpenoid aldehydes (TA) are phytoalexins (Rathore et al., 2020). Studies have shown that gossypol and other TA were induced in the roots or leaves of glanded cotton upon being infected by different pathogens such as soil-borne fungi (Verticillium dahliae Kleb.) causing Verticillium wilt. Fusarium oxysporum f. sp. vasinfectum (G.F. Atkinson) Snyder & H.N. Hansen (FOV) causing Fusarium wilt, and Xanthomonas citri pv. malvacearum causing bacterial blight; and high or elevated TA contents may be related to the resistance to these diseases (for a review, refer to Rathore et al., 2020). However, it is known that most glanded cotton lines are susceptible to these pathogens, while there are resistant glandless cotton genotypes. Khoshkhoo et al. (1994) compared the concentrations of TA, including gossypol, in the roots and leaves between several susceptible and resistant glanded and glandless cotton lines to root-knot nematodes (RKN) [Meloidogyne incognita (Kofoild and White) Chitwood]. They found that the TA content and its increase in the root were not associated with RKN resistance. It is now understood that the two glanded genes (on A12 and D12) and the two major resistance genes/QTLs (one on A11 and another on D02) for RKN resistance are not linked. Similarly, there is no direct linkage between glanded genes and QTLs when it comes to the resistance to bacterial blights (Zhang et al., 2020a), Verticillium wilt, and Fusarium wilt (Abdelraheem et al., 2017). In several fields and greenhouse studies, we have also found that glandless cotton was not more susceptible to Verticillium wilt than glanded cotton (Larson et al., 2015; Larson, 2019). Several new glandless cotton lines were shown to be more resistant to leaf spots [Alternaria alternata (Fr.) Keissl.] in several field tests (Zhu et al., 2017, 2018). In addition, two new glandless Upland cultivars, namely, NuMex COT 15 GLS and NuMex COT 17 GLS, were found to be as resistant to Fusarium wilt caused by Fusarium oxysporum f. sp. vasinfectum (G.F. Atkinson) Snyder & H.N. Hansen (FOV) race 4 as the resistant glanded Pima cotton PHY 802 RF and PHY 811 RF (Zhang et al., 2020b). However, we are presently unsure if the resistance is related to a gene closely linked to the dominant glandless gene (Gl2e), chromosome A12, or derived from their FOV race 7-resistant Chinese Upland parent. Overall, there is no direct genetic relationship between glanded or glandless genes and the resistance to diseases or tolerance to abiotic stresses in cotton. However, under natural infections in the field, glandless cotton appeared to be more susceptible to Southwestern cotton rust (Puccinia cacabata Arth. and Holw.) than glanded cotton (Zhang et al., 2017).



RESPONSES TO HERBICIDES IN GLANDLESS COTTON

Foster et al. (1994) compared the prometryn tolerance between glanded and glandless isolines in a growth chamber and the field and showed that glandless (g12gl3) cotton incurred higher photosynthetic inhibition and longer durations of inhibition by the herbicide, with 20–56% higher visual leaf injury ratings and 44–66% lower yield than the corresponding glanded isoline. The results demonstrated that lysigeneous glands enhance prometryn tolerance in cotton. Furthermore, the G12G12g13g13 had lesser leaf injury than the g12g12G13G13 isoline, indicating that the prometryn tolerance of Gl2 is higher than Gl3. Zhang et al. (2019b) conducted a field study with four replicated tests to evaluate 81 cotton genotypes, including 8 Pima and 73 Upland genotypes, and their responses to halosulfuron (Sandea) at the 4–5th true-leaf stage. Three glandless cotton lines were significantly more sensitive than all the glanded cotton tested except for one sensitive glanded cultivar. However, in another study (Zhang et al., 2021), results indicated that glandless cotton was not more sensitive to trifloxysulfuron (Envoke) than glanded cotton when treated at the 7-true leaf stage.



BREEDING FOR COMMERCIAL GLANDLESS COTTON CULTIVARS IN NEW MEXICO


The Yield Gap Between Glandless Cotton and Commercial Upland Cultivars

To understand the breeding progress in long-staple Acala cotton, Acala germplasm and the cultivars released in New Mexico and California since the 1930s were collected from the National Cotton Germplasm Collection and were evaluated in the early 2000s in a field in New Mexico (Zhang et al., 2019a). The yield of the glandless Acala was much lower than that of the glanded cultivars including the control Acala 1517-99 (Cantrell et al., 2000). We subsequently initiated breeding activities to develop glandless Acala cotton with improved lint yield and fiber quality. Zhang et al. (2014e) further stated the following: “in 2010, an Acala glandless cotton (Acala GLS) released in California in 1999 (Dobbs and Oakley, 2000) was introduced and tested together with Acala 1517-99 and Acala 1517-08 (Zhang et al., 2011) in a national cotton variety test in Las Cruces, NM.” To further enrich the glandless germplasm collection and evaluate their yield potential, obsolete and exotic glandless germplasm were collected and observed in a field in 2011–2012. Because of the noticeable phenotypic variation including segregation in the glandless trait, single plants were selected for seed increase and progeny tests. Existing glandless cotton germplasm was evaluated in eight replicated tests in Las Cruces, NM, the United States in 2010–2013, for lint yield, fiber quality, and their adaptability to the New Mexico cotton production conditions where Acala cotton has been traditionally grown. Zhang et al. (2014a, c) showed that the glandless Acala GLS produced only 65–80% lint yield of Acala 1517-08 and 46–75% lint yield of transgenic cultivars in multiple tests. Idowu et al. (2011, 2012, 2013a, 2014) also showed that Acala GLS produced 50% less lint than the glanded Acala 1517-99 in New Mexico. Even though the two other glandless cotton lines (JACO developed in Louisiana and STV GL developed in Mississippi) yielded 12–21% more than Acala GLS, they only yielded 57–63% of Acala 1517-08 and 51–55% of the commercial transgenic PHY 375 WRF. In another replicated test in 2012, 14 obsolete US glandless lines were tested and most of them yielded below 80% of the lint of Acala 1517-08.



Selection Within Existing Glandless Germplasm

The original glandless germplasm lines and their selections were advanced to several replicated field tests in Las Cruces, NM, United States (Zhang et al., 2014a). Among the selections, most lines produced lint yields less than 70% of the Acala 1517–08, and three selections within three lines (Acala G8160, SA 2455, and Acala GLS) brought the yield up to 82–89% of Acala 1517-08. Therefore, there existed a significant yield gap (i.e., ca. 10–20%) between the best glandless germplasm and commercial cotton. Furthermore, significant differences in fiber quality were found between selections within the same glandless germplasm lines, indicating genetic variation in fiber quality traits. The results indicated that residual genetic variation still existed, although most of the glandless germplasm lines were developed through pedigree selections from different cross combinations.

Meredith and Bridge (1982) estimated that the US national mean genetic gain in cotton yield improvement was 0.74% per year. For the New Mexico Cotton Breeding Program, the cotton yield gain due to breeding was 1.4% per year between 1930 and 2004 (Zhang et al., 2005, 2019a). Thus, it would take 7–13 years of breeding efforts to fill this 10–20% yield gap, i.e., to bring the yield up to the current level of glanded commercial cultivars. This is a difficult task because genetic improvement in lint yield still will be made for glanded commercial cotton by seed companies.



Crossbreeding for Glandless Upland Cotton

In 2010–2011, cross-breeding for glandless Upland cotton was initiated by crossing Acala 1517 with obsolete glandless cotton. In 2012, 35 new glandless lines were tested in a replicated trial in Las Cruces, NM. Approximately 70 exotic glandless lines were collected and grown in the field with selections made. In 2013, 150 new glandless breeding lines were evaluated in several replicated field tests. In 2014, tests on new glandless lines were performed at three locations (Las Cruces, Artesia, and Tucumcari) in New Mexico and 14 locations across the Cotton Belt. In the greenhouse, the 150 new glandless lines tested in the field in 2013 were evaluated for thrips and Verticillium wilt resistance. Under both the greenhouse and field conditions, 30 glandless lines plus two glanded checks were also tested for Verticillium wilt resistance. In 2015, several new glandless lines were tested at 14 locations across the Cotton Belt and also in three locations in New Mexico (Las Cruces, Artesia, and Tucumcari). Two replicated field tests were further performed in both Las Cruces and Artesia with each test having 30 glandless lines and two glanded checks for field performance and Verticillium wilt resistance.

From 2016 to present, increased breeding activities for glandless cotton have continued, which included: (1) 400–600 progeny rows; (2) several replicated field tests with 32 lines each; and field and/or greenhouse tests for resistance to thrips, Verticillium wilt, FOV race 4, bacterial blights, cotton rust, and leaf spots on an annual basis. It should be pointed out that, all the field trials in New Mexico did not receive any insecticide applications including seed treatments since 2010, when pink bollworms, bollworms, and plant bugs did not cause significant lint yield losses.

Due to the 10–20% yield gap between the best high-yielding glandless cotton and current commercial cultivars, crossbreeding should be taken into consideration to significantly increase the yield potential of glandless cotton so its potential as a triple-purpose crop can be fully realized. In the New Mexico Cotton Breeding Program, the glanded Acala 1517-08 cotton was first used to cross with the glandless Acala GLS, followed by repeated pedigree selections (Zhang et al., 2016a). Eighteen glandless individuals were first selected from 500 F2 plants and tested in F3 progeny rows, which were used as a base population for further single plant selections, followed by a progeny test. In the end, 77 F6 lines were selected for further replicated field testing. Five lines produced 90–96% of the Acala 1517-08 lint yield. There was no positive transgressive segregation for lint yield, lint percentage, and boll weight in this Acala/Acala cross because negative transgressive segregations occurred frequently for the three traits and fiber strength. Negative transgressive segregations occurred more frequently although positive transgressive segregation was observed for lint yield and micronaire.

The above Acala/Acala cross resulted in the development of the long-staple glandless Upland cultivar Acala 1517-18 GLS from an F4:6 line, which carries the double recessive glandless genes gl2gl2gl3gl3 (Zhang et al., 2019c). In the cultivar release notice, Zhang et al. (2019c) summarized its field performance, as following: “This new glandless cultivar was tested in 11 replicated field trials in New Mexico in 2013–2016 and 14 tests across 11 US states in 2015. Acala 1517-18 GLS produced 93% of the lint yield in Acala 1517-08 across all the tests without observed seed-cotton losses from rodents.” But it yielded 30% more lint than Acala GLS. Acala 1517-18 GLS had a similar fiber quality with Acala 1517-08 and Acala GLS in fiber length, uniformity, strength, and micronaire, but had a similar or higher elongation and similar or lower short fiber content. In addition to the higher seed index, Acala 1517-18 GLS had longer and stronger fibers, higher fiber length uniformity and elongation, but lower micronaire and short fiber content than most of the other medium-staple commercial checks. As compared to Acala 1517-08, it was more resistant to Alternaria leaf spots and had a similar or higher level of resistance to Verticillium wilt. Acala 1517-18 GLS represent the first contemporary long-staple (with fiber length > 30 mm) Acala cotton cultivar with the glandless trait.



Introgression Breeding for Glandless Upland Cotton

Since the rediscovery of the Mendelian Laws in genetics in 1900, interspecific introgression genetics and breeding between Upland and Pima cotton (G. barbadense) have been extensively conducted by numerous scientists (Zhang et al., 2014e). However, only a few, if any, commercial cultivars were developed from this approach, due to the hybrid breakdown between the two closely related cultivated tetraploid cotton species. The hybrid breakdown is the reduced hybrid viability and/or fertility segregating in F2 and later generations, due to the complementary effects of numerous recessive genes from the two parental species. Under field conditions, almost no plants from an interspecific cross exhibited similar productivity with both its parents. In a genetic sense, the hybrid breakdown is transgressive segregation in a negative direction. Therefore, a breeder should first mitigate the hybrid breakdown caused by the negative transgressive segregation. Since 1985, J. Zhang has been working on introgression genetics and breeding in cotton (Zhang, 2011; Zhang et al., 2014e). As a result of the long-term effort, two glandless Upland cultivars, namely, NuMex COT 15 GLS and NuMex COT 17 GLS with FOV race 4 resistance, were developed and released from the advanced backcrossing between Upland and dominant glandless G. barbadense (Zhang et al., 2016b, 2020b). The release of the two NuMex COT cultivars represented the first successful attempt in introducing incomplete dominant glandless allele Gl2e from G. barbadense to Upland cotton and developing commercial cultivars with acceptable yield and fiber quality characteristics in the US. The Brownfield Seed & Delinting Company (BS&D) in west Texas listed Acala 1517-18 GLS and NuMex COT 17 GLS (listed as Acala 1117) for seed sale.3 The two NuMex COT glandless cultivars were the result of a long-term effort of introgression breeding in transferring desirable genes and traits from Pima to Upland cotton.

Both NuMex COT 15 GLS and NuMex COT 17 GLS have the same pedigree, “derived from an advanced backcross progeny of a cross between the Gl2e allele donor “Bahtim 110” (G. barbadense) and glanded Upland cotton CRI 12, followed by five backcrosses with a glanded Upland CRI 35 as the recurrent parent” (Zhang et al., 2016b, 2020b). In the advanced backcross population, they were selected as two glandless progenies out of a mixture of glandless and glanded plants. When evaluated in two naturally infected fields in California, the two cultivars were resistant to FOV race 4, with resistance levels similar to the resistant checks- Pima PHY 802 RF and PHY 811 RF.4 However, they were more resistant than Acala 1517-08, when evaluated in a greenhouse in New Mexico. The two cultivars have been used in crossbreeding to developing new germplasm lines to build resistance to FOV race 4 (Ulloa et al., 2020). The two cultivars were tested in 4–7 replicated field trials in New Mexico in 2013–2017 and 11 tests across 9 US states in 2014. Both cultivars yielded more lint than Acala GLS, and NuMex COT 17 GLS yielded more than NuMex COT 15 GLS as it produced 16 and 13% more lint yields than Acala 1517-18 GLS, and NuMex COT 15 GLS, respectively, and reached 93% of the yield of the glanded Acala 1517-08. Both were classified as having medium to long staples with a fiber quality similar to other commercial medium staple cultivars, but inferior to both Acala cultivars. NuMex COT 15 GLS had longer and stronger fibers than NuMex COT 17 GLS, but the latter had a higher lint percentage and was specially adapted to the Mississippi Delta because it was the top yielder in the region. The two glandless cultivars responded to thrips and Verticillium wilt similarly to Acala 1517-08 but were less susceptible to Alternaria leaf spots. NuMex COT 17 GLS was resistant to four races including race 18 of bacterial blights (see text footnote 4). The high yield potential of NuMex COT 17 GLS, together with other glandless lines, was evaluated in different soil types and under different crop management practices such as planting date, nitrogen rate, potassium application, deficit irrigation, and reduced tillage in New Mexico (Idowu et al., 2013b, 2015, 2016, 2018; Sultana et al., 2018).




PERSPECTIVE

Glandless cotton (conditioned by two recessive genes, gl2gl3) had received great attention in the US between the 1960s and the 1970s after its first discovery by McMichael (1959). During this period, most of the public breeding and genetic programs were involved in developing glandless Upland cotton lines or cultivars, resulting in the development of numerous improved glandless lines and a few commercial cultivars. The two glandless genes were also transferred into Pima cotton through interspecific crossings and backcrossings. Because of the unusually high insect pressure associated with glandless cotton, many breeders and geneticists developed NILs with glanded and glandless traits through backcrossing to study the genetic efforts of the two glandless genes on yield, fiber, and seed quality in Upland cotton, and its responses to insects. There appears to be no direct genetic association between glandless genes and responses to diseases, nematodes, and abiotic stresses. Through collaborations between entomologists and cotton breeders, extensive field, greenhouse, and laboratory studies were conducted to compare the susceptibilities to insect pests between glandless and glanded cotton under similar genetic backgrounds. As compared with glandless cotton, larvae of boll weevils, bollworms, and armyworms have developed an avoidance mechanism to avoid glands or gossypol-rich young leaves while searching for food, and they, therefore, feed less and rest more on glanded cotton. Thus, these and other insect pests grow faster and gain more bodyweight with higher survival rates and shortened time to pupation as adults on glandless cotton. In some genetic backgrounds, no significant differences in the susceptibility to boll weevils and bollworms/budworms were observed between glandless and glanded NILs under field conditions, due likely to some unknown genetic resistance factors that could compensate or alleviate the susceptibility of glandless cotton. This led breeders to search for traits or genetic factors to be used to alleviate the susceptibility to insects in glandless cotton. For example, the plant height, leaf color, growth characteristics, and an X genetic factor in a Sea-Island accession (G. barbadense) were found to confer resistance to boll weevils in glandless cotton. Glandless cotton possessing combinations of nectarilessness, hirsuteness, or rapid fruiting ability were less susceptible to plant bugs. However, these traits could still not provide adequate protection against major insect pests in both glanded and glandless cotton. Equally importantly, the market for seed processing and utilization was not developed to demand commercially grown glandless cotton in the 1970 and 1980s.

However, it is time to revitalize the breeding, research, and utilization of glandless cotton in the US and the world. First of all, the current cotton production conditions are greatly different from 10 to 20 years ago. Boll weevils and pink bollworms are no longer a production issue in the US because of successful eradication programs. After more than 25 years of the commercial production of Bt cotton in the US and its widespread use in other cotton-producing countries, Helicoverpa spp. including budworms, earworms, bollworms, and other lepidopteran pests are under effective control. Plant bugs, aphids, and spider mites are not major pests in many cotton production regions; and usually, thrips do not need chemical controls because cotton seedlings can outgrow their damage. Second, there are more amendable genetic sources of glandless cotton such as the dominant glandless trait (Gl2e), transgenic cotton, producing ULGCS, and non-transgenic glandless cotton through genome editing, in addition to the double recessive glandless trait that was most extensively studied. However, due to the lack of breeding activities in developing commercially competitive glandless cotton, the large yield gap between the best glandless cotton and current commercial cultivars has prevented farmers from growing glandless cotton. Therefore, it is urgently imperative that more breeders and geneticists are engaged in the effort to use different sources of glandless traits and to develop elite and commercial high-yielding glandless cotton with good fiber quality and resistance to insects and diseases. Glandless traits should be introduced into commercial cultivars with insect-resistant Bt and herbicide-tolerant cotton.
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Cotton is the most important fiber crop and provides indispensable natural fibers for the textile industry. Micronaire (MIC) is determined by fiber fineness and maturity and is an important component of fiber quality. Gossypium barbadense L. possesses long, strong and fine fibers, while upland cotton (Gossypium hirsutum L.) is high yielding with high MIC and widely cultivated worldwide. To identify quantitative trait loci (QTLs) and candidate genes for MIC in G. barbadense, a population of 250 backcross inbred lines (BILs), developed from an interspecific cross of upland cotton CRI36 × Egyptian cotton (G. barbadense) Hai7124, was evaluated in 9 replicated field tests. Based on a high-density genetic map with 7709 genotyping-by-sequencing (GBS)-based single-nucleotide polymorphism (SNP) markers, 25 MIC QTLs were identified, including 12 previously described QTLs and 13 new QTLs. Importantly, two stable MIC QTLs (qMIC-D03-2 on D03 and qMIC-D08-1 on D08) were identified. Of a total of 338 genes identified within the two QTL regions, eight candidate genes with differential expression between TM-1 and Hai7124 were identified. Our research provides valuable information for improving MIC in cotton breeding.

Keywords: Gossypium hirsutum, Gossypium barbadense, backcross inbred lines, micronaire, quantitative trait locus


INTRODUCTION

Cotton (Gossypium spp.) is an important cash crop species worldwide, providing an essential natural resource for the textile industry. Due to its high yield and wide adaptation, upland cotton (Gossypium hirsutum L.) accounts for more than 95% of global cotton production (Lacape et al., 2003; Li X. M. et al., 2016). However, extra-long staple, Pima, Egyptian, or Sea Island cotton (Gossypium barbadense L.) have excellent fiber quality with long, strong and fine fibers, but their low yield and requirements for warm and dry weather conditions limit their cultivation area (Zhang et al., 2014; Said J. I. et al., 2015). In recent years, the goal of cotton breeding in China has shifted to improving fiber quality (including fiber length, strength, and micronaire (MIC)], in addition to high yield (Fang et al., 2017). To date, there have been an increasing number of studies on improving cotton fiber quality traits through interspecific hybridization, especially G. hirsutum × G. barbadense (Zhang et al., 2014; Wang et al., 2020).

Cotton fibers are the longest and fastest growing cells of cotton plants. Each cotton fiber consists of a single cell that grows on the surface of the ovule. The fiber development process includes four main stages: fiber initiation, elongation, secondary wall thickening and maturation (Pang et al., 2010). Cotton fiber quality is a quantitative trait affected by multiple genes (genotype), environmental factors and genotype × environment interactions during fiber development. MIC is mainly determined by the formation characteristics of fiber secondary walls (Wu et al., 2020). Its value is determined by measuring the airflow resistance of a certain weight of cotton fiber plug (i.e., μg per inch of single fiber). Textile processing companies and scientific research organizations have adopted MIC as a key parameter of fiber maturity and fineness (Bradow and Davidonis, 2000). MIC is a comprehensive index of fiber fineness and maturity for fiber quality and plays an important role in the fiber spinning process. Because immature fibers have thin cell walls and therefore low MIC (below 3.4), they tend to become weaker and easily break during the spinning process, making low grade yarns. However, mature fibers have thick cell walls and produce a thick yarn. So mature cotton fibers are preferred in spinning (Kim et al., 2013). For mature fibers, MIC reflects the fineness of the fibers in that the higher the MIC, the coarser the mature fibers. Mature fibers with MIC readings between 3.70 and 4.20 are considered premium. However, micronaire readings of 3.4- and -under or 5.0- and -higher will receive discount in pricing. Therefore, it is of great theoretical and applied value to analyze and identify candidate genes regulating MIC at the quantitative trait locus (QTL) level for fiber quality molecular breeding and elucidate the genetic mechanism underlying cotton fiber development.

Quantitative trait locus mapping uses molecular marker technology as a tool based on genetic linkage maps and uses the linkage between linked molecular markers and QTLs to determine the position of candidate genes that control quantitative traits throughout the genome. At present, two commonly used methods include composite interval mapping (CIM) and inclusive composite interval mapping (ICIM) (Meng et al., 2015). Software used for these two methods include WinQTLCart 2.5 for CIM and QTL IciMapping 4.2 for ICIM. Most researchers have used these two software programs separately to carry out QTL mapping research on important cotton traits. For example, CIM was used by Li C. et al. (2016), Zhang et al. (2016) and Liu et al. (2018), and ICIM was used by Liu et al. (2017, 2019) and Ma et al. (2017). However, these two mapping methods can be simultaneously used for locating QTLs to perform a more accurate and comprehensive genetic analysis of traits.

Using one of the two methods, studies have also reported QTLs for MIC. Ali et al. (2018) identified 22 MIC-related QTLs in a RIL population of 180 lines in upland cotton, among which 13 QTLs were detected in two or more environments. Wang B. H. et al. (2017) detected 27 MIC-related QTLs using BC3F2, BC3F2:3, and BC3F2:4 populations of an interspecific G. hirsutum × Gossypium mustelinum cross, among which 11 QTLs were located near the same marker in different populations or near linked markers in the same population. In addition, Fan et al. (2018) identified four MIC-related QTLs using a population of 143 RILs of an intra-G. barbadense cross. With the rapid development of genome sequencing technology, genome-wide association study (GWAS) has been successfully applied in the genetic analysis of fiber quality traits, including fiber MIC. Using genome resequencing, Wang M. J. et al. (2017) identified 3 significant single-nucleotide polymorphisms (SNPs) for fiber MIC in a group of 362 diverse upland cotton accessions, and Ma et al. (2018) identified 533 significant SNPs for fiber MIC in a panel of 419 upland cotton accessions. In addition, Huang et al. (2017) used the cotton Illumina 63K SNP array to genotype a collection of 503 upland cotton lines and identified 3 stable QTLs associated with MIC. Through a meta-analysis of numerous QTL reports, Said J. et al. (2015) compiled a total of 395 QTLs related to MIC in a QTL database for cotton.1 Xu et al. (2020) recently performed a meta-analysis and identified a total of 15 meta-QTLs for MIC. These studies provide references for locations of QTLs for MIC.

Although G. barbadense has much longer, stronger and finer fibers than G. hirsutum, whether there exist major QTLs for MIC when crossing with G. hirsutum is currently not well understood. In this study, we used a population of 250 backcross inbred lines (BILs) from a G. barbadense × G. hirsutum cross (Ma J. et al., 2019) and identify QTLs for MIC based on a high-quality genetic map using two QTL mapping methods. The identified QTLs were then subjected to an integrated analysis to identify BILs with low MIC (i.e., fine fibers) and candidate genes for MIC. The results will lay the foundation for subsequent fine mapping of MIC-related genes and molecular marker-assisted selection (MAS) to improve MIC in upland cotton.



MATERIALS AND METHODS


Plant Materials

An interspecific BIL population comprising 250 BC1F7 lines was developed from a cross between Egyptian cotton (G. barbadense) Hai7124 and Chinese G. hirsutum CRI36. The parents and 250 BC1F7 lines were planted in accordance with a randomized complete block design in nine environments at five locations, including the South Farm (nc) and the East Farm (dc) at the Institute of Cotton Research, Chinese Academy of Agricultural Sciences (CRI-CAAS), Anyang, Henan, China (Aync, 2015, 2016, 2017, and Aydc, 2017); Weixian, Hebei (Hbwx, 2016); Sanya, Hainan (Hnsy, 2016); and Alar, south Xinjiang (Xjal, 2016, 2017); and Shihezi, Northern Xinjiang (Xjsh, 2017). Crop management practices followed local recommendations for cotton production. The use of two major cotton production regions (the Yellow River Valley and Northwestern Inland Valley) allowed the detection of consistent QTLs for MIC between the two regions. The specific length amplified fragment sequencing (SLAF-seq) strategy was followed for genotyping the BILs using a G. hirsutum reference genome with updates (Zhang et al., 2015; Hu et al., 2019). The details of a genetic linkage map consisting of 7709 markers were described previously by Ma J. et al. (2019).



Phenotypic Measurements and Analysis

Twenty normally mature (opened) bolls from the first and second nodes of middle fruiting branches were sampled in September each year. All seedcotton samples were ginned by a roller gin in the South Farm at CRI-CAAS, Anyang, Henan. Fiber samples were then tested by an HVI 1000 instrument at the Cotton Quality Inspection and Supervision Center of the Ministry of Agriculture, CRI-CAAS, Anyang, Henan. The R software package lme4 was used to estimate the best linear unbiased predictions (BLUPs) and broad-sense heritability (H2) for MIC across the nine environments (Bates et al., 2014). The R software was also used for other statistical analyses including analysis of variance (ANOVA) and principal component analysis (PCA) of MIC for the BIL population across different environments.



Quantitative Trait Locus Analysis

Micronaire values in each of the nine testing environments and their BLUPs across the tests were used for QTL analysis using the ICIM of ADDitive QTL (ICIM-ADD) method in QTL IciMapping 4.2 (Meng et al., 2015) and the CIM method in WinQTLCart 2.5 (Wang et al., 2007). The parameters were set to a mapping step of 1 cM, a p value of 0.05 for type I error, and a PIN of 0.01, and 1000 permutations were taken to calculate the logarithm of odds (LODs) threshold. QTLs at the same location in two or more environments with a LOD threshold of >2.5 were considered significant QTLs (Shang et al., 2015). The QTL confidence interval (95%) was set as a mapping distance interval corresponding to a decrease of 1 LOD on either side of the peak (Yu et al., 2012a; Liu et al., 2019). MIC QTLs detected in three or more environments were considered stable QTLs when their confidence intervals overlapped (Yu et al., 2012b; Ma J. et al., 2019). A set of consensus QTLs for MIC was inferred by integrating the information of QTLs detected via the two methods. QTLs were named according to the method of Sun et al. (2013), with a prefix of W, I, and C for a QTL identified by CIM, ICIM and both methods, respectively. MapChart 2.2 was used to visualize the genetic map and QTL bars.



Common Quantitative Trait Loci for Micronaire in the Backcross Inbred Line Population and Previous Reported Studies

To identify new QTLs in this study, QTLs from our results were compared with previously reported QTLs. Previous MIC QTLs were retrieved from CottonGen (Yu et al., 2014) and Cotton QTLdb Release 2.3 (January 24, 2018, see text footnote 1) (Said J. et al., 2015) and from recent reports by Majeed et al. (2019) and Xu et al. (2020). In addition, MIC QTL data from previous GWAS reports were also obtained. A co-localizing marker or a neighboring marker for a MIC QTL was identified, and then the marker location on the TM-1 genome was determined (Zhang et al., 2015; Hu et al., 2019). The physical intervals of all QTLs were queried via BLAST against the TM-1 genome, and QTLs were co-localized together with the previously identified MIC-related QTLs.



Gene Ontology Enrichment and Candidate Gene Identification

After the physical intervals of stable QTLs were queried via BLAST against the TM-1 genome (Hu et al., 2019), potential candidate genes were determined on the basis of the physical interval for a QTL. The homologous genes of candidate genes from Arabidopsis and the annotations of gene functions were determined from the TM-1 genome. The general pattern of expression of the candidate genes and their SNPs including insertion/deletion (InDel) of TM-1 and Hai7124 were also obtained from Hu et al. (2019) and then analyzed by SnpEff to predict variant impact (Cingolani, 2012). Gene Ontology (GO) enrichment of candidate genes was performed using the micStudio tools.2 Homologous genes of candidate genes from Arabidopsis were used to determine enriched ontology clusters by Metascape (Zhou et al., 2019). Candidate genes were further used to predict the micro-RNA (miRNA) target genes by psRNATarget3 (Dai et al., 2018), and the miRNA expression data of fibers at 14 days post-anthesis (DPA) were obtained from the Cotton Omics Database.4




RESULTS


Micronaire Variation of Parents and the Backcross Inbred Line Population

Across the nine environments, MIC of the BILs ranged from 2.10 to 6.17, with an average of 4.14, and the mean MIC of the Upland CIR36 and Egyptian Hai7124 parents were 3.59 and 4.06, respectively (Table 1). The MIC of CIR36 was significantly (P < 0.01) greater than that of Hai7124. The values of skewness and kurtosis in each environment showed that MIC followed a normal distribution in the BIL population (Supplementary Figure 1 and Table 1). Furthermore, there was a transgressive segregation of MIC within the BIL population compared with the Hai7124 and CRI36 parents. The ANOVA detected significant variations in MIC (P < 0.01) due to environment and genotype in the BIL population (Supplementary Table 1). However, the H2 estimate for MIC (i.e., the percentage of the total phenotypic variance accounted for by the genotypic variance) was 93.44%, suggesting that MIC was highly heritable in this BIL population (Supplementary Table 1).


TABLE 1. Performance of backcross inbred lines (BILs) of Hai7124 × CRI36 hybrids and their parents.
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Principal component analysis of the MIC value in this set of BILs showed that the nine environments could be classified into two regions: Region 1 (Northwestern Inland Valley) and Region 2 (Yellow River Valley) (Figure 1), mostly consistent with the official ecological classification of the cotton production regions in China, except for two tests-Anyang, Henan, 2015 (15Aync) and Sanya, Hainan, 2016 (16Hnsy) which were grouped with Region 1. Therefore, the testing environments of the two regions were separately estimated using BLUPs as BLUP-region 1 and BLUP-region 2.
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FIGURE 1. Principal component analysis (PCA) analysis of MIC from 250 BILs in nine environments. 16Aync, 17Aync, 17Aydc, and 17Hbwx environment were classed as region2 by PCA which represented to the Yellow River Valley (YeRV) cotton growing regions. 16Xjal, 17Xjal, and 17Xjsh environment with 15Aync and 16Hnsy were classed as region1 by PCA which nearly represented to the Northwest Inland Valley (NWIV) cotton growing regions.




Quantitative Trait Loci for Micronaire in the Backcross Inbred Lines via Composite Interval Mapping

The nine testing environments and three BLUPs including BLUP across the nine environments, BLUP region 1 and BLUP region 2 were used for a total of 12 QTL analyses (or tests). In total, 21 QTLs (9 on the A subgenome and 12 on the D subgenome) for MIC were detected on 9 chromosomes by CIM (Figure 2 and Supplementary Table 2), and each QTL explained 5.08–16.56% of the phenotypic variation with LOD scores varying from 3.65 to 10.17. Six QTL alleles from Hai7124 (WqMIC-At2-1, WqMIC-Dt8-1, WqMIC-Dt8-2, WqMIC-Dt11-3, WqMIC-Dt12-1, and WqMIC-Dt12-2) had positive additive effects on MIC (i.e., increasing MIC), while other 15 QTL alleles from Hai7124 (WqMIC-At3-1, WqMIC-At3-2, WqMIC-At5-1, WqMIC-At5-2, WqMIC-At11-1, WqMIC-At11-2, WqMIC-At11-3, WqMIC-At11-4, WqMIC-Dt3-1, WqMIC-Dt3-2, WqMIC-Dt10-1, WqMIC-Dt10-2, WqMIC-Dt10-3, WqMIC-Dt11-1, and WqMIC-Dt11-2) had negative additive effects on MIC (i.e., decreasing MIC). Importantly, three QTLs (WqMIC-Dt3-1, WqMIC-Dt3-2, and WqMIC-Dt8-1) were consistently identified in at least three tests and were declared stable QTLs; and other 18 QTLs were detected in one or two tests.
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FIGURE 2. The chromosome-wise distribution of QTL for MIC by ICIM and CIM.




Quantitative Trait Loci for Micronaire in the Backcross Inbred Lines via Inclusive Composite Interval Mapping

In total, 12 QTLs for MIC were detected on 8 chromosomes across 12 tests by ICIM-ADD (Figure 2 and Supplementary Table 3), each of which explained 3.20–12.56% of the phenotypic variation with LOD scores between 2.62 and 10.32. Among the 12 QTLs, 7 and 5 QTLs were identified on the A subgenome and D subgenome, respectively. Six QTL alleles from Hai7124 (IqMIC-At2-1, IqMIC-At3-2, IqMIC-At5-2, IqMIC-Dt8-1, and IqMIC-Dt11-1) had positive additive effects on MIC, while other six QTL alleles from Hai7124 (IqMIC-At3-1, IqMIC-At5-1, IqMIC-At11-1, IqMIC-At11-2, IqMIC-Dt3-1, IqMIC-Dt3-2, and IqMIC-Dt10-1) had negative additive effects on MIC. Importantly, four QTLs (IqMIC-At5-2, IqMIC-At11-1, IqMIC-Dt3-2, and IqMIC-Dt8-1) were consistently identified in at least three tests and were declared stable QTLs; and other eight QTLs were detected in one or two tests.

Between 21 MIC QTLs detected by CIM and 12 MIC QTL detected by ICIM, eight QTLs (CqMIC-At2-1, CqMIC-At11-1, CqMIC-At11-4, CqMIC-Dt3-1, CqMIC-Dt3-2, CqMIC-Dt8-1, CqMIC-Dt10-1, and CqMIC-Dt11-1) were commonly identified by both QTL mapping methods, because they shared overlapping confidence intervals. The 2 stable QTLs- CqMIC-Dt3-2 and CqMIC-Dt8-1 mapped by both methods were simplified as qMIC-Dt3-2 and qMIC-Dt8-1, respectively, in the following analysis. Both methods detected MIC QTLs on eight common chromosomes (At02, At03, At05, At11, Dt03, Dt08, Dt10, and Dt11), in addition to two QTLs on Dt12 detected by CIM. On these common chromosomes with QTLs detected by both methods, most of them (8/12) detected by ICIM were also detected by CIM, and a few of them (4/12) had different mapping positions than these detected by CIM. However, CIM detected more QTLs on these chromosomes. The results suggest that both methods can detect unique QTLs, but CIM may detect more QTLs than that ICIM. Overall, a total of 25 QTLs were detected by the combined use of the two QTL mapping methods (Table 2 and Figure 2). A total of 12 and 13 MIC QTLs were distributed on the At and Dt subgenomes, respectively. Interestingly, 13 QTLs were detected on two pairs of homeologous chromosomes (4 on At03 vs. 2 on Dt03, and 4 on At11 vs. 3 on Dt11). It appears that they were not distributed on homeologous chromosome regions.


TABLE 2. Summary of micronaire (MIC) QTLs identified in different environments by ICIM-ADD and CIM.

[image: Table 2]


Meta-Quantitative Trait Locus Analysis of Micronaire Quantitative Trait Loci

Ten of the 21 MIC QTLs by CIM shared overlapping confidence intervals with those reported in previous studies, including four QTLs that shared overlapping confidence intervals with those in at least three reported studies (Supplementary Table 2). Seven of 12 QTLs identified via ICIM shared overlapping confidence intervals with those reported previously, four of which shared overlapping confidence intervals with those in at least three studies (Supplementary Table 3). Taking together, of the 25 MIC QTLs detected in this study, 13 were new and 12 were previously reported. The results indicate both the reliability and novelty of the current study.

Because the two commonly detected stable QTL (qMIC-D03-2 on D03 and qMIC-D08-1 on D08) were also reported in previously studies, their chromosomal regions were identified at 34758451–36484185 bp for qMIC-D03-2 and at 57060908–61064240 bp for qMIC-D08-1 based on Zhang et al. (2015). However, to better understand the genes in the two regions, qMIC-D03-2 were mapped at 42175014–43988973 bp and qMIC-D08-1 at 60300565–63949530 bp on the two chromosomes based on the updated TM-1 genome sequence (Hu et al., 2019), which were used for the subsequent analysis.



Gene Ontology Enrichment Analysis of qMIC-D03-2 and qMIC-D08-1

Within the chromosomal regions of the two MIC QTLs (qMIC-D03-2 on D03 and qMIC-D08-1 of D08), there were 338 predicted genes, and 218 of them had GO annotations (Supplementary Table 4). Based on the GO analysis on the 218 genes, 161 genes were associated with the biological process category, 34 genes were associated with the cellular component category, and 23 genes were associated with the molecular function category. In these three categories, the oxidation-reduction process, integral component of membrane and ATP binding were the most enriched subcategories (Figure 3A). Remarkably, negative regulation of catalytic activity was the most significantly enriched process according to the GO functional enrichment analysis (Figure 3B). For 306 of the 338 putative genes with homologous in Arabidopsis, gene silencing, glutathione metabolism, plant epidermis development and root morphogenesis were found to be the main ontology clusters (Figure 3C). These four significant clusters were selected and converted into three network layouts (Figure 3D). It was found that root morphogenesis and plant epidermis development cluster identities were linked. Tissue development, root system development and root development were the main terms and were more proportional to the 306 genes. Negative regulation of macromolecule metabolism and negative regulation of both gene expression and of metabolic process terms were the main terms associated with the gene silencing clusters.
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FIGURE 3. Gene Ontology (GO) analysis of candidate genes of fiber micronaire. (A) The annotation of the candidate genes in the two QTLs through GO analysis. (B) Top 20 GO terms enrichment in the molecular function category. (C) Enriched ontology clusters of fiber micronaire by Metascope. (D) The network layout of four significant clusters by Metascope.




Prediction of Candidate Genes Within qMIC-D03-2 and qMIC-D08-1

Because both the G. hirsutum TM-1 and G. barbadense Hai7124 genomes were sequenced and CRI35 is a typical upland cotton cultivar, The expression levels of the 338 genes from TM-1 and Hai7124 in the two QTL regions were determined based on existing RNA sequencing (RNA-seq) data (the National Genomics Data Center: https://bigd.big.ac.cn/bioproject/; accession number: PRJNA490626) (Hu et al., 2019). The fold change in candidate gene expression was set to 2 as the threshold for significant differential expression between TM-1 and Hai7124 in corresponding tissues including embryos (0, 1, 3, and 5 DPA) and fibers (10, 20, and 25 DPA). As a result, eight candidate genes (three genes for qMIC-D03-2 and five genes for qMIC-D08-1) were found to be differentially expressed between TM-1 and Hai7124 (Figure 4). The following is a detailed in silico analysis of those eight genes.


[image: image]

FIGURE 4. Heat map and trend plot of the expression of candidate genes detected within two stable QTLs related to MIC. (A) Heatmap of the RNA-seq data (log2(1 + RPKM)) of eight candidate genes during fiber development. (B) Line charts of genes listed in the left heatmap from top to bottom.


For the three candidate genes on chromosome D03, GH_D03G1280 and GH_D03G1274 encode a kinase superfamily protein and the NADPH/respiratory burst oxidase protein D, and the expression levels of both genes in TM-1 were higher than that in Hai7124 at 20 DPA. GH_D03G1280 had SNP variants including frameshift variants and synonymous variants between TM-1 and Hai7124. Calcium-dependent NADPH oxidase generates superoxide molecules, a reactive oxygen species (ROS). The third gene, GH_D03G1286 encodes a transducin/WD40 repeat-like superfamily protein and its expression in both TM-1 and Hai7124 during the early stages of fiber development was low until 20 or 25 DPA. This gene had SNP variants between TM-1 and Hai7124 including loss/gain of a stop codon and splice region variants and GAA frameshift variants which might be involved in the change in fiber secondary cell wall synthesis.

GH_D08G2052 encodes a TCP family transcription factor, and its expression was significantly higher in Hai7124 than in TM-1 during fiber elongation from 5 to 20 DPA. Three SNP variants (frameshift variant, loss of a stop codon, and splice region types) were found between TM-1 and Hai7124, which might be involved in the change in fiber elongation. GH_D08G2091 encodes a glutathione S-transferase THETA 1 enzyme and is a homolog of AT5G41210 in Arabidopsis, and its expression was significantly higher in TM-1 than in Hai7124 during fiber development from 10 to 25 DPA, when fast elongation and secondary cell wall synthesis occurred. GH_D08G2127 encodes a receptor-like kinase in flowers and is a homolog of AT2G48010 in Arabidopsis, and the expression level in TM-1 was higher than that in Hai7124 at 20 and 25 DPA. Similar to GH_D03G1274, the protein encoded by the gene is involved in protein phosphorylation.

GH_D08G2099 and GH_D08G2286 encode beta-6 tubulin protein and xyloglucan endo-transglycosylase-related 8, respectively. The expression of these two genes was very low in the early stage of fiber development in both TM-1 and Hai7124 until 20 or 25 DPA. The expression levels of GH_D08G2099 (17 times higher) and GH_D08G2286 in Hai7124 fibers were higher than those in TM-1 fibers at 20 and 25 DPA, respectively. The upstream region of GH_D08G2286 lacked a 3126 bp fragment at −5393 bp in Hai7124 but not in TM-1. A detailed description of sequence variation for all the eight genes is listed in Supplementary Table 5.

Based on predictions of miRNA target genes by psRNATarget, GH_D08G2286 was the target gene of ghr-miR156a, ghr-miR156b, and ghr-miR156d, and the average expression level of these three miRNAs was 289.11 FPKM. GH_D03G1286 was the target gene of ghr-miR164, and the expression level of ghr-miR164 was 2114 FPKM.



Identification of Co-segregating Markers for Micronaire

Stable MIC QTLs are important loci shaping MIC, and the closed linked markers are valuable for MAS. For the two stable MIC QTLs, qMIC-D03-2 and qMIC-D08-1, Markers 150834 and 175863 were the nearest SNPs, respectively (Supplementary Figure 2A). For marker 150834 for qMIC-D03-2, the BILs with the SNP allele genotype (AA) from CRI36 averaged a significantly greater MIC value than did those with the SNP allele genotype (TT) from Hai7124 (4.30 vs. 3.89, P < 0.05). However, for marker 175863 for qMIC-D08-1, the BILs with the SNP allele genotype (AA) from CRI36 averaged a significantly lower MIC value than did those with the SNP allele genotype (GG) from Hai7124 (3.95 vs. 4.25, P < 0.05). The QTL allele for qMIC-D03-2 had a greater additive effect (−0.21) than that from qMIC-D08-1 (−0.15), consistent with the early QTL analysis (Table 2). MIC for the desirable QTL genotype for D03 without the desirable genotype for D08 (i.e., Q3Q3q8q8) was 4.06, vs. 4.16 for the desirable QTL genotype for D08 without the desirable genotype for D03 (i.e., q3q3Q8Q8). When the desirable alleles from the two QTLs were combined into the same genotype (Q3Q3Q8Q8, i.e., TT for qMIC-D03-2 with AA for qMIC-D08-1), MIC was further reduced to 3.73 (significantly lower than that from q3q3Q8Q8 but not from Q3Q3q8q8), as compared to 4.44 for the genotype without any desirable allele (i.e., q3q3q8q8). The effects from the two QTLs were additive and there appeared no interaction between them (Supplementary Figure 2D). Furthermore, the two homozygous genotypes for each of the two SNP markers (150834 and 175863) had similar fiber length and strength (Supplementary Figures 2B,C), indicating that these two QTLs did not affect fiber length and strength. Therefore, these two SNPs could be used to design portable markers for MAS to improve MIC without affecting fiber length and strength.




DISCUSSION

Micronaire is measured as the air permeability of a compressed lint sample of known mass and is essentially the fiber weight per unit length (μg inch–1) for a single fiber. Therefore, lint yield improvement through breeding has been accompanied by the increase of MIC (Zhang et al., 2019). Therefore, it is not surprising that the MIC of new cultivars has been increased, because of the positive correlation between lint yield and MIC. Sun et al. (2019) showed that a global collection of 719 upland cotton germplasm accessions only had very low percentage of lines with the premium MIC (i.e., 3.70–4.20). As lint with MIC higher than 5.0 will suffer price discounts, breeding for low fiber MIC is becoming increasingly important.


Populations From Parents With Low Fiber Micronaire Could Be Used for Quantitative Trait Locus Analysis

In the nine testing environments, Hai7124 and CRI36 had MIC ranges of 3.12–4.22 and 3.27–4.50, respectively. Both parents had low MIC and were considered degree A MIC in China according to the national standards. The results indicated that both upland cotton CRI36 and Egyptian cotton Hai7124 possessed genomic regions that could decrease MIC. However, the upland parent still had significantly higher MIC. Therefore, it was still valid to carry out the current QTL analysis in the BIL population developed from the two parents. The results further showed that the two parents of different species possessed different genetic loci involved in MIC formation in that both parents had QTL alleles decreasing MIC (8 QTLs in CRI36 vs. 17 QTLs in Hai7124), consistent with many previous QTL studies in cotton (Lacape et al., 2010; Zhang et al., 2014, 2020; Zhu et al., 2020). As such, transgressive segregation in MIC was observed in that the BILs developed from the two parents had MIC ranging from 2.10 to 6.17, with an average BLUP of 4.18. Moreover, a very large proportion of the BIL population (35.6% of the BILs) had a degree A MIC. These lines with QTL introgression for low MIC and the desirable QTL alleles and their linked markers should be useful in MAS for breeding cotton with a premium fiber quality.



Utilization of Best Linear Unbiased Predictions With Different Principal Component Analysis Clusters and the Complementation of the Two Quantitative Trait Loci Mapping Methods

In this study, results showed that different ecological environments had a great influence on MIC. The MIC of the BILs grown in the Northwestern Inland Valley averaged 0.5 lower than these grown in the Yellow River Valley. Hence, the BLUPs of the PCA cluster, which represented the two different ecological environments, could be used to identify QTLs associated with specific ecological environments. These QTLs may be useful in MAS of low MIC for a particular ecological environment. Interestingly, QTL CqMIC-At11-1 was identified in blup region one test and in six individual tests. This indicated that it was necessary to analyze QTLs with BLUPs associated with different ecological environments and that the results were reliable. Therefore, when there is a genotype × environment interaction for a trait of interest in a multi-location experiment, testing environments can be grouped for a BLUP analysis for each group instead of using overall means in QTL mapping, in addition to a separate analysis for each environment. In this study, grouping based on PCA did not completely reflect geographical regions of tests because one test in Anyang, Henan, 2015, of Yellow River Valley and another test in Sanya, Hainan, 2016 were grouped with the Northwestern Inland Valley (i.e., Xinjiang). In addition to soil type, soil fertility and moisture (Hearn, 1994), and crop management practices, it is known that MIC is greatly influenced by weather conditions including daily temperature (especially night temperature) and relative humidity (Gipson and Joham, 1968; Wanjura and Barker, 1985; Liakatas et al., 1998; Reddy et al., 1999; Bange et al., 2010). We speculate that the dry periods with low temperatures during the boll development stage in the two tests were likely the major cause for decreased MIC, as frequently observed in Xinjiang.

In this study, 13 and 4 specific QTLs were identified by CIM and ICIM, respectively. However, eight common QTLs were identified via both QTL mapping software programs. Both methods can identify common chromosomes with QTLs, and most of the QTLs (67.7%) of the MIC QTLs detected by ICIM were also detected by CIM, while the remaining unique QTLs detected by ICIM differed in mapping positions from these detected by CIM on the same chromosomes. CIM can detect more QTLs on the same chromosomes and may be more QTLs on additional chromosomes. Therefore, CIM is more powerful in detecting QTL, as proposed by Zeng (1993, 1994) when the CIM method was developed. The results demonstrate that both mapping methods are useful and are complementary to one another to detect additional QTL loci. Common QTLs detected by the two methods provide some levels of confidence in mapping results. Therefore, we suggest that the two QTL mapping methods be simultaneously used. Of course, common QTLs especially these with major effects should be focused in further studies.

Another important aspect is if some of the MIC QTLs detected in this study were also overlapped with QTLs for lint yield and fiber length and strength, leading to MIC’s correlation with lint yield, fiber length and strength. Overlapped QTL regions for these traits are likely due to linked genes or pleiotropic effects of genes for the traits, which would explain the correlations of MIC with the three traits. A subsequent QTL analysis will be performed to address these questions.



Gene Ontology Enrichment and Candidate Gene Identification

In this study, two methods were used to perform GO analysis of putative genes with the two common QTL regions (qMIC-D03-2 and qMIC-D08-1). The results showed that the oxidation-reduction process, integral component of membranes and ATP binding were the most populated subcategories. Root morphogenesis, plant epidermis development, gene silencing and response to hypoxia were the main clusters according to Metascape. The results of the two methods coincided and showed that the following hypothesis governing MIC by the two QTLs: During fiber elongation, fiber cells are hypoxic, giving rise to a response to hypoxia that negatively regulates enzymatic catalytic activities to induce fiber morphogenesis. This was followed by secondary cell wall synthesis and changes in membrane components, eventually leading to a change in MIC. This hypothesis was supported by the finding that immature fiber mutants had reduced ROS levels and reduced energy production in developing fibers compared with mature fibers (Kim et al., 2013).

In this study, eight candidate genes were identified for the two QTL regions. Xyloglucan might negatively affect fiber elongation according to comparisons of xyloglucan contents between G. barbadense and G. hirsutum (Li et al., 2013). GH_D08G2286 encodes xyloglucan endo-transglycosylase-related 8 (GhXTR8) and has a function similar to that xyloglucan endo-transglycosylase/hydrolase (XTH) proteins, which, when overexpressed in cotton plants, result in 15–20% longer fiber compared with that of wild-type cotton (Lee et al., 2010). GH_D03G1298 encodes a glucuronoxylan 4-O-methyltransferase-like protein (DUF579) that is involved in xyloglucan metabolism and that is located within the qMIC-D03-2 region. The expression of the genes encoding both of these proteins in Hai7124 was higher than that in TM-1 at 25 DPA. DUF579 was also determined to be involved in xylan biosynthesis according to phylogenetic analysis (Chen et al., 2020). IRX15 and IRX15-L are homologous genes of DUF579 in Arabidopsis; and characterization of a double knockout line revealed irregular secondary cell wall margins of fiber cells and a lower degree of xylan polymerization compared with that of the wild-type line (Jensen et al., 2011).

GH_D03G1280 (a protein kinase superfamily gene) was also reported to participate in fiber elongation (Li C. et al., 2016). The protein coded by GH_D03G1286 belongs to a WD40 protein superfamily and mainly regulates the formation of trichomes via the R3 MYB-bHLH-WD40 transcriptional complex in Arabidopsis (Gan et al., 2011), but a divergent WD40 protein (GhWDR) interacts with GhMML4_D12 in a process similar to but different from that of the MBW transcriptional complex involved in trichome development (Tian et al., 2020). The protein coded by GH_D08G2052 is a TCP family transcription factor, and GhTCP4 plays an important role in balancing cotton fiber elongation and cell wall synthesis together with miR319 (Cao et al., 2020). GH_D08G2099 encodes a beta-6 tubulin protein that is involved in fiber development. Nineteen beta-tubulin cDNAs were detected in developing cotton ovules and were found to be highly expressed in elongating fiber cells (He et al., 2008). Beta-tubulin was also identified by QTL analysis and was found to control fiber quality (Guo et al., 2021). GH_D03G1274 encodes NADPH/respiratory burst oxidase protein D (RBOHC), and AtRBOHC influences the development of root hairs via the activation of Ca2+ and K+ osmotic pathways in plant root cells (Bai et al., 2014). RBOHC may mediate the progression of ABA-regulated primary root growth by producing ROS in the roots (Ma X. et al., 2019). GH_D08G2091, which encodes a glutathione transferase, also regulates the production of ROS. The products of both GH_D03G1274 and GH_D08G2091 participate in ROS metabolic pathways, and ROS can act as developmental signaling molecules in the process of secondary cell wall differentiation in cotton fibers (Li et al., 2007; Guo et al., 2016). GH_D03G1262 encodes an ARF-GAP domain 1 protein (AGD1), which regulates root hair polarity by coordinating cytoskeleton and membrane trafficking (Yoo and Blancaflor, 2013). To determine which of these 8 genes contribute to MIC within the two QTL regions, further studies are needed.

It is recognized that only one specific candidate gene in each of the two MIC QTL regions will be the one determining a proportion of the genetic differences in MIC between the two parents. Functions of other genes within the two QTL regions are most unlikely associated with MIC and should not be overstated. Although other molecular aspects including quantitative RT-PCR between parents and BILs with contrasting MIC and virus-induced gene silencing can be performed for those 8 genes, further high resolution mapping using a larger interspecific genetic population is required. In addition, the desirable effect (reducing MIC) for qMIC-D03-2 was from the allele contributed from the Egyptian Hai7124 cotton. Therefore, the two QTLs may be specific to interspecific hybrid populations between the two species. A panel of upland cotton germplasm lines would not be useful in validating the QTL effect. Near-isogenic lines will be developed for the two QTL regions for a more in-depth analysis in the future.

In summary, an interspecific BIL population of 250 lines from G. hirsutum × G. barbadense was employed to detect MIC QTLs in nine replicated field tests. Based on a high-density genetic map with 7709 genotyping-by-sequencing (GBS)-based SNP markers, 25 MIC QTLs were identified, including 12 previously described QTLs and 13 new QTLs. Importantly, eight candidate genes within two stable MIC QTL regions were identified with differential expression between upland TM-1 and Egyptian Hai7124. This study provides valuable information for improving MIC in cotton breeding.
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Supplementary Figure 2 | The QTL allele effect for the qMIC-D03-2 and qMIC-D08-1 related to MIC, FL, and FS. (A) Box plots for the qMIC-D03-2 and qMIC-D08-1 related to MIC. (B) Box plots for the qMIC-D03-2 and qMIC-D08-1 related to FL. (C) Box plots for the qMIC-D03-2 and qMIC-D08-1 related to FS. (D) The QTL allele effect for qMIC-D03-2 and qMIC-D08-1 related to MIC.
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Cotton genetic resources contain diverse economically important traits that can be used widely in breeding approaches to create of high-yielding elite cultivars with superior fiber quality and adapted to biotic and abiotic stresses. Nevertheless, the creation of new cultivars using conventional breeding methods is limited by the cost and proved to be time consuming process, also requires a space to make field observations and measurements. Decoding genomes of cotton species greatly facilitated generating large-scale high-throughput DNA markers and identification of QTLs that allows confirmation of candidate genes, and use them in marker-assisted selection (MAS)-based breeding programs. With the advances of quantitative trait loci (QTL) mapping and genome-wide-association study approaches, DNA markers associated with valuable traits significantly accelerate breeding processes by replacing the selection with a phenotype to the selection at the DNA or gene level. In this review, we discuss the evolution and genetic diversity of cotton Gossypium genus, molecular markers and their types, genetic mapping and QTL analysis, application, and perspectives of MAS-based approaches in cotton breeding.
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INTRODUCTION

Cotton is one of the oldest cultivated crop plants and it is grown as the main source of raw materials for the textile industry. More than 103 million tons of textile fibers were consumed in 2019 and cotton fiber had a market share of approximately 24% in 2020 over 26 million tons of cotton was produced worldwide (ICAC, 2021). Cotton is valued for its fiber quality in the global market and it determines price of the fiber. Cotton fiber faces a grave challenge by a chemically produced (synthetic) fiber. Synthetic fibers currently control over 75% of the global market share in textile fiber consumption (ICAC, 2021). Therefore, competition from synthetics has increased textile industry demands for cotton fiber with high quality and superior spinning performance. However, one of the serious impediments to improve the cotton fibers is the narrow genetic base in Upland cotton. In this regard, there is a constant need to introduce genetic diversity into the new varieties with excellent fiber quality and high yield potentials (Abdurakhmonov et al., 2008, 2009; Yu et al., 2014).

Creating new varieties using traditional breeding methods, specifically, the introduction of genes of desirable traits to the elite cotton from a donor source to the elite is very laborious and requires at least 10 years of hard work (Abdurakhmonov et al., 2009). At the same time, there is often a negative correlation between desired traits, such as fiber quality and fiber yield or resistance to abiotic environmental stress factors, which often prevent the breeder from the effective selection and breeding (Griffith and Crowfoot, 1934; Nicholson, 1960; Muthukumaran, 2016).

Similar problems can be solved by introducing modern biotechnological approaches based on the use of molecular markers in breeding programs (Abdurakhmonov et al., 2008, 2009). Modern breeding programs for the accelerated generation of new varieties provide in-depth study of breeding material at both the phenotypic and genotypic levels. DNA markers are commonly referred to as molecular markers, although previously widely used isozymes and other marker systems were based on protein polymorphism. With the introduction of DNA marker technology into the practice of plant breeding, new opportunities have emerged for studying genetic diversity, identifying and improving economically useful crop traits (Preetha and Raveendren, 2008). The advent of molecular marker technology provides breeders with powerful new tools for identifying complex quantitative traits. Moreover, DNA marker technology allows breeders to increase efficiency and reduce costs and time to create new varieties and hybrids compared to traditional breeding methods. A large number of DNA markers and genes controlling resistance to biotic and abiotic stresses, yield, and quality traits have been identified and mapped for many crop species in recent years (Zhang et al., 2013; Han et al., 2019; Wang et al., 2019).

Molecular markers gave a great opportunity to improve the efficiency and precision of crop improvement programs via marker-assisted selection (Collard and Mackill, 2008). The use of DNA markers in plant breeding is called marker-assisted selection (MAS) and it is a component of the molecular breeding approach (Collard and Mackill, 2008). MAS technology allows conducting the selection at any stage of plant growth and development. In short, the development of the MAS technology aimed at the selection of crops led to high achievements in genomics, which became a vital part of agricultural science.



TAXONOMY, EVOLUTION, AND GENETIC DIVERSITY OF COTTON GOSSYPIUM GENUS

The Gossypium L. (the cotton genus) has a long history of taxonomic and evolutionary study. The Gossypium genus, belonging to the tribe Hibisceae (Malvaceae family), includes approximately 46 diploid and 7 allotetraploid species (Fryxell, 1979; Wendel and Albert, 1992; Wendel et al., 2009; Paterson et al., 2012; Wendel and Grover, 2015). The diploid (n = x = 13) species of cotton is classified into eight (A-G and K), and the tetraploid (n = 2x = 26) species into one (AD) cytogenetic group (Brubaker et al., 1999; Wendel and Cronn, 2003). Mainly 4 species are cultivated in around 90 cotton producing countries of the world: G. hirsutum L., which occupies more than 90% of the total area, followed by Gossypium barbadense L., approximately 8% and only 1% two diploid species – G. arboreum L. and G. herbaceum L. The genome size of diploid cottons varies from about 880 to 2,500 Mb, as well as the tetraploid cotton genome has an estimated size of 3,000 Mb (Hendrix and Stewart, 2005).

Based on their origin, diploid cotton species are divided into two types: African-Asians and Australian (Blenda et al., 2012). G. arboreum L. and G. herbaceum L, having twisted fiber, were originally grown on the Asian continent. Subsequently, as a result of hybridization between diploid A-genomic (Asian) and D-genomic (Mexican) representatives, which occurred about 1.5 million years ago, formed five allotetraploid species of cotton (Yu et al., 2013).

Upland cotton (G. hirsutum) is widely cultivated, industrial cotton among all species of the Gossypium genus (Iqbal et al., 2001). The origin of this species is considered Guatemala, but it is distributed throughout Central America and in Caribbean countries. According to Mauer (1954), there are four groups of subspecies of G. hirsutum: mexicanum, punctatum, paniculatum, and euhirsutum. These four groups of subspecies include several wild races, such as yucatanense, richmondi, latifolium, palmeri, morilli, purpurascens, and their variety samples, as well as a number of cultivated samples (Adams et al., 2004).

Gossypium barbadense (Egyptian, Sea Island or Pima cotton) is widely distributed throughout most of South America, Southern Mesoamerica, and the Caribbean (Rathore et al., 2006). This species of Gossypium genus initially sprouted on ribbed coastal islands and in the valleys of the United States and was named Sea Island cotton. Then, Sea Island cotton was introduced into the Nile Valley of Egypt, where it is widely cultivated for the production of long and thin fibers (Abdalla et al., 2001).

The remaining three tetraploid species (AD3–AD5) are common in other regions. So, for example, G. mustelinum Miers ex Watt widely distributed in Northeast Brazil (Wendel et al., 1994), G. darwinii Watt is an endemic of the Galapagos Islands (Wendel and Percy, 1990), and G. tomentosum Nutt ex Seem is endemic to the Hawaiian Islands (Hawkins et al., 2005). All of them are truly wild species (Westengen et al., 2005). Genetic diversity represents the existence of various variants of biological forms or the degree of morphological and physiological features of organisms within populations (often called traits), which are essential for biological individuals both for a positive response to a rapid change in the environment and for their survival. The lack of genetic diversity or its narrowness in various types of crops creates the potential threat to plant productivity due to the vulnerability of genetically homogeneous varieties to new biotic and abiotic stresses. Consequently, the broad genetic diversity of crops has the potential to protect them from new diseases, pests, and unexpected global environmental changes (Abdurakhmonov et al., 2007).

Thus, the genus Gossypium, covering large geographical and ecological niches, has a wide amplitude of morpho-biological and genetic diversity, preserved in centers of origin of cotton in situ, in collections of germplasm of cotton ex situ, as well as in materials of breeding programs throughout the world. These resources can be successfully used in cotton breeding programs to transfer economically valuable traits from wild species to the cultivated genotypes in order to create promising competitive varieties.



IMPORTANCE OF GENETIC DIVERSITY FOR COTTON IMPROVEMENT

Cotton faces various problems in production and marketing, such as competition from synthetic fiber, wide variability from year to year in yield, and plus new requirements for fiber quality due to technological changes in the textile industry (Perkins et al., 1984; Esbroeck et al., 1999). A longer fiber, like that of low-yielding cotton species G. barbadense, is genetically stronger, thinner, and more uniform than a shorter fiber of the widely sown, early-growing and high-yielding cotton G. hirsutum (Perkins et al., 1984). Changing these fiber properties in medium fiber cotton is a big challenge facing cotton breeding programs around the world (Esbroeck et al., 1999).

Since G. hirsutum is the most widely cultivated species in the world, due to its high yield, early maturity, and unpretentiousness of cultivation, much research has been devoted to the analysis of its genetic diversity (Abdurakhmonov et al., 2008, 2009; Blenda et al., 2012). At the same time, less attention is paid to the study of G. barbadense, the second most cultivated cotton species, since the varieties of this species have lower yields and weaker indicators of other economically important traits compared to the G. hirsutum species (Wendel and Percy, 1990; Fryxell, 1992; Yu et al., 2013). Cotton researchers constantly carry out selection measures for crossing these two species, with the goal of transferring the superior fiber quality components specific only to G. barbadense, to the cultivated varieties of G. hirsutum (Fryxell, 1992). It should be noted through interspecific hybridization between G. barbadense and G. hirsutum species, the desired alleles for most QTLs associated with fiber quality are transmitted from G. barbadense (Lacape et al., 2005). Moreover, scientists proved that G. hirsutum, in turn, can also contribute to the improvement of fiber length, strength, and micronaire (Lacape et al., 2005; Yu et al., 2013). This discovery confirms the assumption that in generations of interspecific hybrids having a mosaic genome, best gene allele combinations can be achieved (Tanksley and Nelson, 1996). In most cases, the use of interspecific crossing of G. barbadense with G. hirsutum with classical breeding methods to improve fiber quality traits, such as length, strength, and micronaire in Upland cotton, did not lead to the expected stable introgression. According to the study published by the researchers (Tanksley and Nelson, 1996; Lacape et al., 2005; Yu et al., 2013, 2014), the solution to these problems at the genetic level requires knowledge of broader variation in the cotton germplasm. However, according to the review by Zhang et al. (2014), new introgression lines with high yields and fiber quality were developed as a result of interspecific hybridization between G. hirsutum and G. barbadense (Zhang, 2011).

Narrow genetic diversity can be caused by the intensive use of one or several closely related genotypes in breeding programs (Iqbal et al., 2001) or the consequence of a “genetic bottleneck” at the historical transformation of wild plants into cultural forms, which led to the subsequent distribution of a limited number of genotypes (Abdurakhmonov et al., 2007). The productivity, viability, and success of cotton breeding, like many other crops, also depend on the diversity of the gene pool (Esbroeck et al., 1999). According to the authors (Iqbal et al., 2001), the existing and projected problems of the world cotton breeding programs related to the narrowness of the genetic base of the germplasm arise because of the complexity of the tasks and the lack of new genomic approaches for mobilizing beneficial genetic variations from various exotic cotton species of the Gossypium genus into breeding varieties.



MOLECULAR MARKERS AND THEIR TYPES

Genetic markers are any observable inherited traits that differ individually from one another. For many years, they have been used to characterize genetic diversity for crop improvement. This tool is particularly useful in analyzing complex quantitative traits. Genetic markers can be divided into three main types: morphological (or phenotypic), cytological, and molecular markers (Figure 1). Morphological markers represent the actual polymorphism of the phenotype and they are identified easily, quickly, and most importantly with minimum laboratory equipment (Nadeem et al., 2018). The physical maps based on morphological and cytological markers lay a foundation for genetic linkage analysis using molecular methods (Jiang, 2013). However, direct use of cytological markers has been very limited in genetic mapping and plant breeding (Jiang, 2013; Ahmad et al., 2017; Nadeem et al., 2018). Nevertheless, the number of informative morphological markers is very small (Eagles et al., 2001). The low occurrence rate and many other deficiencies did not allow morphological markers to enter widely into selection practice.

[image: Figure 1]

FIGURE 1. The classification of genetic markers. FISH, fluorescence in situ hybridization; GISH, genome in situ hybridization, RFLP, restriction fragment length polymorphism; VNTR, variable number tandem repeat; SNP, single-nucleotide polymorphism; DArT, diversity arrays technology; RAPD, random amplified polymorphic DNA; AFLP, amplified fragment length polymorphism; SSRs, simple-sequence repeats; EST, expressed sequence tag; ISSR, inter simple-sequence repeat; SCAR, sequence-characterized amplified region; CAPS, cleaved amplified polymorphic sequences; STS, sequence-tagged sites; IRAP, inter-retrotransposon amplified polymorphism; REMAP, retrotransposon-microsatellite amplified polymorphism, and SSAPs, sequence-specific amplification polymorphisms.


Until recent advances in molecular genetics, breeders have improved both qualitative and quantitative hereditary traits by traditional breeding methods based on evaluation and selection for phenotypic variation, which are resource-intensive (Said et al., 2015a). Currently, two main types of molecular markers, biochemical and DNA markers are available for genetic studies (Lander and Botstein, 1989; Jansen, 1994). It should be noted that the first molecular markers were created based on the analysis of protein polymorphism. However, the possibilities of biochemical markers are limited by the low level of protein polymorphism in populations, restrictions in the choice of biological material, and the time of its collection (Kumar et al., 2009).

DNA-based molecular markers are genetic markers that are analyzed at the DNA level. This marker system plays a huge role in the study of gene inheritance and their allelic status. Such markers are used to analyze genetic polymorphism and phylogenetic relationships between species, populations, and individuals, as well as to identify diagnostic markers that are closely linked to the genes controlling the economically valuable traits of crops (van Ooijen, 1992). An important tool for finding DNA markers is linkage mapping, which allows to combine phenotypic data and DNA polymorphism data. Currently, there are many different types of DNA markers, and their numbers are constantly increasing with the achievement of modern technologies and knowledge of individual genes and genomes of plants in general. So, DNA markers can be divided into three main groups: markers based on hybridization (or non-PCR based), markers based on PCR, and markers based on DNA chips (Singh and Singh, 2015). The PCR-based marker system is very popular and more widely utilized among these groups of DNA markers (Reiter, 2001). Moreover, it is PCR-based DNA markers that are widely introduced into the plant selection process. One of the most informative types of PCR-based DNA markers is microsatellite or SSR (simple-sequence repeat) markers, as they are widely distributed in the genome and have a high level of polymorphism (Vieira et al., 2016).

Thus, molecular or DNA markers are genetic tools that allow plant breeders to perform a variety of tasks. Especially, DNA markers play an important role in the study of genetic polymorphism, inheritance of genes, and their allelic state, in phylogenetic analysis, as well as identification of QTLs that are closely linked with genes controlling the economically valuable traits of plants (Bruford et al., 2003; Mittal and Dubey, 2009).



GENETIC MAPPING AND QTL ANALYSIS FOR AGRONOMICALLY AND ECONOMICALLY VALUABLE TRAITS IN COTTON


Description of Genetic Mapping Approaches

One of the main tasks of molecular markers is the mapping of genes and quantitative trait loci (QTLs; Jansen, 1993). The theory of QTL mapping was first described by Karl Sax (1923) when he observed segregation of seed weight associated with segregation for a seed coat color marker in Phaseolus vulgaris L. (Sax, 1923). He noted that one gene controlling seed color should be associated with one or more polygenes controlling seed size. Since the development of the first molecular markers (Grodzicker et al., 1974), a large amount of theoretical and practical results and methodological developments describing the stages of molecular genetic mapping have been accumulated (Lander and Botstein, 1989; van Ooijen, 1992; Jansen, 1994). The concept of genetic linkage mapping is based on the study of the genome of an organism by DNA markers (Goldstein and Weale, 2001; Jannink and Walsh, 2002; Oraguzie et al., 2007), determining the relative position of these markers on linkage groups and determining their genetic association with QTLs (van Ooijen, 1992). Genetic mapping is mainly accomplished in two ways; the first, traditional method, the so-called linkage analysis or QTL mapping (Jansen, 1994) has already become a classic method. This mapping study is carried out using experimental (biparental) populations of Fn generations (Lewis, 2002), backcross (BCn), recombinant inbred lines (RIL), and/or doubled haploid lines (DHL).

The second method used in the construction of modern genetic maps of plants is the analysis of linkage disequilibrium (LD) and association mapping (Goldstein and Weale, 2001; Jannink and Walsh, 2002). LD mapping uses different lines from natural populations or germplasm collections (Asíns, 2002; Glazier et al., 2002). Thus, when mapping, individuals are divided into genetic classes for each DNA marker used (van Ooijen, 1992). Next, the values and variations of the parameters are calculated and compared between the classes. The identified polymorphism between genetic classes provides information about the relationship of the marker used with the phenotype of interest, and its connection with the QTL (Xu et al., 2017a). After detecting genes those regulate quantitative traits, positional mapping is used based on statistical data analysis.

Currently, a rich arsenal of QTL-mapping methods has been created, which implements various approaches (Wan et al., 2009). The developed methods are based on the well-known principles of parametric and nonparametric analysis of linkage, as well as new approaches using the analysis of components of dispersion (Zhang and Gai, 2008), analysis of associations (Jia et al., 2014), and multipoint mapping (Liu and Muse, 2005). The development of statistical methods follows the path of increasing their power and stability of methods to inaccuracies of genetic models and the incompleteness of empirical data (Price, 2006).



QTL Analysis for Fiber Quality, Stress and Disease Resistance, and Some Morphological Traits in Cotton

Since the development of molecular mapping technology, researchers have created hundreds of genetic maps and identified many QTLs associated with economically valuable traits (Saranga et al., 2001; Gao et al., 2003; Du et al., 2004; Abdurakhmonov et al., 2005; Bolek et al., 2005; Lacape et al., 2005; Yin et al., 2006; Abdurakhmonov et al., 2007; Wang et al., 2007; Qin and Zhang, 2008; Yang et al., 2008; Zan et al., 2008; Goicoechea et al., 2009; Jiang et al., 2009; Wan et al., 2009; Said et al., 2013, 2015a; Tang et al., 2014; Zhang et al., 2015; Kushanov et al., 2016; Diouf et al., 2018; Zhao et al., 2018). As a primary goal, the cotton research community has set QTL mapping with molecular markers associated with fiber yield, quality, and yield traits (Wang et al., 2007; Abdurakhmonov et al., 2008; Abdurakhmonov et al., 2009; Said et al., 2013; Yu et al., 2013; Tang et al., 2014). Some QTLs related to environmental stress resistance, such as drought (Saranga et al., 2001), as well as loci associated with the formation and morphology of stems and leaves (Said et al., 2013), chlorophyll content (Qin and Zhang, 2008), natural leaf defoliation (Abdurakhmonov et al., 2005), and fertility restoration genes (Zhao et al., 2018), are also mapped. Currently, 4,892 QTLs identified either in the populations of G. hirsutum or G. hirsutum × G. barbadense and presented in 156 publications are available in the Cotton QTLdb database1 (Said et al., 2015b).

The QTL analysis of fiber quality traits of cotton began about 25–30 years ago (Kloth, 1993, 1995). Today, single-nucleotide polymorphism (SNP) markers-based genome-wide association study (GWAS) is widely used for identifying genomic regions that attending to control economically important traits in both natural and experimental populations of cotton. Gapare et al. (2017) have conducted GWAS on natural cotton populations to identify genetic contributions to the fiber quality, plant architecture, and stomatal conductance traits (Gapare et al., 2017). They have used Illumina CottonSNP63 K SNP array for genotyping. The results of analysis showed that 17 and 50 significant SNPs associated for fiber length and micronaire, respectively. Sun et al. (2018) performed a GWAS of fiber quality traits of 719 diverse accessions of upland cotton using Cotton 63 K Illumina Infinium SNP array (Sun et al., 2018). Germplasm resources were screened using more than 10.5 thousand polymorphic SNPs distributed in 26 chromosomes, and 46 significant SNP markers related to fiber quality traits were identified. These important SNPs are distributed on 15 chromosomes and are involved in 612 unique candidate genes, many of which are associated with polysaccharide biosynthesis, signal transmission, and protein translocation. In addition, scientists have identified 163 and 120 fiber genes related to length and strength, respectively. Ma et al. (2018) have identified more than 3.6 million SNPs by re-sequencing 419 cotton accessions and conducted GWAS of 13 fiber-related traits (Ma et al., 2018). More than 7.3 thousand SNPs were associated with fiber quality traits and covered 4,820 genes; more fiber-related genes were determined in D subgenome than in the A subgenome. Liu et al. (2020) have identified 42 SNPs and 31 QTLs significantly associated with five fiber quality traits (Liu et al., 2020). Twenty-five QTLs are the same as QTLs identified in previous studies, and six novel QTLs were firstly identified in their work. In these QTL regions, 822 genes were determined as well two pleiotropic SNPs associated with fiber elongation, strength, length, uniformity, and strength were identified.

Besides, Fang et al. (2014) have identified 131 fiber QTLs and 37 QTL clusters on experimental mapping population using 2,132 polymorphic SSR markers out of 15,538 SSRs (Fang et al., 2014). Two QTL clusters were determined on chromosomes 7 and 16. Comparison of 131 QTLs showed that 77 were identified in the previously studies, and 54 novel QTLs. Recently, Islam et al. (2016) used an Upland cotton multi-parent advanced generation inter-cross (MAGIC) population, developed through random mating of 11 diverse cultivars for five generations, in a molecular map of SNP markers associated with fiber traits from four environments (Islam et al., 2016). They used a high-throughput genotyping approach of Genotyping-by-Sequencing (GBS) developing about 6,071 SNP markers and 223 microsatellite markers of 547 recombinant inbred lines (RILs) of the MAGIC population. They used a GWAS using a mixed linear model to identify markers significantly associated with fiber QTLs. They discovered one QTL cluster associated with four fiber quality traits [short fiber content (SFC), strength (STR), length (UHM), and uniformity (UI)] on chromosome A07. They further identified several candidate genes related to fiber quality attributes in this region. Gene expression and amino acid substitution analysis suggested that regeneration of bulb biogenesis 1 (GhRBB1_ A07) gene is a candidate for superior fiber quality in Upland cotton. The DNA marker CFBid0004 designed from an 18 bp deletion in the coding sequence of GhRBB1_A07 in Acala Ultima is associated with the improved fiber quality in the MAGIC RILs and 105 additional commercial Upland cotton cultivars. Using GBS technology and a MAGIC population enabled more precise fiber QTL mapping in Upland cotton. Normally Acala Upland cotton lines carried superior fiber quality traits compared to other Upland cotton. Thyssen et al. (2018) have identified identify seven highly significant fiber quality loci associated with six major cotton fiber quality traits in a MAGIC population using GWAS and whole-genome sequencing (Thyssen et al., 2018). At these loci, they found 14 genes with non-synonymous SNPs. Sarfraz et al. (2021) have conducted subsequent genome-wide predictions along with association analyses that uncovered a set of highly significant key SNPs related to agronomic and fiber quality traits (Sarfraz et al., 2021). The integration of a GWAS with RNA-sequence analysis yielded 275 candidate genes near the key SNPs. The main part of candidate genes is associated with fiber micronaire and lint percentage. As well, 54 putative candidate genes were identified in association with the heterosis of quoted traits.

Xu et al. (2020) have carried out the study to identify candidate genes related to fiber quality traits through the integration of meta-QTL, significant SNP, and transcriptomic data (Xu et al., 2020). Scientists have used fiber quality traits associated 884 QTLs from 12 studies for meta-QTL analysis based on reference genome TM-1. As a result of meta-analysis, 74 meta-QTLs were identified, in particular 19 meta-QTLs for fiber length, 18 meta-QTLs for fiber strength, 11 meta-QTLs for fiber uniformity, 11 meta-QTLs for fiber elongation, and 15 meta-QTLs for micronaire. As well as with 8,589 significant SNPs associated with fiber quality traits gathered from 15 studies, 297 candidate genes were determined in the meta-QTL intervals, 20 of which showed high expression levels specifically in the developing fibers.

Cotton is mainly grown in the regions which are affected by abiotic stresses, such as drought and salt (Abdelraheem et al., 2019). There is an urgent need to study of genetic bases of abiotic stress resistance and to improve drought resistance of cotton (Li et al., 2020c). Recently, Abdelraheem et al. (2019, 2021) have identified drought and salinity stress resistance-related QTLs using SNP markers on an inter-cross mapping population (Abdelraheem et al., 2019, 2021). A total of 20 QTL were determined for drought tolerance and 23 QTL for salt tolerance out of 473,516 polymorphic SNPs. Nine QTL identified were in common between drought and salt tolerance, indicating a general genetic basis for both traits. Li et al. (2020a) have studied the genetic architecture for drought resistance in cotton using phenomics-based GWAS analysis (Li et al., 2020a). In their study, scientists have used an automatic phenotyping platform to examine drought stress tolerance at the seedling stage, across a natural population of upland cotton accessions. The phenomics data allowed to identify 390 genetic loci and drought tolerance-related genes by GWAS. Zhu et al. (2020) have conducted GWAS using 57,413 high-quality SNPs in 316 G. hirsutum accessions that grown under four salt conditions over 2 years and identified a total of 42, 91 and 25 stable QTLs for single boll weight, lint percentage, and boll number per plant, respectively (Zhu et al., 2020).

At the same time, great progress was achieved in the QTL mapping, determining resistance to Verticillium wilt (VW) and Fusarium wilt (FW). Most studies on the mapping of resistance to this pathogen have been conducted in germplasm accessions and diverse mapping populations. For instance, Li et al. (2017) have conducted a study to examine the genetic architecture of cotton Verticillium wilt disease resistance (Li et al., 2017). They performed a GWAS in 299 cotton accessions and 85,630 SNPs detected using the specific-locus amplified fragment sequencing (SLAF-seq) approach and were detected a total of 17 significant SNPs. Haplotype block structure analysis predicted 22 candidate genes for VW resistance. Zhang et al. (2019) have carried out GWAS analysis using 473,516 SNPs/Indels in 550 recombinant inbred lines (RILs) of multi-parent advanced generation inter-cross (MAGIC) population (Zhang et al., 2019). Consequently, a significant QTL for FW resistance on chromosome c14 was identified. An interesting aspect is that a major resistance gene (B12) for bacterial blight resistance and one QTL for Verticillium wilt resistance were also identified within the QTL region in this MAGIC population. Another group of scientists has conducted a GWAS using high-density genotyping with the CottonSNP63K array and identified a total of 15 and 13 QTL for VW and FW resistances were anchored by 30 and 56 significant SNP markers, respectively (Abdelraheem et al., 2020). Similar studies were also conducted by Bardak et al. (2021) to discover the genetic markers associated with the Verticillium wilt disease in a Worldwide Collection of Cotton (Gossypium hirsutum L.; Bardak et al., 2021). Through the association mapping analysis, common SNP markers were obtained using 4,730 SNP alleles. As a result, 23 markers were associated with defoliating (PYDV6 isolate) pathotype, 21 markers with non-defoliating (Vd11 isolate) pathotype, 10 QTL with Disease Severity Index (DSI) of the leaves at the 50–60% boll opening period, and 8 markers were associated with DSI in the stem section.

Also, some reports have been published on QTL and/or gene mapping of flowering time using diverse marker technology. Researchers have identified more than 30 candidate genes that are involved in various flowering processes in Upland cotton (Lai et al., 2011). In addition, Zhu and Kuraparthy (2014) managed to localize the photoperiod-sensitive locus Gb_Ppd1 and several closely related SSR markers on the cotton chromosome 25. Guo et al. (2008) presented the mapping of flowering-time QTL, assessed by node of first fruiting branches in cotton (Guo et al., 2008). Using more than four thousand SSR markers, researchers identified about 60 loci, associated with early maturing traits of cotton (Li et al., 2013b). Recently, using 212 SSR and 3 cleaved amplified polymorphic sequence (CAPS) markers, 6 QTLs were identified that directly associated with flowering time and photoperiodic flowering in the F2 population, whereas 7 QTLs were discovered in F3 generation (Kushanov et al., 2017). Li et al. (2020b) have reported a cotton genome variation map that is generated by the re-sequencing of 436 cotton accessions (Li et al., 2020b). Whole-genome scans for sweep regions identified 357 putative selection sweeps covering 112 Mb of the upland cotton genome, containing 5,184 genes. These genes were functionally associated with flowering-time control, hormone catabolism, aging, and defense response adaptations to climate changes.

Some QTLs related to the formation and morphology of stems and leaves (Said et al., 2013), chlorophyll content (Qin and Zhang, 2008), natural leaf defoliation (Abdurakhmonov et al., 2005), and fertility restoration genes (Zhao et al., 2018) are also mapped.

Although traditional QTL mapping based on the biparental crossing is still an important method for identifying desired genes/loci in plant chromosomes, it has nevertheless become a kind of “modern classical analysis” method. The disadvantage of this method is its low resolution only allowing for the evaluation of a few alleles over a rather long period of analysis. At the same time, markers detected during QTL mapping and specific for some lines may not be specific for other populations or germplasm of a given cultivation.

At the same time, another problem remains topical – to obtain genotypes that are not only resistant to diseases, but at the same time having high yield and superior fiber quality. One of the ways to solve this problem is the interspecific crossing between G. barbadense and G. hirsutum varieties, which differ in the indicated characteristics. However, these attempts are not always successful due to the problems associated with sterility, cytological impairments, and distorted segregation arising from interspecific crosses. Thus, QTL mapping is one of the powerful methods for improving agricultural crops, which allows using the marker-assisted selection technology to introgress the genes of interest from donor lines to breeding material.




APPLICATION AND PERSPECTIVES OF MAS IN COTTON BREEDING


Application of MAS

The concept of using linked genes has arisen to follow the inheritance of genes that control other traits. It was launched in 1961 by Thoday, who made the first attempt to map and characterize all polygenes that affect the line using monogenic markers (Thoday, 1961; Mutschler et al., 1987). When he worked with morphological markers, the main practical limitation was availability of few suitable markers are available.

With the advent of DNA marker technology and the QTL-mapping approach, the possibilities of breeding for crop improvement have increased significantly. The use of marker-assisted breeding revolutionized the process of creating crop varieties, reducing field trials at an early stage of breeding, and reducing the time required by almost half (Figure 2). At the same time, DNA markers associated with traits of interest allow breeders to accurately select individuals based on genotype. This approach is very useful in cases where the trait of interest is complex and time consuming to assess. Moreover, the desired alleles in wild relatives with a low phenotype can also be identified with DNA markers. Such transgressive loci of wild species can be selected and used to create new varieties with a more desirable phenotype, introducing useful variations in crops.
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FIGURE 2. Marker-assisted selection in comparison with conventional breeding. P1 and P2 – parental genotypes, F1 – first generation hybrid, Fn – hybrid progeny obtained from first generation by self-pollination, and BCn – backcross generations.


To carry out marker-assisted selection, a large number of polymorphic markers must be identified by analyzing the whole genome. It is necessary to evaluate the marker informativity between the parents used in the crossing, and this can be used to assess the segregating population for the absence or presence of this genetic marker. The benefits of genetic selection can be maximized by increasing the genetic pool or population size so that individuals with an unusual genotype can be identified. At the same time, an increase in the number of markers used proportionally increases the reliability to assess the genome structure. In order to use molecular selection in large-scale breeding programs, it is necessary to introduce automated technologies.

Thus, the basic principle of MAS technology is to identify a tight linkage between the marker and the gene controlling the trait, and subsequently using this association for practical purposes to create new varieties and breeding lines. After the association between the marker and trait has been identified, the creation of new genotypes is carried out using traditional breeding methods, such as hybridization, backcrossing, self-pollination, and selection (Figure 3). Because of using MAS technology, a breeder can get rid of the problem of transfer undesirable genes from the donor, which often occurs during the crossing.

[image: Figure 3]

FIGURE 3. The main procedures of marker-assisted selection technology.


Marker-assisted selection (MAS) technology refers to any form of molecular selection that uses genetic markers to crop improvement (Choudhary et al., 2008; Sebastian et al., 2012). Basically, depending on the goal of the research, MAS is used for the following tasks: (i) Evaluation of the purity and identity of the varietal material and the assessment of the genetic diversity of modern varieties (Williams et al., 1993; Sonah et al., 2011), (ii) Introgression of genes/QTL loci in various MAS schemes (Mackay, 2001; Hospital, 2009), and (iii) Combining several genes/loci of QTL donor lines into one genotype and, thus, the creation of new lines that have several useful traits (Visscher et al., 1996; Hospital, 2009).

In order to effectively use molecular breeding and DNA markers, several strategies for MAS technology have been proposed. However, four main breeding schemes are widely used for crop improvement in practice: (i) Marker-assisted Backcross Selection (MABS), (ii) Marker-assisted Recurrent Selection (MARS), (iii) Marker-assisted Gene Pyramiding (MAGP), and (iv) Genomic Selection (GS; Frisch et al., 1999; Ribaut and Betrán, 1999; Witcombe and Hash, 2000; Collard and Mackill, 2008; Ribaut et al., 2010; Hayes et al., 2013; Varshney et al., 2013; Jiang, 2015; Gokidi et al., 2016; Xu et al., 2017b). All these strategies of molecular selection can be defined as the use of molecular genetic markers, in combination with information of linkage maps and sequenced genomes, to improve the desired traits in plants based on genetic analysis. Among all these schemes, genomic selection is the most popular and widespread method. A relatively new direction, but already a very active area of research in plant and animal breeding – genomic selection, also called Genome-Wide Selection, opens up new exciting prospects for the development of molecular selection for crop improvement (Hayes et al., 2013; Varshney et al., 2013).



MAS-Based Approaches

Several advanced molecular breeding approaches are used in the creation of crop variety, such as marker-assisted backcrossing (MABC), marker-assisted gene pyramiding, marker-assisted recurrent selection (MARS), and genomic selection (GS). These approaches can help accelerate breeding processes with the early and direct selection of desirable individual plants in the DNA level which are resulting time and resource savings.


Marker-Assisted Backcross Selection

The backcross method has been widely used in conventional breeding since the beginning of the last century for the introgression of one or more genes from a donor to an elite variety (Collard and Mackill, 2008). However, the use of DNA markers in backcross programs in combination with phenotypic selection significantly accelerates the production of breeding material (Frisch et al., 1999; Xu et al., 2017b).

Marker-assisted backcross selection (MABS) is one of the simplest and most promising approaches of MAS technology (Acquaah, 2012). The main goal of MABS is to apply markers to select for target QTL, minimize the length of the donor genome segment containing a target QTL, and accelerate the recovery of the recurrent parent genome (Figure 4). According to Holland (2004), the method has three main levels of breeding, in which markers may be used in backcross selection (Holland, 2004): (i) Foreground selection or selecting of target loci, (ii) recombinant selection or selecting backcross progeny with the target gene, and (iii) background selection or selecting backcross progeny with background markers. These three levels are used in one or another combination in backcross breeding programs for gene introgression.
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FIGURE 4. The scheme of marker-assisted backcross selection.


It is known that for the introgression of one dominant gene it is necessary to carry out at least six backcrosses (Acquaah, 2012), so that in the end the content of the genome of the recurrent parent would be 99% only in theory. With conventional backcrossing, it takes a minimum of five to six generations. The use of DNA markers allows reducing the number of required backcrossing to four and reducing the amount of genetic material transferred with the “target” locus.

MABS has been applied in several important crops, including maize, rice, wheat, barley, common bean, soybean, pear millet, potato, and tomato. For example, the integration of the Bt transgene into diverse corn genetic backgrounds has been obtained by using this approach of MAS in maize (Gassmann et al., 2011). MABS strategy was used for rice improvement (Bishwas et al., 2016; Das et al., 2017). According to Rambabu et al. (2015), leaf blast resistance gene was introgressed into variety “Swarna” (Rambabu et al., 2015). In addition, MABS has been used for the effective introgression of favorable alleles from the wild germplasm into elite cultivars; MABS has been used in other crops.

In turn, Li et al. (2013a) based on the results of such research, as well as using the MABS approach, were able to successfully introgress wilt resistance QTL from G. barbadense to G. hirsutum (Li et al., 2013a). Also, MABS has been initiated in Uzbekistan to improve important fiber traits of cotton. Association mapping has been applied for the identification of QTLs associated with fiber quality, and the selection of donor lines with superior quality using diverse sets of Uzbek cotton germplasm (Abdurakhmonov et al., 2008, 2009). Twenty-six germplasm accessions, as donor lines and more than 10 varieties, as the recipient parents were selected for QTL mobilization through MABS. As a result, new varieties “Ravnaq-1” and “Ravnaq-2” were developed (Darmanov et al., 2015). Both varieties possess higher fiber strength and improved length. “Ravnaq-1” has improved fiber strength (37 g/tex) and staple length (38 mm) compared to its recurrent parent “Andijan-35” which has 32 g/tex fiber strength and 35 mm staple length.



Marker-Assisted Recurrent Selection

According to Ribaut et al. (2010), the goal of the marker-assisted recurrent selection (MARS) scheme is the identification and selection of several regions on the genome engaged in the expression of complex quantitative traits to assemble within a single cross or across related populations (Ribaut et al., 2010). Utilization of markers to pyramid for multiple genes or QTLs is more difficult and in this situation, the recurrent selection is a potential approach for the improvement of polygenic traits (Ceballos et al., 2015). As noted by Jiang (2013), the MARS strategy of MAS selection performs genotypic selection and intercrossing in the same crop season for one breeding cycle (Jiang, 2013).

MARS program has been successfully applied to improve important agronomic traits in maize. As described by Beyene et al. (2016), this strategy showed excellent results than the conventional selection in the studies to develop improved drought tolerance germplasm (Beyene et al., 2016). Recently, another research group under the maize improvement program has improved grain yield based on a biparental population using the SNP marker system in MARS (Bankole et al., 2017). However, very little information is available on the practical application of the MAS strategy to improve cotton. According to Yi et al. (2004), cotton bollworm (Helicoverpa armigera) resistance of G. hirsutum has been increased using MARS (Yi et al., 2004).



Marker-Assisted Gene Pyramiding

To create new varieties, using traditional breeding techniques is time consuming, labor-intensive, and can be costly (Moreau et al., 2004). In particular, it is difficult to develop a large number of populations, advancing the hybrids up to F9/F10 generations, the difficulty of the selection processes due to the negative effects of environmental factors on the appearance of morpho-biological traits. In most cases, it is necessary to wait until the last stage of plant ontogenesis to make a selection according to the trait of interest and complexity of combining significant genes in a single genotype (Gupta and Varshney, 2005). In such cases, the selection process has been proven to last for 20–25 years in practice.

Watson and Singh (1952) were first introduced Gene pyramiding conception. According to Allard (1999), pyramiding multiple genes is achieved by crossing parental lines with complementary desirable genes and selecting the desired recombinants from among the progeny population. MAS-based gene pyramiding (MAGP) method is combining at the same time multiple genes/QTLs together into a single genotype using several trait-associated DNA markers. Since the development of this technology, a unique chance has appeared not only to speed up the selection process and reduce costs but also to direct efforts to create varieties with multilateral resistance through gene pyramiding technology. Using traditional breeding methods, it is extremely difficult or impossible to implement this process in the early generations (Sheikh et al., 2017). Nowadays, this technology is considered also as the main acceptable strategy for developing new varieties of crops.

MAGP application had been reported in cotton, wheat, rice, tomato and pepper, etc. The most widespread application of the gene pyramiding method has been for combining multiple disease resistance genes in order to develop durable disease resistance (Ashkani et al., 2015). In recent years, reports have appeared on the application of this technology in cotton. Researchers used the MAGP strategy to combine the major QTL traits of fiber quality and wilt resistance from different donors into one genotype in several commercial cotton varieties in order not only to expand the genetic base of the developed MAS lines but also to ensure their genetic stability. Guo et al. (2005) successfully introduced the effect of pyramiding QTLs for strong fiber strength and transgene cryIA in cotton (Guo et al., 2005). They developed insect-resistant and high-yielding new cotton variety with superior fiber quality.



Genomic Selection

Full-genomic sequencing has become available thanks to the development of modern sequencing platforms – next-generation sequencing (NGS) technology. The advantage is the analysis of a large number of markers and the possibility of identifying new genetic variants. NGS technology has made it possible to speed up and cheapen the determination of the complete genome sequence of organisms (Pareek et al., 2011; Zhang et al., 2011). It becomes possible to simultaneously evaluate thousands of genes in organisms, tissues, and cells (sequencing of transcriptomes) and analyze the regulation of their activity. To date, about 300 genomes of different plant species have been sequenced, and this number is increasing each year. The introduction of methods of high-performance genotyping of agricultural organisms opened the way for the application of a new method of selection.

Genomic selection (GS) is considered a novel strategy of MAS for plant breeding, based on the analysis of a large number of DNA markers evenly distributed throughout the genome. The term “genomic selection” was first introduced by Haley and Visscher in 1998 (Haley and Visscher, 1998). Three years later, Meuwissen et al. (2001) developed and presented a GS methodology, as progress in MAS technology for the study of quantitative traits (Meuwissen et al., 2001). In plant breeding, GS has become more productive due to a large number of single-nucleotide polymorphisms (SNPs) detected by sequencing the crop genome. Currently, the full-genome SNP chips have been developed for several types of crops for automatic analysis of DNA polymorphism. According to Meuwissen et al. (2001), the genomic selection also proposes the prediction model based on the genotypic and phenotypic data of the reference population. The reference population is used to receive genomic estimated breeding values (GEBVs) for all individuals of a breeding population based on their genomic profile.

Especially with the advent of the GS method, significant changes have occurred in the evaluation of breeding value in world livestock breeding (Jonas and de Koning, 2015). The accumulation of fundamental knowledge in these areas allowed sequencing the genomes of the main types of agricultural animals – cattle, pigs, and sheep, and carrying out the genotyping of animals by DNA markers. It should be noted that the greatest success in the practical application of GS was noted for Holstein dairy cattle. Naturally, the development of GS methods brought a lot of success also in plant breeding (Wang et al., 2018). An example is a recently published work of Heffner et al. (2010), in which the genetic gain of the GS method in maize breeding is higher than that of its pedigree MAS technology (Heffner et al., 2010). Xu et al. (2014) also confirm that the genomic prediction served to select potential hybrids from recombinant inbred lines (RIL) of rice (Xu et al., 2014). Daetwyler et al. (2014) in their research on wheat rust resistance, applied genomic best linear unbiased prediction (GBLUP), and a Bayesian regression method to predict resistance to leaf, stem, and strip rust (Daetwyler et al., 2014). Gapare et al. (2018) accommodating genotype x environment interaction (GxE) based on a population of 215 breeding lines of tetraploid cotton G. hirsutum identified potential breeding lines for fiber length and strength (Gapare et al., 2018). Hulse-Kemp et al. (2015) have developed the CottonSNP63K intraspecific SNPs for use within the Upland cotton (Gossypium hirsutum L.) cultivars and interspecific SNPs for use with crosses several cotton species with G. hirsutum L. (Hulse-Kemp et al., 2015). Wang et al. (2016) have used CottonSNP70K Chip to detect SNP in four salt tolerance and four salt-sensitive cotton varieties. SNP variation of the same seedling pre- and after-salt stress in different varieties was screened and polymorphic SNP and SNP related to salt tolerance were obtained (Wang et al., 2016). As well, Cai et al. (2017) developed a CottonSNP80K array that plays an important role in germplasm genotyping, variety verification, functional genomics studies, and molecular breeding in cotton by selecting from the re-sequencing data of 100 cotton cultivars (Cai et al., 2017). Above mentioned, SNP arrays are valuable new resources for molecular breeding approaches, such as marker-assisted selection (MAS), marker-assisted gene pyramiding (MAGP), and genomic selection (GS).

Thus, GS is a powerful tool for use in the molecular breeding of crops and is more efficient than MAS for improving complex traits with low heritability (Jannink et al., 2010). This method allows breeders to select new breeding material based on genetic potential. That is, the best hybrid of the breeding population can be selected only on the basis of a simple DNA test instead of waiting for 2–3 years of field data. GS also improves the options for selecting several traits at the same time. The major obstacle for the wide dissemination of this method in the selection of crops is the presence of one of the key stages to analyze SNPs, more precisely the high cost of genotyping.





FUTURE PERSPECTIVES

Genetic diversity is essential to the genetic progress of cotton breeding. The level of genetic diversity is low in G. hirsutum, especially among agriculturally elite types, as revealed in many previous studies (Gutiérrez et al., 2002; Abdurakhmonov et al., 2009, 2012). Chromosome substitution lines (CSL) have been used to overcome the problem of interspecific introgression using conventional breeding methods (Saha et al., 2013, 2017; Jenkins et al., 2017a,b). Chinese scientists used a different approach than CSL to introgress alleles from G. barbadense into G. hirsutum, where they have developed chromosome segment introgression lines using TM-1, G. hirsutum, as the recipient and a high-quality G. barbadense line “Hai7124” as the donor (Wang et al., 2012). After four cycles of the MAS breeding program using markers specific to the donor line Hai7124, they developed 174 lines containing 298 introgressed segments with 86 lines having single introgressed segments. “The total length of introgressed segments covered 2948.7 cM with an average segment length of 16.7 cM and represented 83.3% of the tetraploid cotton genome” (Wang et al., 2012). These lines were used in the genetic dissection of the complex fiber quality traits, with 43 additive QTLs and six epistatic QTLs associated with fiber quality traits in a molecular map (Wang et al., 2012). Jenkins et al. (2018) crossed 18 G. barbadense CSL to three Upland cotton cultivars and developed a random mated population for the cotton breeding program (Jenkins et al., 2018). After five cycles of random mating using a mixer of pollens from individual CSL followed by one generation of self-pollination to increase the seed supply to develop the random mated population with improved genetic diversity. They used 139 G. barbadense chromosome-specific SSR markers to assess a random sample of 96 plants for introgression. They detected 121 of 139 marker loci among the 96 plants. The number of G. barbadense alleles ranged from 10 to 28 in each individual plant. They also discovered that the individual plants among the 96 plants had marker loci from 6 to 14 different chromosomes or chromosome arms. However, results on the identity by descent showed little relatedness among plants and no population structure was indicated by a heat map. Using CSL, they were able to develop a mostly Upland random mated population with considerable introgression of G. barbadense alleles which would be useful for the cotton breeding program.

Recently, very cost-effective high-throughput sequencing technologies open up a new paradigm in the molecular cotton breeding programs using RNA-seq technologies. High-throughput sequencing technologies are used for RNA-seq experiments to generate cDNA sequences derived from the total RNA molecules followed by library construction and massively parallel deep sequencing to quantify the abundance level of relative changes of the individual transcripts at a specific stage of development or under specific treatment conditions. The application of the RNA-seq tool to associate changes in gene expression from high-throughput results of transcriptomics with low background noise to associate with important traits shows great potential in a future cotton breeding program. Recently, Naoumkina et al. (2019) used RNA-seq analysis in a GWA study in a MAGIC population. RNA-seq analysis of the longest and shortest fiber length RILs from D-11ref and D-11alt populations detected 949 significantly differentially expressed genes (DEGs; Naoumkina et al., 2019). Gene set enrichment analysis identified that different functional categories of genes were overrepresented during fiber elongation between four selected RILs. They discovered that 12 genes possessing non-synonymous SNPs were significantly associated with the fiber length. They also detected that in close proximity to fiber length QTL on chromosome D11, an auxin-responsive GH3 gene with a significantly downregulated expression level in one of the longest fiber length RILs suggesting that it could play a role in the regulation of fiber-cell elongation.

Transcriptome-wide association studies (TWAS) are a powerful strategy that integrate GWAS and gene expression datasets for identification of gene-trait associations (Wainberg et al., 2019; Bhattacharya et al., 2021). Recently, Li et al. (2020b) performed a fiber transcriptome analysis by sequencing of natural G. hirsutum population with 251 accessions and identified 15,330 expression quantitative trait loci (eQTL) associated with 9,282 genes (Li et al., 2020b). Analysis of eQTL and GWAS data uncovered molecular regulation of cotton fiber development and revealed the genetic basis of cell wall synthesis during fiber-cell elongation.

The results of above mentioned studies using the RNA-seq and TWAS tools provided an insight into the molecular aspects of genetic variation and fiber development as well recommended the potential sources for MAS and genetic manipulation technologies, such as CRISPR, in the future cotton improvement programs.



CONCLUSION

Cotton is the most important source of natural fiber worldwide. The negative impacts of the natural environment like water scarcity, soil salinization, diverse insect pests, and diseases cause serious damage to cotton productivity and fiber quality. It is imperative to create new cultivars with high yield, superior fiber quality, and resistance to the biotic and abiotic stresses through the use of diverse germplasm resources including wild cotton species and utilize high-throughput technologies. The use of genetic diversity of cotton species and populations in genetic mapping of quantitative traits allows to identify genome-wide informative DNA markers or genes and to determine potential breeding donors with desirable traits. Marker-assisted selection-based molecular breeding approaches could be helpful in pyramiding multiple genes/QTLs linked with resistance, quality, and yield components into a single genotype (Dormatey et al., 2020). Progress in this area will be further increased by taking the information generated through “omics” studies (Boopathi, 2020). Furthermore, as stated above, involving innovative approaches, combining diverse resources and enhance the capacities for increasing marker-assisted selection in cotton ultimately result in developing cotton cultivars with improved quality and productivity.
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Upland cotton (Gossypium hirsutum) is widely planted around the world for its natural fiber, and producing high-quality fiber is essential for the textile industry. CCRI70 is a hybrid cotton plant harboring superior yield and fiber quality, whose recombinant inbred line (RIL) population was developed from two upland cotton varieties (sGK156 and 901-001) and were used here to investigate the source of high-quality related alleles. Based on the material of the whole population, a high-density genetic map was constructed using specific locus-amplified fragment sequencing (SLAF-seq). It contained 24,425 single nucleotide polymorphism (SNP) markers, spanning a distance of 4,850.47 centimorgans (cM) over 26 chromosomes with an average marker interval of 0.20 cM. In evaluating three fiber quality traits in nine environments to detect multiple environments stable quantitative trait loci (QTLs), we found 289 QTLs, of which 36 of them were stable QTLs and 18 were novel. Based on the transcriptome analysis for two parents and two RILs, 24,941 unique differentially expressed genes (DEGs) were identified, 473 of which were promising genes. For the fiber strength (FS) QTLs, 320 DEGs were identified, suggesting that pectin synthesis, phenylpropanoid biosynthesis, and plant hormone signaling pathways could influence FS, and several transcription factors may regulate fiber development, such as GAE6, C4H, OMT1, AFR18, EIN3, bZIP44, and GAI. Notably, the marker D13_56413025 in qFS-chr18-4 provides a potential basis for enhancing fiber quality of upland cotton via marker-assisted breeding and gene cloning of important fiber quality traits.

Keywords: Gossypium hirsutum, RIL, fiber quality, quantitative trait loci, RNA-seq


INTRODUCTION

Upland cotton (Gossypium hirsutum L., 2n = 52) is a widely planted cash crop providing natural fiber. Due to its excellent environmental adaptability and yield, among the four cultivated tetraploid species, it is G. hirsutum that contributes almost 95% of the harvested cotton production (Yoo and Wendel, 2014). Given the increasing demand for high-quality fiber from the textile industry and the role of multigenes’ contribution and environmental factors, it is the goal of cotton breeders worldwide to develop new upland cotton varieties simultaneously featuring superior fiber quality and high yield.

Genome sequencing studies of G. raimondii (Paterson et al., 2012; Wang K. et al., 2012), G. arboreum (Li et al., 2014; Du et al., 2018; Huang et al., 2020), G. barbadense (Liu X. et al., 2015; Yuan et al., 2015; Hu et al., 2019), and G. hirsutum (Li et al., 2015; Zhang T. et al., 2015; Hu et al., 2019; Wang M. et al., 2019; Huang et al., 2020) using next-generation and third generation sequencing technology have provided a solid basis for constructing the genetic map of cotton and understanding further its functional genomics. Benefiting from rapid progress in sequencing and DNA marker technologies, marker-assisted breeding has become one of the most efficient tools to help breeders globally improve agronomic traits and shorten the breeding cycle in multiple key crops. Recently, specific locus-amplified fragment sequencing (SLAF-seq) and genotyping-by-sequencing have merged as efficient tools largely applied to upland cotton for exploring its genotypic variants. SLAF-seq has several distinguishing advantages: (i) deep sequencing to ensure genotyping accuracy; (ii) reduced representation strategy to reduce sequencing costs; and (iii) a double barcode system for large populations (Sun et al., 2013). Many cotton genetic linkage maps have been constructed and quantitative trait loci (QTL) identified using different kinds of populations and DNA markers (Ulloa et al., 2002, 2005; Rong et al., 2004; Chen et al., 2009; Sun et al., 2012; Zhang et al., 2012, 2016; Zhou et al., 2017; Zhang et al., 2020; Hulse-Kemp et al., 2015; Shi et al., 2015; Wang H. et al., 2015; Wang Y. et al., 2015; Yuan et al., 2015; Zhang Z. et al., 2015; Li et al., 2016; Liu et al., 2017; Qi et al., 2017; Chandnani et al., 2018; Diouf et al., 2018; Zou et al., 2018; Wang et al., 2021). Since the fiber quality is a quantitative trait and one controlled by multiple genes, QTLs might cumulatively contribute to its phenotypic variation, which provides a reasonable way to improve fiber quality via marker-assisted selection (MAS) (Paterson et al., 2003; Rong et al., 2004; Zhang et al., 2012; Wang H. et al., 2015; Wang Y. et al., 2015).

Based on an assessment of previous research, fiber development could be classified into four stages: initiation [−3 to 3 days postanthesis (DPA)], elongation (3–23 DPA), secondary wall biosynthesis (20–40 DPA), and maturity (40–50 DPA) (Basra and Malik, 1984; Kim and Triplett, 2001; Lee et al., 2006, 2007; Haigler et al., 2012; Mathangadeera et al., 2020; Patel et al., 2020). Initiation, elongation, and secondary wall biosynthesis stages will determine fiber quality traits, namely fiber length (FL), fiber strength (FS), and fiber micronaire (FM), respectively. Transcriptome sequencing, better known as RNA-Seq, which takes full advantage of gene expression and transcriptional regulation, has proven itself a robust and suitable procedure for analyzing the transcriptome profile during various stages of fiber development (Applequist et al., 2001; Gilbert et al., 2014; Yoo and Wendel, 2014; Islam et al., 2016; Li P.-t. et al., 2017; Li X. et al., 2017; Lu et al., 2017; Zou et al., 2019; Jiang et al., 2021).

The hybrid variety “CCRI70”, a nationally approved variety in China released in 2008, is capable of good yield and has high fiber quality, whose recombinant inbred line (RIL) population consisting of 250 individuals was developed to investigate the source of high-quality related alleles for further upland cotton breeding (Zou et al., 2018; Deng et al., 2019). In this study, the CCRI70 F8:9 RIL population was used to evaluate fiber quality performance in nine environments and to construct a genetic linkage map. The whole-genome-based high-density genetic map contained 24,425 single nucleotide polymorphism (SNP) markers spanning a distance of 4,850.47 cM. Meanwhile, 289 QTLs for the three fiber quality traits and seven QTL clusters were identified. Accompanying the RNA-Seq analysis done for the whole process of fiber development, differentially expressed genes (DEGs) in those obtained QTLs and clusters were also identified, which provides new and timely insights into the genetic basis of fiber development and fiber quality traits.



MATERIALS AND METHODS


Plant Materials

The 250 individual F8:9 RILs were developed from the hybrid cotton variety CCRI70 whose parents are “sGK156” (P1) and “901-001” (P2); this population was developed from 2011 onward at the experimental farm of the Institute of Cotton Research, Chinese Academy of Agricultural Sciences (CAAS), in Anyang, Henan Province. The CCRI70 (F1) was obtained and planted in Sanya, where the F2 seeds were harvested. Shuttle breeding was applied to further develop the population during 2012–2016 between Anyang and Sanya. Full details of the procedure used to generate the RIL populations were reported already (Zou et al., 2018).

In 2017, the RIL population was planted in double-row plots 5-m long, 80 cm apart, and with a 25-cm spacing between adjacent plants. “Lumianyan28” was also planted, as a control, for every 19 RILs at the Anyang experimental station of Institute of Cotton Research of CAAS, in Henan Province. Leaf samples of the RIL population were collected for sequencing. The P1and P2, and the two RILs, MBZ70-053 (L1) and MBZ70-236 (L2), known to differ in their fiber quality performance were designated for RNA sequencing. Concerning the above four types of plant materials, P2 and L1 performed high-fiber quality, and P1 and L2 showed low-fiber quality in terms of their FL and FS. The day of anthesis was marked as 0 DPA, and flowers were marked by hanging labels with the flowering date recorded. Cotton bolls were collected in the morning at 5, 10, 15, 20, 25, and 30 DPA with three biological replicates, with at least five bolls collected in each replicate. The fiber samples were collected using sterilized medical scalpel and tweezers. Then all the samples were frozen in liquid nitrogen and stored at −80°C for RNA-Seq analysis.



Evaluation in Multiple Environments and Phenotypic Data Analysis

The 250 CCRI70 RILs and the two parents were planted in at least two replications in nine environments across 2 years and six locations, including the F5:7 and F5:8 families, reported previously (Zou et al., 2018). In 2015, the RIL population was planted in Anyang of Henan Province (15AY, 36°10′N, 114°35′E), Linqing of Shandong Province (15LQ, 36°68′N, 115°72′E), and Alaer of the Xinjiang Autonomous Region (15ALE, 40°22′N, 80°30′E). In 2016, the population was planted in Anyang (16AY), Linqing (16LQ), Alaer (16ALE), Changde of Hunan Province (16CD, 29°2′N, 111°41′E), Shihezi (16SHZ, 44°27′N, 85°94′E), and Kuerle (16KEL, 41°68′N, 86°06′E) of the Xinjiang Autonomous Region.

Thirty mature, fully opened bolls from every plot were harvested to test their fiber quality (i.e., FL, FS, and FM traits) by using an HVI1000 (Uster Technologies, Switzerland) with the HVICC Calibration at the Cotton Quality Supervision, Inspection, and Testing Center, Ministry of Agriculture, Anyang, China (Zhang Z. et al., 2015). The descriptive statistics of these fiber quality traits were calculated using SPSS 20.0 and Microsoft Excel 2010 software. IciMapping 4.1 was used to analyze the traits’ heritability (Li et al., 2007; Meng et al., 2015).



Recombinant Inbred Line Population Library Construction and Sequencing

Leaf samples of the RIL population were used to extract genomic DNAs; this is done using the TaKaRa MiniBEST Plant Genomic DNA Extraction kit (TaKaRa, Dalian). According to the pilot experiment and the preexperiment in silico simulation, SLAF libraries for 250 RILs were constructed by using two endonucleases in combination, HaeIII and SspI (New England Biolabs, NEB, United States), to digest the genomic DNA (Zhang et al., 2017). The details and procedures of the SLAF-seq strategy are described in Zhang J. et al. (2015). Paired-end (PE) sequencing libraries of the parents with insert sizes ranging from 200 to 500 bp were generated according to the manufacturer’s instructions (Illumina, San Diego, CA, United States). Likewise, following the manufacturer’s recommendations, all PE sequencing (each 125 bp fragment of the 250 RILs and each 150 bp fragment of parents) were conducted on the Illumina Hi-Seq 2500 system (Illumina, San Diego, CA, United States).



Genotyping, Analysis of Single Nucleotide Polymorphism Markers, and Linkage Map Construction

The identification and genotyping of SNP markers were implemented using the procedures of Sun et al. (2013) and Zhang J. et al. (2015). After removing the adapters and filtering out any low quality reads (i.e., quality score < 20e), the reads belonging to each RIL were recognized by their unique duplex barcode sequences (Zhang Z. et al., 2015). The clean data set of the population was then mapped onto the G. hirsutum reference genome (Hu et al., 2019) using BWA software (Li and Durbin, 2009). Reads mapping onto the same position with a more than 95% shared identity were recorded as a single locus. GATK (McKenna et al., 2010) was used to process the bam files, and these were then filtered according to GATK’s recommended parameters. The SNP markers were genotyped under the sequencing depth of parents with more than 10-fold and individuals above 1-fold. Before constructing the genetic linkage map, SNP markers underwent further filtering by removing those markers with no position or at least two positions; those which showed no polymorphism between parents; those that were heterozygous in either parent; and those with a missing rate above 50%, or with segregation distortion having a p-value < 0.001 for the chi-square test (Zhang Z. et al., 2015).

After genotyping and filtering the SNP marker, the genetic linkage map was built using MSTmap software and referring to the reference genome (Hu et al., 2019). To be considered for linkage map construction, markers had to have a LOD (log of odds) threshold between 4 and 20 (Wu et al., 2008). Next, SNP markers in the linkage group from the same chromosome were merged together, and these SNP markers per chromosome were then regulated again by MSTmap.



Quantitative Trait Loci and Quantitative Trait Loci Cluster Identification

The QTLs for the FS, FL, and FM traits in the nine environments were identified using WinQTLCart 2.5 software (Wang et al., 2007) and applying the composite interval mapping (CIM) method (Zeng, 1994). LOD thresholds were determined with 1,000 permutations at a 1-cM walk (p = 0.05) (Churchill and Doerge, 1994), and QTLs designated so that their LOD scores were above the threshold. The additive QTL was named as “q” with the trait name, followed by the corresponding chromosome number and QTL number according to the genetic position. The QTLs that could be detected in no less than three environments were recognized as being stable QTLs (Sun et al., 2012). Places on the genetic map where confidence intervals overlapped stable QTLs for different traits were considered to be QTL clusters (Zhang et al., 2020), in which genome fragments affect more than one trait. Based on the physical position of markers for stable QTLs and QTL clusters, according to their annotation (Hu et al., 2019), those genes located internally were deemed “promising genes” (except the QTLs longer than 10 MB). QTL clusters were visualized using MapChart 2.2.

To compare our stable QTLs with those found in previous studies, the CottonQTLdb database1 was searched for using the physical positions of the border markers of QTLs (Rong et al., 2007; Lacape et al., 2010; Said et al., 2013, 2015; Fang et al., 2014). As we used the newly published reference genome, we mapped our QTL results on the former (Zhang T. et al., 2015) using Bowtie software (Langmead et al., 2009). Locating the physical confidence intervals of previous QTLs based on simple sequence repeat (SSR) markers using CottonFGD database,2 via comparison with the CottonQTLdb database, the former study of CCRI70, the SNP loci of genome-wide association studies (GWASs) (Fang et al., 2017a,b,c; Huang et al., 2017; Ma et al., 2018), and the QTLs with overlapping confidence intervals on the physical map were considered as the same QTL.



Transcriptome Sequencing and RNA-Seq Analysis

Total RNA from each sample was extracted following the manufacturer’s protocol with the RNAprep Pure Plant Kit (Polysaccharides & Polyphenolics-rich, Tiangen, Beijing, China). The quantification and purity of the RNA were respectively assessed by a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, United States) and a NanoPhotometer spectrophotometer (IMPLEN, CA, United States). The RNA integrity was confirmed using the RNA Nano 6000 Assay Kit of the Bioanalyzer 2100 system (Agilent Technologies, CA, United States). Next, according to the manufacturer’s recommendations, 2 μg RNA per sample was used for the transcriptome library construction, implemented with the Illumina TruSeq™ RNA Sample Preparation Kit (Illumina, San Diego, CA, United States). In total, 72 libraries were separately sequenced using Illumina Novaseq 6000 (BerryGenomics Co., Ltd., Beijing, China) for the two RILs and the two parents at six developing stages (5, 10, 15, 20, 25, and 30 DPA) with three biological replicates (4 × 6 × 3 = 72).

Trimmomatic software was then utilized to process all the generated raw data in the Fastq format (Bolger et al., 2014). After removing those reads having the adapter, poly-N (N ≥ 10%), and low-quality reads (more than half of the bases with a Phred quality ≤ 3), the clean data set was finally generated. Meanwhile, the GC percentage and Q30 were calculated to evaluate the quality of the clean data. HISAT2 v2.1.0 (Pertea et al., 2016) under its default parameters was used to carry out the sequence alignments. The fragments per kilobase of exon per million reads (FPKM) values of genes were quantified by StringTie v1.3.5 (Pertea et al., 2015) and these were then subjected to a Pearson correlation analysis to reveal their correlation coefficients. Those samples with a correlation coefficient <0.8 between the biological replicates were removed from the dataset. Bcftools 1.8 and snpEff 5.0, each set to its recommended parameters, were used to respectively identify and annotate the SNPs in the RNA-Seq data (Cingolani et al., 2012).



Analysis of Differentially Expressed Genes and Annotation of Promising Genes

Based on the gene count number of each sample, the DESeq2 package for R was run to identify the DEGs (Love et al., 2014), for which the dual screening criteria were an FDR value < 0.05, and | log2FoldChange| > 1 between each pairwise comparison. The DEGs were obtained from vertical comparisons in the superior trait group (i.e., high fiber quality group, L1 and P2) vis-à-vis the inferior trait group (i.e., low fiber quality group, L2 and P1) at six stages, and also from horizontal comparisons within each group between the different developmental stages.

To predict the gene function and related pathways of the promising genes and DEGs detected during the course of fiber development, the BLASTX program, GO databases, and KAAS3 based on Kyoto Encyclopedia of Genes and Genomes (KEGG) were all employed (Altschul et al., 1990; Wu et al., 2006; Moriya et al., 2007; Xie et al., 2011). To identify the transcription factors of the promising genes, the PlantTFDB4 resource was queried (Jin et al., 2014, 2015, 2016; Tian et al., 2020).



Weighted Gene Co-expression Network Analysis and Hub Genes Identification

A weighted gene co-expression network analysis (WGCNA) was performed and WGCNA R package was used to identify modules and hub (or highly correlated) genes that were strongly associated with the fiber development stages (Langfelder and Horvath, 2008). Those DEGs, with a coefficient (>0.6) within each sample, were subsequently clustered into different modules (Pei et al., 2017). The hub genes were selected according to the module membership (KME) values.




RESULTS


Phenotypic Data Analyses of Fiber Quality Traits

The phenotypic data for the CCRI70 RIL population were selected and evaluated in nine environments during 2015 and 2016 (Figures 1A–C). The range in the difference between the two parents in nine environments for the FS, FL, and FM traits was 0.55–5.25 cN/Tex, 0.05–2.65 mm, and 0–0.8 units, respectively (Supplementary Table 1), with significant differences found for FS and FL. In addition, all three traits for fiber quality had approximately normal distributions whose absolute skewness values did not exceed 0.5, and they were characterized by transgressive segregation with respect to parental performance in all nine environments (Figures 1D–F). L1 and L2 respectively had excellent and poor performance in terms of fiber quality in all nine testing environments (Supplementary Table 1). When calculated and compared across the nine environments, the 15LQ site had the highest heritability (no less than 75% for FS, FL, and FM), whereas 16ALE had the lowest (no more than 60% for FS, FL, and FM), a disparity perhaps arising from environmental factors. Apart from 16ALE, in the eight environments, the heritability for FS, FL, and FM traits were 60.8–80.1%, 65.29–77.6%, and 66.0–78.2%, respectively (Supplementary Table 1). The two-way analysis of variance (ANOVA) revealed highly significant effects of genotype (G), the environment (E), and the interaction between genotype and the environment (G × E) on all three traits. Importantly, genotype explained the most variance while the G × E interaction was responsible for more than 25% of the variation in each of the three traits (Table 1).
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FIGURE 1. The phenotypic data analysis of the parents and two RILs in nine environments. The phenotypic data analysis of the parents and two RILs for (A) fiber strength, (B) fiber length, and (C) micronaire. Normal distribution analysis of (D) fiber strength, (E) fiber length, and (F) micronaire.



TABLE 1. ANOVA for fiber quality traits across multiple environments.
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Analysis of Sequencing Data and Single Nucleotide Polymorphism Markers

After library construction, sequencing, and filtering, 1.1 TB of clean data was obtained, for which the Q30 bases were 94.76% and its mapping ratio was 99.51%. Specifically, 82.01 GB per each parent and 3.72 GB per each RIL were obtained; comparing both to the upland cotton reference genome (2.14 GB), indicating that the sequencing depth of our study was 35.41-fold for each parent and 1.61-fold per progeny, respectively (Supplementary Table 2).

A total of 1,943,288 SNPs were detected in sGK-156 whereas 2,073,924 SNPs were identified in 901-001, whose homozygosity SNP markers amounted to 8,11,619 and 8,82,936, respectively. After filtering these markers, 24,425 SNP markers were retained for the genetic map’s construction.



Construction of the Genetic Map

A genetic map of 24,425 SNP markers and 4850.47 cM total distance over 26 chromosomes was built, having an average marker interval of 0.20 cM, wherein the A subgenome (At) contained 14,220 SNP markers and 2564.93 cM and the D subgenome (Dt) contained 10,205 SNP markers and 2285.54 cM (Figures 2A,B). The longest chromosome was chr06, which harbored 313 SNP markers with a length of 227.05 cM; conversely, the shortest was chr23 with 642 markers and a length of 151.39 cM. Using the Spearman coefficient for estimating the correlation with the physical mapping, except for chr08, the absolute Spearman values were all greater than 0.9 for all other chromosomes (Table 2).
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FIGURE 2. Detailed information about the genetic map. (A) The distribution of SLAF-SNP markers in the genetic map. (B) Collinearity analysis of markers between the physical map and genetic map.



TABLE 2. Detailed information on the linkage map for the CCRI70 population.
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Quantitative Trait Loci and Quantitative Trait Loci Cluster Identification

Based on the high-density linkage map and phenotype data for the nine environments, 289 QTLs for fiber quality traits were detected on the whole genome. Specifically, 36 of them were stable QTLs, of which 15 were located on At and another 21 were detected on Dt. The stable QTLs were mainly distributed on chromosomes 6, 10, 14, 16, 18, 24, and 25 (Supplementary Tables 3–5). Concerning the sign of QTL’s additive effect, a positive additive effect meant the high-quality related alleles originated from sGK-156, whereas negative meant the alleles were from 901-001.

There were 108 QTLs detected for FS, 17 of them (At was five and Dt was 12) were stable QTLs and mainly distributed on chromosomes 6, 14, 16, 18, and 24 (Figures 3A,D). Twelve of the 17 QTLs had negative additive effects, where the sGK156 alleles reduced the FS. In at least five environments, qFS-chr18-1, qFS-chr16-4, and qFS-chr10-6 could be detected with negative additive effects.
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FIGURE 3. Detailed information about the QTLs. Total QTLs and stable QTLs of (A) fiber strength, (B) fiber length, and (C) micronaire distribution on the 26 chromosomes. (D) Fiber strength stable QTLs distribution on the 11 chromosomes. In (E) chr10 and (F) chr24, the FS and FL stable QTLs distribution in present and previous works.


Ninety-six QTLs were detected for FL, of which 11 (At had seven and Dt had four) were stable QTLs and mainly distributed on chromosome 5, 6, 10, 14, 24, and 25 (Figure 3B). Eight of the 11 QTLs had negative effects, where sGK156 alleles decreased the FL. qFL-chr05-2, qFL-chr10-6, and qFL-chr24-1 could be detected in at least four environments with positive additive effects. Likewise, qFL-chr05-3, qFL-chr10-5, and qFL-chr25-2 were detectable in four environments, albeit with negative additive effects.

In addition, 85 QTLs were identified for FM, among which eight (At had three and Dt had five) were stable QTLs (Figure 3C) and distributed on chromosome 2, 3, 8, 17, 18, 21, 22, and 25. Six of the eight QTLs had positive additive effects, whereby sGK156 increased the FM. In six environments, qFM-chr03-2 could be detected with negative additive effects, whereas qFM-chr08-3 and qFM-chr22-1 were detectable in four environments with positive additive effects.

According to the overlapping of confidence intervals of stable QTLs for the different traits, seven QTL clusters (qCl-chr07-1, qCl-chr10-1, qCl-chr14-1, qCl-chr16-1, qCl-chr17-1, qCl-chr24-1, qCl-chr25-1) were identified on seven chromosomes (7, 10, 14, 16, 17, 24 and 25) (Supplementary Table 6), of which two were positioned on At and another five on Dt. In five QTL clusters (qCl-chr07-1, qCl-chr10-1, qCl-chr14-1, qCl-chr16-1, qCl-chr24-1), the QTLs for FS and FL traits shared the same direction of additive effects. Besides, additive effects from qCl-chr17-1 were in opposing directions for FS and FM, and likewise for qCl-chr25-1 with respect to the FL and FM traits. These results suggested that the clusters could improve FS and FL simultaneously yet decrease the FM.

Comparing these stable QTLs with earlier published work for CCRI70 (Zou et al., 2018) and other research, 18 stable QTLs in the current study were novel and another 18 were either the same or shared overlapping physical confidence intervals with some in previous studies. Of these, 11 QTLs were matched those in the cotton QTL database, one was the same as found in the other CCRI70 study, two more partially overlapped with those reported in Zhang et al. (2020), and four more shared some overlap with previous GWAS results (Supplementary Table 7 and Figures 3E,F).



Transcriptome Sequencing Analysis and Differentially Expressed Genes Identification

To reveal the patterns of gene expression during fiber developmental stages, transcriptome sequencing was conducted using fibers sampled at 5, 10, 15, 20, 25, and 30 DPA (Supplementary Table 8). As a result, 2,760.21 million clean reads were obtained. The raw data have been submitted to the National Genomics Data Center (accession numbers CRA002982 and CRA004731). The average number of clean reads, GC content, and Q30 value were, respectively, 38.34 million, 44.92%, and 94.93% for each sample, implying that the quality of the RNA-Seq data was reliable. After filtering out four low-correlation samples, the FPKM values were calculated for the biological replicates, and their percentages in the categories of 0.5 ≤ FPKM < 5, 5 ≤ FPKM ≤ 100, and FPKM > 100, respectively were 23.50, 12.24, and 0.78% on average (Figure 4A). Overall, 3,44,844 genetic variants were obtained on the 26 chromosomes referring to TM-1 when using the SNPEff program. As a result, 1,32,691; 1,85,414; 92,620; and 63,865 variants were detected in the 5’ UTR, 3’ UTR, exon and intron regions, respectively, where 52,097 were missense variants (Supplementary Table 9). Furthermore, via vertical comparisons, 238/110, 118/217, 469/638, 185/535, 677/2474, and 98/203 up-/downregulated DEGs relative to the inferior group for fiber traits were identified (Figure 4B). Meanwhile, in the horizontal comparisons, 24,266 unique DEGs were distinguished between different developmental stages, with 24,941 unique DEGs obtained overall. At the six developmental time points, four genes (GH_A01G0307, GH_D02G0703, GH_D03G0833, and GH_D05G1628) were significantly differentially expressed between two groups among all six stages. Meanwhile, 13 and 16 genes were expressed differently in five and four stages, respectively (Figure 4C). Detailed information for the FPKM of DEGs at different developmental stages, including their log2FoldChangeand FDR values, whether they were up- or downregulated, and also their respective annotations can be found in Supplementary Table 10.
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FIGURE 4. RNA-seq analysis statistics. (A) Statistics for transcript levels of each sample at each development stage, the numbers of expressed genes were divided by 0.5 < FPKM < 5, 5 < FPKM < 100, and FPKM > 100; (B) vertical and horizontal comparisons between different groups (elite group relative to the poor group) and stages; (C) the upset diagram showed the same and different DEGs identified at six developmental stages.




Weighted Gene Co-expression Network Analysis and Hub Genes Identification

Weighted gene co-expression network analysis was performed using 5,378 DEGs identified via the vertical comparisons. The topology overlap matrix was built with the hierarchical clustering method, and the dynamic tree cut modules, in which the modules shared high correlation (Supplementary Figure 1A). After merging the analogous expression patterns, 11 modules were finally identified (Supplementary Figure 1B). Among these, two modules (blue and brown) were specifically associated with high-quality groups at 5 and 25 DPA, when the fiber was respectively in the elongation and secondary wall biosynthesis stages. The pink module was specifically associated with low-quality groups at 30 DPA.

In the WGCNA, KME is a value that describes the eigengene connectivity. In this study, 22 hub genes were obtained with the KME values >0.94 (Supplementary Table 11). In the brown module, which was strongly associated with the high-quality group during fiber elongation, the hub genes were annotated as a disproportionating enzyme, CP12 domain-containing protein 3, cell elongation protein/DWARF1/DIMINUTO (DIM), 2-cysteine peroxiredoxin B, glyoxalase 2-4, nuclear-encoded CLP protease P7, and glucose-6-phosphate/phosphate translocator-related. GH_D13G0256 was annotated as DRF1 in Arabidopsis thaliana. It is involved in brassinosteroid biosynthesis, converting 24-methylenecholesterol to campesterol (Du and Poovaiah, 2005). Accordingly, DRF1 loss-of-function mutants showed typical BR-deficient phenotypes, whereas DWF1 overexpression enhanced growth and development in A. thaliana (Youn et al., 2018). In upland cotton, brassinosteroid was reported to play a significant role in fiber elongation as well (Yang et al., 2014; Tian and Zhang, 2021). In the blue module, the hub genes strongly associated with the high-quality group during secondary wall biosynthesis were annotated as B12D protein, sucrose-6F-phosphate phosphohydrolase family protein, calmodulin-domain protein kinase 9, RNA polymerase Rpb6, shaggy-like protein kinase 41, FK506-binding-like protein, staurosporin, and temperature-sensitive 3-like b and small ubiquitin-like modifier 1. Both GH_A07G0466 and GH_D07G0468 were identified as B12D proteins and separately distributed on At and Dt subgenomes. Similarly, GH_A12G0434 and GH_D12G0446 were annotated as shaggy-like protein kinase 41 and distributed on chromosomes A12 and D12, respectively.



Identification of Promising Gene and Their Annotation

From the 36 stable QTLs, 1,476 promising genes were distinguished from 29 QTLs, whereas no genes were identified from the three QTLs (i.e., qFS-chr07-2, qFL-chr05-3, and qFM-chr25-1), with the narrow confidence intervals, and another four QTLs (qFS-chr14-3, qFL-chr07-3, qFL-chr25-2, and qFM-chr08-3) more than 20 MB in size on the physical map. Among those 1,476 unique promising genes, 1,005 of them were for the FS trait, 412 were for the FL trait, and 241 were for the FM trait (Supplementary Table 12). Among the stable QTLs, qFS-chr17-2 harbored the most promising genes, 237, and six QTLs (qFM-chr02-1, qFM-chr22-1, qFS-chr25-10, qFS-chr16-6, qFS-chr06-3, and qFL-chr24-1) contained no more than 20 such genes. The qFS-chr18-1 and qFL-chr24-1, which could be detected in most environments, contained 77 and 20 promising genes, respectively. Among the seven QTL clusters where 182 promising genes were identified, qCl-chr10-1 had the most genes, with 54, whereas two clusters (qCl-chr17-1 and qCl-chr24-1) had less than 20 each (Supplementary Figure 2).

The 1,476 promising genes were annotated with 4,109 GO terms. To the categories of biological process, cellular component, and molecular function belonged 2,602; 525; and 982 GO terms, respectively. In the three categories, 157, 82, and 87 genes were respectively enriched in terms of “regulation of transcription, “DNA-templated”, “cell wall”, and “sequence-specific DNA binding” (Supplementary Table 13).

Of the 1,476 promising genes, 834 were expressed (FPKM > 0.5), of which 246 were highly expressed (i.e., FPKM > 10). Comparing these promising genes with DEGs found revealed that 473 were expressed differentially during the process of fiber development, consisting of 320, 120, and 83 DEGs for FS, FL, and FM, respectively (Supplementary Table 9). Applying the KAAS for their pathway enrichment analysis, 473 differentially expressed promising genes were enriched in 130 pathways, these mainly for glycolysis/gluconeogenesis, protein processing in endoplasmic reticulum, amino sugar and nucleotide sugar metabolism, endocytosis, cysteine and methionine metabolism, pyruvate metabolism, phenylpropanoid biosynthesis, and plant-pathogen interaction pathway (Supplementary Table 13).




DISCUSSION


Genetic Map Construction

When deriving a genetic map, it has often been constructed with restriction fragment length polymorphism (RFLP) markers, SSR markers, and SNP markers with gene chip and sequencing technologies (Ulloa et al., 2002, 2005; Rong et al., 2004; Chen et al., 2009; Sun et al., 2012; Wang P. et al., 2012; Zhang et al., 2012, 2016; Zhou et al., 2017; Zhang et al., 2020; Hulse-Kemp et al., 2015; Shi et al., 2015; Wang H. et al., 2015; Wang Y. et al., 2015; Yuan et al., 2015; Zhang Z. et al., 2015; Li et al., 2016; Liu et al., 2017; Qi et al., 2017; Chandnani et al., 2018; Diouf et al., 2018; Tan et al., 2018; Zou et al., 2018; Shi et al., 2020; Wang et al., 2021). The SNP marker development from next generation sequencing technology and genotyping with a reference genome provides a high-density molecular marker and unprecedented accuracy. In this study, a high-density genetic map containing 24,425 SNP markers and spanning a genetic distance of 4850.47 cM was constructed, wherein the high-density markers almost covered the entire genome of upland cotton. There were 75 just gaps (>5 cM) on the 26 chromosomes, and 38 of them were on chr02, chr07, chr21, and chr22, these being the chromosomes with the four fewest markers. In future work, we will consider increasing the marker density of these four chromosomes. Nonetheless, this genetic map provides a valuable new tool for studying QTLs and potential candidate gene identification and also informing cotton molecular breeding programs of upland cotton.



Important Stable Quantitative Trait Loci Provided a Reference for Marker-Assisted Selection

Fiber quality traits are quantitative plant traits that are sensitive to the environment and other factors; so detecting QTLs in multiple environments was necessary to be done here, especially as it could improve accuracy. Some QTLs could be detected only in specific environments, whereas others that may be detected in multiple environments and across generations are considered as stable QTLs. In our study, the planting locations’ selection in experimental design took into account both geographic and temporal replicates. For example, Anyang and Linqing are located in the Yellow River basin while Alaer, Kuerle, and Shihezi are in the Xinjiang Autonomous Region. Meanwhile, Alaer, Anyang, and Linqing had been arranged for 2 years. It was our goal to detect the stable QTLs of upland cotton across multiple environments. Notably, of the36 stable QTLs, qFL-chr11-2 and qFM-chr02-1 were specifically detected in the Yellow River basin, whereas qFM-chr17-2 was only identified in the Xinjiang Autonomous Region, and hence it might be environment-specific QTLs. Meanwhile, the fact that qFS-chr18-1, qFL-chr24-1, and qFM-chr03-2 were detected in at least six environments is strong evidence suggesting that genetic factors may play a dominant role in fiber quality traits.

Among the 36 stable QTLs found in this study, 18 had been identified before (eight for FS, six for FL, and four for FM), but the other 18 were novel (nine for FS, five for FL, and four for FM). Together, they provide a sound basis for further functional characterization and upland cotton marker-assisted breeding programs. Our work differs from previous research, in that the CCRI70 RIL population is a breeding population developed from two upland cotton cultivars, which themselves are breeding material rather than germplasm material. Moreover, CCRI70 (F1) was the first nationally approved hybrid cotton capable of a high yield of superior fiber quality. The goal of this study was to detect QTLs and identify promising genes related to key fiber quality traits, which could be used to reveal the parental source of fiber quality related alleles. Compared with previous QTL studies of fiber quality, few fiber quality related QTLs, especially FS-related QTLs, were identified on chr18 (D13) (Diouf et al., 2018; Gu et al., 2020; Wang et al., 2020; Zhang et al., 2020). However, we detected two stable QTLs related with FS and one related with FM on that chromosome, and the qFS-chr18-1 was detected in eight of the nine testing environments. Next, focusing on the novel QTLs, we combined DNA sequencing and RNA-Seq data to explore the molecular mechanisms of fiber quality traits and genetic variants’ distribution in the QTLs among the high- and low-fiber quality group. In qFS-chr18-4 (Figure 5A), 901-001 increased the FS, for which 19 SNPs were identified from DNA sequencing data and 10 were detected from RNA-Seq data, which performed differently between the two groups. The 10 SNPs were located in the mRNA of five promising genes (Figure 5B); four led to missense variants and six were detectable on the 5’/3’ UTR. Besides, the high- and low-fiber quality groups we studied had some differences and also same genotypes with TM-1 (Hu et al., 2019), which suggests the variants could increase FS. By scanning the SNPs in the natural population (Zhang et al., 2020) and reanalyzing the genotypic data using the newest reference genome (Hu et al., 2019) for marker D13_56413025, the phenotypes of the materials having the same and different allele with 901-001 showed significant differences at 16ALE and 17KEL environments, with p-values < 0.05. In 16ALE, the FS phenotypes of materials with T spanned 25.60-31.70 cN/tex with an average of 29.48 cN/tex, while the phenotypes with C were 22.70–32.80 cN/tex with an average of 26.08 cN/tex. Meanwhile, in 17KEL, the range of the holding T allele was 27.20–37.00 cN/tex, averaging 31.28 cN/tex, whereas the range of C allele was 24.50–33.60 cN/tex with an average of 27.86 cN/tex. The FS increased from 3.40 to 3.41 cN/tex (Figure 5C). The marker D13_56413025 also led to missense variant in the highly expressed promising gene GH_D13G1887 (FPKM > 10), making it worthy of further study and providing information to better understand the underlying genetic mechanisms, as well as a reference for improving the upland cotton fiber quality.
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FIGURE 5. Detailed genetic variants distribution in qFS-18-4. (A) The distribution of qFS-18-4 in chr18. (B) Ten different SNPs between high- and low-group distributed in the QTL. The SNP leading to missense variants were marked as red triangle, whereas the variants located on UTR were marked as a blue triangle. Marker GH_D13G1855 was marked in red. (C) In marker D13_56413025, the phenotypes of the materials having T and C showed significant differences (p < 0.05) in 16ALE and 17KEL.




Significant Promising Genes Reveal Key Pathways Involved in Fiber Strength

The promising genes identification was confirmed by the CI of stable QTLs, whose dynamics of expression are of significance for functional characterization. We identified 24,941 unique DEGs through the comparative transcriptome analysis (Supplementary Table 8) and 1,476 promising genes were detected in stable QTLs (Supplementary Table 9). A total of 473 of them expressed differentially during fiber development and were enriched in 130 pathways according to their KEGG analysis (Supplementary Table 12). These promising genes were all highly expressed DEGs (FPKM > 10) and enriched in critical pathways, as expected of significant promising genes. It is the primary and secondary cell wall deposition that determines the final FS trait (Pang et al., 2010). In our study, 10 significant promising genes enriched in the biological processes of pectin synthesis, phenylpropanoid biosynthesis, plant hormone signaling pathways, and transcription factors had an impact on FS and might regulate the process of fiber development in upland cotton (Supplementary Figure 3).

Three promising genes (GH_A06G0729, GH_D02G0231, GH_D11G1746) were enriched in the amino sugar and nucleotide sugar metabolism pathway. Among them, GH_D02G0231 was located in qFS-chr14-1 and identified as UDP-D-glucuronate 4-epimerase 6 (GAE6). UDP-d-galacturonate is necessary for pectin’s synthesis, in that the latter is synthesized from UDP-d-glucuronate by GAE6 (Usadel et al., 2004). Furthermore, GAE6 was found involved in both cotton fiber and Arabidopsis root hair growth (Pang et al., 2010). Another five promising genes (GH_A06G0665, GH_D10G2039, GH_D13G2625, GH_D13G1855, and GH_D13G2599) were enriched in the phenylpropanoid biosynthesis pathway and annotated as aldehyde dehydrogenase 2C4, CINNAMATE 4-HYDROXYLASE (C4H), O-METHYLTRANSFERASE 1 (OMT1), and AMP-dependent synthetase and ligase family protein. Interestingly, GH_D10G2039, GH_D13G2625, and GH_D13G1855 each exhibited high expression levels during fiber developmental stages and were identified in qFS-chr20-1, qFS-chr18-1, and qFS-chr18-4, respectively. All currently known building blocks of the lignin polymer are produced by, or derived from the general phenylpropanoid pathway (Barros et al., 2016; Zhou et al., 2017; Vanholme et al., 2019), which suggests that OMT1 and C4H play key functions in the pathway and influence FS (Guo et al., 2001; Schilmiller et al., 2009; Sadeghi et al., 2013; Vanholme et al., 2013; Sundin et al., 2014; Ho-Yue-Kuang et al., 2016). In addition, one missense variant and one upstream gene variant were detected here in GH_D13G2625 and GH_D13G1855 between the high- and low-quality groups. Six promising genes (GH_A06G0641, GH_D07G1483, GH_D07G1512, GH_D08G0287, GH_D13G2571, GH_D13G2572) were enriched in the plant hormone signal transduction pathway. GH_D07G1483 was enriched into auxin-signaling pathway as AUXIN RESPONSE FACTOR 18 (ARF18) and located in qCl-chr16-1, a genome region that influences both the FS and FL of upland cotton. Through phylogenetic analysis, ARF18 was classified into the class containing ARF1, ARF2, ARF9, and ARF11 (Okushima et al., 2005), all of which function as transcription repressors (Ulmasov et al., 1997). In Brassica napus L, ARF18 regulates cell growth in the silique wall and determines the seed weight (Liu J. et al., 2015). GH_D13G2571 was identified in qFS-chr18-1 and annotated as a transcription factor (TF) ETHYLENE INSENSITIVE 3 (EIN3), which is considered the key transcriptional regulator of the ethylene response in plants (Dolgikh et al., 2019) and accordingly has the most prominent role in ethylene signaling (Alonso et al., 2003; Binder et al., 2007; Binder, 2020). Meanwhile, GH_D07G1512, located in both qFL-chr16-3 and qFS-chr16-4, was annotated as JASMONATE RESISTANT1 (JAR1), which could activate JA signaling (Meesters et al., 2014). GH_D13G2571 and GH_D07G1512 were enriched in the ethylene signaling and jasmonic acid (JA) signaling pathways, respectively. EIN3 could regulate ETHYLENE RESPONSE FACTOR 1 (ERF1), and GbERF1-like reportedly activates the JA/ET signaling pathway and lignin synthesis (Guo et al., 2016). In addition, they reached their peak expression levels at 25 DPA, when the fiber cell was in the secondary wall biosynthesis stage, thus suggesting that they regulate the ethylene and jasmonic acid pathways and thus affect FS. Further, there were three missense variants and two synonymous variants identified in GH_D13G2571 between the high- and low-quality groups, a finding that merits further investigation. Besides, another three transcription factors were identified, which might regulate fiber cell development and affect FS. GH_D06G0054 was annotated here as transcription factor bZIP44. It has been reported that AtbZIP44 TF could positively regulate AtMAN7 expression and influence not only the loosening of the cell wall in the micropylar endosperm upon germination but could also be involved in the elongation of radicle cells (Iglesias-Fernández et al., 2013). GH_A06G0641 was annotated as DELLA family member GIBBERELLIC ACID INSENSITIVE (GAI), whose mutants were shown to reduce GA responses. GAI is involved in regulating stem elongation via the GA signaling pathway (Peng et al., 1997; Tan et al., 2019), which also plays a crucial role in trichome development (Wang Z. et al., 2019). GH_D01G2072 was identified as TEOSINTE BRANCHED1, CYCLOIDEA, PCF8 (TCP8) belonging to the TCP family class I group (Cubas et al., 2001), for which gene redundancy is a common feature. The TCP family class I group was shown to be involved in regulating leaf development (Aguilar Martinez and Sinha, 2013). Both TCP8 and TCP15, other members of this member of the family class I group, could regulate filament elongation (Gastaldi et al., 2020). Moreover, GhTCP14, a class I member in upland cotton, was also identified as producing higher transcripts during fiber initiation and elongation in G. hirsutum, which enhanced the abundance of trichomes on the stem, inflorescence, and root parts (Wang et al., 2013; Wang Z. et al., 2019). To sum up, within the stable QTLs, it was the 10 significant promising genes related to pectin synthesis, phenylpropanoid biosynthesis, plant hormone signaling pathways as well as some transcription factors that played vital roles in determining the FS trait of upland cotton.




CONCLUSION

To investigate the parental source of high-quality related alleles, we constructed a genetic map of the hybrid CCRI70 RIL population by using SLAF-seq, this containing 24,425 SNP markers spanning a distance of 4850.47 cM. To detect stable QTL across multiple environments, we evaluated three key fiber quality traits in nine environments at six locations in 2015 and 2016. This revealed 289 QTLs, 36 of these were stable QTLs (17 for FS, 11 for FL, and eight for FM), of which 15 were located on At and another 21 detected on Dt. Comparing the stable QTLs with those in previous studies, 18 were already known (eight for FS, six for FL, and four for FM) yet the other 18 were novel (nine for FS, five for FL, and four for FM); they provide a robust basis for understanding the distribution and the sources of high fiber quality-related alleles in cotton plants. Notably, qFS-chr18-4 and marker D13_56413025 could serve as important references for upland cotton maker-assisted selection breeding. Transcriptome sequencing for 72 libraries of the two parents and two RILs during fiber development with three biological repeats was performed, this aiming to understand the potential candidate genes expression patterns and DEGs (differentially expressed genes) in superior and inferior fiber quality groups during the process of fiber development. Based on this transcriptome analysis, 24,941 unique DEGs were identified via vertical and horizontal comparisons, from which 473 of the 1,476 promising genes were identified as DEGs during fiber development. Among 320 differentially expressed promising genes for FS, 10 significant promising genes with high expression levels were enriched in the pathways of pectin synthesis, phenylpropanoid biosynthesis, and plant hormone signaling; these, as well as several others, annotated as transcription factors may jointly impact FS and regulate fiber development. Altogether, our results provide a fresh basis for improving cotton fiber quality via marker-assisted breeding that could benefit the textile industry.
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Supplementary Figure 2 | Heatmap of expression in QTL clusters. (A) qCl-chr10-1, (B) qCl-chr14-1, (C) qCl-chr16-1, (D) qCl-chr17-1, and (E) qCl-chr24-1 distribution and heatmaps of potential candidate genes expression [log2(FPKM + 1)].

Supplementary Figure 3 | Dynamics of 10 significant promising genes’ expression. Expression dynamics of GH_D02G0231 (A), GH_D10G2039 (B), GH_D13G2625 (C), GH_D13G1855 (D), GH_D07G1483 (E), GH_D13G2571 (F), GH_D07G1512 (G), GH_D06G0054 (H), GH_A06G0641 (I), and GH_D01G2072 (J) in fiber developmental stages.
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Cultivated cottons are the most important economic crop, which produce natural fiber for the textile industry. In recent years, the genetic basis of several essential traits for cultivated cottons has been gradually elucidated by decoding their genomic variations. Although an abundance of resequencing data is available in public, there is still a lack of a comprehensive tool to exhibit the results of genomic variations and genome-wide association study (GWAS). To assist cotton researchers in utilizing these data efficiently and conveniently, we constructed the cotton genomic variation database (CottonGVD; http://120.78.174.209/ or http://db.cngb.org/cottonGVD). This database contains the published genomic information of three cultivated cotton species, the corresponding population variations (SNP and InDel markers), and the visualized results of GWAS for major traits. Various built-in genomic tools help users retrieve, browse, and query the variations conveniently. The database also provides interactive maps (e.g., Manhattan map, scatter plot, heatmap, and linkage disequilibrium block) to exhibit GWAS and expression GWAS results. Cotton researchers could easily focus on phenotype-associated loci visualization, and they are interested in and screen for candidate genes. Moreover, CottonGVD will continue to update by adding more data and functions.
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INTRODUCTION

The cotton genus (Gossypium) contains four major cultivated species: two diploids, such as G. herbaceum (A1) and G. arboreum (A2), and two tetraploids, such as G. hirsutum [(AD)1] and G. barbadense [(AD)2]. Cotton fiber is not only the most important natural textile materials but also the ideal model for studying the mechanism of single-cell elongation, which has been widely concerned by both cotton breeders and plant biologists. Understanding the genomic basis of phenotypic variations of cotton is essential for guiding molecular breeding practice. In the last 10 years, cultivated tetraploid cotton genomes have been assembled by both Illumina short-read (Li et al., 2014; Liu et al., 2015; Yuan et al., 2015; Zhang et al., 2015) and PacBio long-read sequencing technology (Wang M. et al., 2019; Yang et al., 2019; Chen et al., 2020; Huang et al., 2020; Ma et al., 2021). Based on these reference genomes, researchers exhibited the landscape of genomic variation during domestication of cultivated tetraploid cottons (Yuan et al., 2021) and discovered the population differentiation within cultivated upland cotton (He et al., 2019, 2020; Dai et al., 2020). By integrating the large-scale multienvironmental trait surveys and high-density SNP markers, researchers have identified an abundance of trait-associated genomic regions (Fang et al., 2017a,b; Sun et al., 2017; Wang et al., 2017; Du et al., 2018; Ma et al., 2018; Nie et al., 2020; He et al., 2021; Yu et al., 2021). Integration and utilization of these data could accelerate functional gene cloning and molecular marker designation for targeting genetic improvement of cotton cultivars.

As mentioned earlier, the vast amount of cotton genome variation data sets have been generated by the next-generation sequencing (NGS) technology and stored in the public database. With the availability of large data, a major obstacle appears, that is, how to effectively integrate and share them with the data of cotton molecular breeding team to speed up the cotton breeding. It is also very difficult to identify key SNPs and polymorphic sites from large-scale NGS data sets, which requires a lot of computing resources. Therefore, the current SNP and InDel data sets are not user-friendly. Among other species, several genomic variation databases have been developed, including RiceVatMap for rice (Zhao et al., 2015), SorGSD for sorghum (Luo et al., 2016), PeachVar-DB for peach (Cirilli et al., 2018), CitGVD for citrus (Li et al., 2020), ZEAMAP for maize (Gui et al., 2020), and BnaGVD for rapeseed (Yan et al., 2021). Here, we set up a comprehensive cotton genomic variation database (CottonGVD).

For cotton, several cotton databases have been released previously. Cottongen1 is a comprehensively cotton database that integrated extensive data, including genomes, genetic maps, molecular markers, and phenotypes (Yu et al., 2014). ccNET2 provides the genome-scale co-expression networks with functional modules for G. arboreum and G. hirsutum genes (You et al., 2017). CottonFGD3 is a database that mainly focuses on collecting the genome information (Zhu et al., 2017), and COTTONOMICS4 is a comparative genomics platform and variation database for the tetraploid cotton genus. GRAND5 is also a comparative genomics platform for Gossypium spp. However, all these databases lack modules to exhibit genome-wide association study (GWAS) results that can show the phenotypic traits (various types) of multiple populations of different cotton species. In this study, we constructed CottonGVD (cotton genomic variation database6); the first cotton database specifically focuses on trait-associated loci visualization. This interface-friendly website could facilitate researchers in searching for the details of their interested genomic variations on the cotton genome.



DATA COLLECTION AND PROCESSING


Germplasm Populations and Data Sources

In this version of database (version 1.0), we provided five germplasm populations selected from the whole germplasm collection of the National Medium-Term Gene Bank of Cotton in China (n = 11,000) (Figure 1). G. arboreum is an ancient diploid cultivated cotton that has been obsoleted in most of the cotton-producing regions worldwide. G. barbadense is one of the two tetraploid species with high-fiber quality but lower yield, which are grown in a limited region due to its sensitivity to photoperiod and frost. Two populations containing 215 and 365 diverse G. arboreum (cottonA2.215) (Du et al., 2018) and G. barbadense (cottonAD2.365) (unpublished data) accessions were selected as core collections, respectively. G. hirsutum (Upland cotton) is the most important cultivated tetraploid cotton, which produces more than 97% natural fiber in the modern world. As G. hirsutum contains the most abundant accessions in the genebank (n = 10,280), we totally selected three populations (i.e., cottonAD1.419, cottonAD1.1245, and cottonAD1.383) to represent these species from published projects (e.g., PRJNA399050, PRJNA349094, and PRJNA605345) (Ma et al., 2018; He et al., 2021; Figure 1).
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FIGURE 1. Sources of natural populations of three different cotton species selected.




Data Sources and Processing

The raw bioinformatic sources of the initial version (version 1.0) included high-quality (PacBio-read assembles) genomes for three major cultivated cotton species7, including G. arboreum (A2_CRI), G. hirsutum (Gh_CRI v1), and G. barbadense (Gb_HAU.2). Variants (SNPs and InDels) and GWAS results obtained from the earlier five resequencing projects were launched in this database version. We also collected the population RNA-seq data (the ovule of 5-day post-anthesis) from cottonAD1.383 (PRJNA776409). And the available RNA-Seq data published along with reference genomes (PRJNA494275, PRJNA507565, and PRJNA490626) were also collected (Renny-Byfield et al., 2014; Cheng et al., 2019; Hu et al., 2019; Wang K. et al., 2019). Processed raw data were applied for variation calling and GWAS visualization via the in-house pipeline (Figure 2).
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FIGURE 2. Data sources and pipelines to construct cotton genomic variation database (CottonGVD).




Phenotypic Data Collection

All phenotypic information was collected from published references (our lab and collaborators) (Du et al., 2018; Ma et al., 2018; He et al., 2021) and unpublished studies. The ecological environment of data collection has been recorded in published literature. For cottonAD1.383 and cottonAD2.365 population, all accessions were planted in three locations, including Akesu (41.15°N, 80.29°E, Xinjiang Uygur Autonomous Region, China), Sanya (18.14°N, 109.31°E, Hainan China), and Anyang (36.08°N, 114.48°E, Henan China), with three replicates in each location. As for the location of Xinjiang, some ecological environment settings are also divided into two regions, Shihezi (44.40°N, 86.16°E), on behalf of the northern Xinjiang region. Another location in Xinjiang, Aral (40.61°N, 81.33°E), was selected to represent southern Xinjiang region. All the yield-, fiber- quality-, and maturity-related traits were investigated in two locations for 3 years.




DATABASE IMPLEMENTATION

All data in CottonGVD is stored and managed in PostgreSQL (version 12.0). The web interface is implemented with HTML5 and JavaScript (version 7.0.12), and JavaScript is also used for data visualization. The service of CottonGVD is deployed on the Apache Web server running ubuntu server 20.04. Data analysis mainly uses Python scripts.



DATABASE CONTENT AND FEATURES


Overview Structures of CottonGVD Database

CottonGVD is a user-friendly variation database of cotton (Gossypium spp.). The web interface of the database is designed to comprise the following seven components: Home, Species, Search, Toolbox, Help, Login, and Register. Among them, there are many shortcut tools in the “Toolbox” and “Help” drop-down menus to facilitate various needs of users. The multiomics data in CottonGVD are divided into four categories, involving the main content modules of genome, variation, genetics, and population diversity. Each functional module in CottonGVD has its own page, and functions are linked through the gene ID relationship.



Data Mining and Discovery

Current CottonGVD includes four modules: (1) genomics, (2) variations, (3) genetics, and (4) diversity (Figure 3).
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FIGURE 3. A screenshot of the CottonGVD home page.


The “Genomics” module collected the genome assemblies and annotations of three cultivated cotton species (Figure 4). Users can locate the genomic position of any targeted DNA, mRNA, and protein sequence by using the “Search Feature” toolbox (Figure 4A). In addition, we provide the locations of SSR markers in Gh_CRI v1 genome in the “Search SSR Markers” toolbox, which is convenient for researchers to locate SSR markers in the newly assembled genome (Figure 4B).
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FIGURE 4. The “Genomics” module providing the summary of Gossypium genomes and the detailed annotation information of three species. (A) Search features. (B) Search SSR marker.


The “Variations” module shows all identified polymorphic SNPs and InDels from resequencing projects. Users could search variations in the corresponding population by data type (InDel/SNP), genomic location, and allele frequency. In this interface, users could also obtain the genotypes of any selected accessions by adjusting tracks in JBrowse (Figure 5).
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FIGURE 5. The “Variations” module providing the SNP and InDel data of five natural populations of different cotton species and genome browser tool.


The “Genetics” module presents the detailed GWAS result information of five cotton germplasm populations (Figure 6). By using the “search GWAS” toolbox, users could find trait-associated loci visualization by trait name, variation ID, chromosome region, or significant p-value. Users could access an interactive genome-wide Manhattan plot when they selected the “GWAS Single” toolbox (Figure 6A). By navigating a specific genomic region (usually the region of strongest signal), users could obtain the local Manhattan plot and select any SNP as a reference to calculate nearby linkage disequilibrium (LD) status. The “GWAS Multi” tool was designed to compare GWAS signals between two or more traits, with colors representing different traits (Figure 6B). These two tools provide a lightweight browser for genome indicating gene models in the current region. The genes included in the significance region are also interactive and linked to other relevant information, such as gene annotation and expression GWAS (eGWAS) results (if any). Each element of the graph is interactive and links to other relevant information. eGWAS mapping is an effective method to detect gene expression variation. Based on G. hirsutum annotations, we collected eGWAS signals with gene expression patterns [-log10 (p-value) > 7] of 5 DPA ovules of cottonAD1.383 population. Expression patterns of genes can be visualized through heatmaps via querying the “Population Gene Expression” button (Figure 6C). We also provide a tabular tool to search and screen eGWAS signals by gene ID, gene location, distance from transcription start site, effect size, and significance value. The visualization tool could also exhibit the significant variations (detected by eGWAS) that affect the selected genes and interactively display the significance value, effect size, and pairwise LD information (Figure 6D).
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FIGURE 6. Schematic diagram of the “Genetics” module, including “GWAS-Single” (A), “GWAS-Multi” (B), “Population Gene Expression” (C), and “eGWAS Browser” tools (D).


The “Diversity” module provides an interactive interface to exhibit the genetic diversity [principal component analysis (PCA) scatterplot] and population structure (stacked bars) of 3,248 sequenced tetraploid cottons which covered nearly one-third of the whole Chinese cotton gene bank (He et al., 2021). It provides the whole landscape of genetic divergence of tetraploid cotton germplasm and could be helpful for cotton evolutionary study and parent selection for breeding designation. This project provides the interactive information of 3,000 population and evaluates the population structure by PCA. We have also added a table that lists the information of origin or species characteristics for each accession of CottonGVD.

In addition, CottonGVD provides some popular bioinformatics tools for search, comparison, design, and download, which are in the navigation bar under the home page (Figure 7). The “Feature search” tool allows users to enter gene information in specific format codes or keywords. The “blast” tool performs the homology search of data sets of different cotton species. The “GeneIDs Converter” tool can be used to detect gene homology among cotton species. The “JBrowse” tool provides a fast and interactive genome browser for navigating large-scale resequencing data within the genome framework. “Primer3” is a primer design tool. The “VIGS” tool sets different parameters for a given gene sequence and selects the reference genome to display the best_target_region. The “Download” section allows users to freely access all the data collected in bulk by CottonGVD. In addition, the “Reference Gene Expression” results of different tissues of SXY1, TM-1, and Hai7124 from the public database (PRJNA494275, PRJNA507565, and PRJNA490626) were provided. Finally, we provided a “Help” section to let registered users know the update status of the database, the user manual, the data sources used, and the meaning of abbreviations of phenotypic indicators.


[image: image]

FIGURE 7. The bioinformatics tools for gene search, sequence blast, homologous gene transformation, variation data browsing, primer design, VIGS primer tool, and some genomic and phenotypic data.




CottonGVD Case Study

To help researchers carry out cotton molecular breeding and effective genome-wide selection, we constructed a CottonGVD, which contains the resequencing data (SNP and InDel) of five natural populations of three different cotton species and a large number of environmental phenotype data, and visualized the results of GWAS of their phenotypes. Here, we provide an example to demonstrate the use of GWAS visualization tool. GWAS results can be obtained directly by selecting cottonAD1.1245 population and multiple environmental phenotypic data of fiber length traits in Upland cotton (He et al., 2021). Finally, Manhattan map and scatter plot with significant genetic difference loci are identified and saved. On the one hand, the list of the genes of this interval and the transcriptome data of cottonAD1.383 population and TM-1 can be obtained. On the other hand, a single gene can be selected to obtain annotation information and further explore important gene expression regulation mechanisms based on the eGWAS results.

The steps of this example are as follows.


1.After logging into CottonGVD, click the “Toolbox” drop-down menu on the top navigation bar of the home page and select “GWAS Visualizer.” Alternatively, click the middle area tab “Genetics” to enter the GWAS and eGWAS interfaces, and click any button of “GWAS single” or “GWAS multi” to enter the “GWAS Visualizer” interface (Supplementary Figure 1).

2.GWAS results can be obtained directly by choosing the “CottonAD1.1245” population and selecting GWAS Visualizer-type “GWAS Multi-Trait” (Supplementary Figure 2A). Then, once the five fiber length traits (multiyear and multipoint data) were selected, GWAS results appeared immediately in the form of Manhattan chart and scatter plot (Supplementary Figure 2B). In the Manhattan diagram of this example, it can be clearly seen that four loci are significantly superior ectopic sites [-log10 (p-value) > 7.13], namely, FL2, FL3, FL4, and FL5. Click the main peak of each locus with the mouse, and the scatter plot of the significant heterotopic loci region can be displayed below. In this way, we can obtain the chromosome position and boundary information of the significant heterotopic loci region and display the information of genes of the loci region. FL2, FL3, FL4, and FL5 were detected on chromosomes D11 (24.51–24.78 Mb), A09 (61.84–62.12 Mb), A10 (Gh_A10G233100), and A07 (88.39–88.56 Mb), respectively (Supplementary Figure 2B).

3.If we want to get the list of the genes in the FL2 genetic locus interval (Supplementary Figure 3A), we can enter the search page in the “Search” menu “Search feature” in the navigation bar of the home page, then select the species name, genome version, and type (mRNA), and finally enter the chromosome number and the position information of the start (24,510,000) and end (24,800,000) of the locus interval, and the results of the list of the genes will be returned (19 records) (Supplementary Figure 3B).

4.To understand the expression of genes in this interval in the population transcriptome (this is only suitable for Upland cotton population), we can enter the “Population Gene Expression” page in the “Toolbox” menu of the navigation bar on the home page, paste the list of 19 genes in the “Gene ID” box, select the population (cottonAD1.383) and tissue (ovule), and finally select the sample ID which we are interested in the samples box (e.g., here we can select 16 samples with good fiber quality and 16 samples with low fiber quality) (Supplementary Figure 4A). After submitting the information, the expression heatmap [fragments per kilobase of transcript per million (FPKM) value] of these 19 genes in 32 samples will be returned. At this time, we can choose to download the original table (.tsv) of expression heatmap, or cluster the samples (or not), and then obtain different expression heatmaps. The heatmap is interactive. We can click each box to display the sample name, gene ID, and FPKM value. We can also click the rightmost gene ID to connect to the annotation information and gene sequence of the gene (Supplementary Figure 4B).

5.To understand the expression patterns of 19 genes in different tissues of Upland cotton (this is applicable to Upland cotton, Asian cotton, and Sea Island Cotton populations), we can enter the “Reference gene expression” page in the “Toolbox” menu of the home navigation bar, paste the list of 19 genes into the “gene ID” box, and select the category (Gh_TM1), Finally, we can select the tissue information we are interested in the sample box (e.g., we can select 15 tissue samples (three repeats) of ovules, fibers, roots, stems, leaves, etc.) (Supplementary Figure 5A). After submitting the information, the expression heatmap (FPKM value) of these 19 genes in 45 tissue samples will be returned. The same operation is described earlier (Supplementary Figure 5B).

6.In another way, if we click the gene ID under the scatter plot displayed by the significant locus, the annotation information of the gene will appear. If the gene appears in the eGWAS result of Upland cotton, there will also be a hyperlink to the eGWAS result page of the gene. For example, according to the earlier steps, we found that the possible candidate gene in the FL3 locus interval related to fiber length is Gh_A09G105000 (to know more about this gene, refer to Supplementary Figure 6A). The first way is to directly click the gene ID in the heatmap in the previous step to hyperlink to the annotation page of this gene. The other way is to display the gene names of different genomic positions under the scatter plot, and then click Gh_A09G105000 to display the ID and transcript ID of the gene, the annotation information of Arabidopsis database, and eGWAS information (if there are eGWAS results of this gene in this database). After clicking the gene, it will be linked to the sequence information and related to mRNA information of the gene, and then click mRNA ID to obtain the annotation information of the gene in the seven types of database (Supplementary Figure 6B). Clicking the eGWAS Visualizer gene ID will link to the eGWAS result information of 5 ovule gene expressions in cottonAD1.383 population. The eGWAS signal is displayed interactively by adjusting the significance value [-log10 (p-value)], effect size LD cutoff R2, and paired LD information (Supplementary Figure 6C).






CONCLUSION AND FUTURE RESEARCH

By integrating the resequencing data of many cotton species and GWAS data of five representative populations, the high-density variation data displayed by CottonGVD provide a rich information for examining the genomic variation, gene annotation, and visualization of SNP and GWAS results. Users can locate causal genes in the genomic region of GWAS signals by integrating transcriptome and eGWAS results, which could further guide the targeted gene editing. This new database will promote molecular breeding by integrating high-density genomic variations in the development of molecular markers and selections for genetic improvement of yield and fiber quality with the new designing molecular approaches based on the new tool modules. In addition to the cooperation between the different scientific teams, we will also cooperate with domestic and international laboratories to resequencing more cotton germplasm resources and GWAS in future research, and will provide more resources and tool modules for this database.
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Ectopic Expression of the Allium cepa 1-SST Gene in Cotton Improves Drought Tolerance and Yield Under Drought Stress in the Field
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In some plants, sucrose: sucrose 1-fructosyltransferase (1-SST) is the first irreversible key enzyme in fructan biosynthesis. Studies have shown that fructan accumulation enhances abiotic stress tolerance of plants. To investigate the role of 1-SST in drought stress responses, a total of 37 cotton plants expressing a 1-SST gene from Allium cepa were developed by Agrobacterium-mediated transformation. Under drought stress in the field, compared with wild-type, ectopic expression of Ac1-SST in cotton resulted in significantly higher soluble sugars (especially 1-kestose), proline and relative water contents, as well as decreased malondialdehyde content, which contributed to maintaining intracellular osmoregulation and reducing membrane damage. In addition, ectopic expression of Ac1-SST in cotton significantly improved the photosynthesis rate, performance of PSII (including Pn, Fv/Fm, WUE, ΦPSII, and PItotal) and plant growth under drought stress. Furthermore, compared with the wild-type, under the droughted field, the yield loss per square meter of transgenic cotton was reduced by an average of 20.9% over two consecutive years. Our results indicate that the Ac1-SST gene can be used to improve drought tolerance and yield of cotton varieties, and might also be a promising drought-resistant gene for improving other crop varieties.

Keywords: cotton, ectopic expression of 1-SST, drought, yield, relative water content


INTRODUCTION

Fructans are synthesized in bacteria, fungi, and higher plants. Apart from their role as a carbon store in higher plants (Van den Ende et al., 2011), fructans have many important physiological functions (Vijn and Smeekens, 1999) such as protecting plants against water deficit caused by drought or low temperature (Hendry, 1993; Pilon-Smits et al., 1995). About 15% of the angiosperm flora in the world, which are mainly distributed in Compositae (dicotyledons), Poaceae and Liliaceae (monocotyledons), store fructans (Hendry, 1993). In higher plants, sucrose: sucrose 1-fructosyltransferase (1-SST) is considered as a key enzyme in fructan biosynthesis, where it catalyzes the first step of fructan biosynthesis. Specifically, 1-SST is responsible for transferring the fructosyl moiety from one sucrose molecule to another to form a 1-kestose and release a glucose molecule, via the irreversible reaction: [image: image] (Edelman and Jefford, 1968; Koops and Jonker, 1994; Lüscher et al., 1996; Van Den Ende et al., 1996). A recent study showed that overexpression of 1-SST was essential for production of long-chain inulin in chicory (Maroufi et al., 2018). In addition, fructans, like starch and sucrose, are important stored forms of carbohydrate, and are also closely related to the regulation of plant carbon allocation and sucrose-pool (Pollock, 1986; Nelson and Spollen, 1987). However, the most obvious differences between fructan and starch are mobility and solubility. In contrast to the largely insoluble and compact starch, fructan is soluble and osmotically active. Thus, fructans could play a role in osmotic adjustment through variation in the degree of polymerization of fructan pools. In general, fructans represent an evolutionary advantage for fructan accumulators by supporting efficient adaptation to environmental stresses (Hendry, 1993). Tognetti et al. (1989) found that the content of fructans was associated with cold resistance. Further studies have confirmed those results (Van Den Ende and Van Laere, 1996; Vágújfalvi et al., 1999; Savitch et al., 2000; Michiels et al., 2004). Fructan accumulation was also found to be associated with drought resistance, for example, the fructan concentration in the roots and leaves of drought stressed plants was ten times higher than those of the well-watered ones (De Roover et al., 2000). The drought resistant wheat cultivar LH7 had higher expression levels of the genes related to fructan biosynthesis and degradation during early and late stages of drought stress (Hou et al., 2018). A recent study also showed that fructans play a crucial role in the tolerance of wheat seedlings to drought stress (Nemati et al., 2018). All the above results show that fructans play an important role in the drought tolerance of plants. Moreover, fructans accumulation is also related to tolerance to salt, waterlogging and soil heavy metals (Frossard et al., 1989; Albrecht et al., 1997, 2004; Kerepesi et al., 1998; Kerepesi and Galiba, 2000; Van den Ende et al., 2001; Suárez-González et al., 2014; Vandoorne et al., 2014). In particular, upon exposure to abscisic acid (ABA), which is the hormone that is associated with some key responses of plants to stress, fructan fructosyltransferases and fructan hydrolase were co-induced in chicory plantlets (Wei et al., 2016, 2017).

Since the first plant fructosyltransferase cDNA was cloned in 1995 (Sprenger et al., 1995), more genes related to fructans metabolism from different plants have been studied. With the rapid development of biotechnology, research on the fructan metabolism genes has become more extensive (reviewed in detail by Cairns, 2003; Livingston et al., 2009). However, most of the reported studies were carried out on tobacco (Caimi et al., 1997; Vijn et al., 1998; Luscher et al., 2000; Li et al., 2007; Banguela et al., 2011; Pilon-smits et al., 2016), potato (Hellwege et al., 1997, 2000; Stoop et al., 2007), and sugar beet (Sévenier et al., 1998). Only few studies involved food crops (Kawakami et al., 2008) and none of them included cash crops such as cotton.

Cotton (Gossypium hirsutum L.) is grown for textile fiber and oilseed, and hence is a main economic crop that is well adapted for plantation in the tropical and temperate regions around the world. Compared with other crops such as rice and wheat, cotton is considered as a drought/salt-tolerant crop and its tolerance varies greatly among genotypes (Ashraf, 2002). Nonetheless, drought stress greatly affects cotton growth, yield as well as fiber quality (Niu et al., 2018; Hu et al., 2019). Therefore, cotton breeders have focused recently on developing varieties with higher yield and drought-tolerance.

While it has been convincingly shown that fructan accumulation can increase drought tolerance (Knipp and Honermeier, 2006; Livingston et al., 2009), less is known whether accumulation of fructans with low degrees of polymerization (FLDP) affects drought tolerance under typical agricultural settings. We aimed to improve drought tolerance in the allotetraploid cotton plants using ectopic expression of the 1-SST gene, which encodes the key enzyme for fructan biosynthesis. In this study, Allium cepa L. 1-SST gene which has been proved to synthesize structurally defined 1-kestose (FLDP) molecules from sucrose (Vijn et al., 1998), was cloned and introduced into upland cotton through Agrobacterium-mediated transformation. We expected to find individual transgenic lines in which FLDP is more accumulated and that such change may lead to enhanced drought resistance without detrimental growth penalties. The transgenic lines were grown under field conditions and subjected to a selection of traditional breeding procedures. The best performing plants were selected for drought treatment. Here, we describe these plant lines and show that the enhanced soluble carbohydrate content in the transgenic lines depends on the presence of water limiting conditions. The results show that Ac1-SST transgenic cotton lines showed improved drought tolerance in the field and also indicate that Ac1-SST may be a candidate gene for crop improvement.



MATERIALS AND METHODS


Construction of Plant Expression Vector and Transformation of Cotton

The gene sucrose: sucrose 1-fructosyltransferase (Ac1-SST) was amplified from onion using the cDNA synthesis approach. Total RNA was extracted from leaves of onion using TriZol reagent (Invitrogen, United States) according to the manufacturer’s protocol. The reverse transcription reaction mixture consisted of 12 μL of RNA, 1 μL of RNase inhibitor (10 U/μL), 0.5 μL of Olig(dT)18 (10 pmol/μL), 4 μL of 5x Buffer M-Mulv Reverse Transcriptase, 2.5 μL of dNTP (2.5 mmol/L) and 2 μL of M-Mulv Reverse transcriptase enzyme (200 U/μL). The mixture was gently mixed and incubated at 42°C for 1 h, 72°C for 10 min and 4°C for 10 min. The cDNA product was used as a template to amplify the Ac1-SST gene with the specific primers listed in Table 1, designed based on the full sequence of Ac1-SST in the GeneBank database. The PCR reactions consisted of pre-denaturation at 94°C for 10 min, followed by 30 cycles of denaturation at 94°C for 30 s, annealing at 56°C for 30 s, elongation at 72°C for 1 min, and a final elongation step at 72°C for 7 min. The amplified 1-SST was verified by running on 1% agarose gel. The target PCR fragment was ligated into the pGEM-T Easy Vector (Tiangen) for sequencing.


TABLE 1. Primers used in this study.

[image: Table 1]
The pGEM-1-SST recombinant plasmid was digested using the restriction enzymes XbaI and SacI and ligated into the binary expression vector pBI121 under control of the cauliflower mosaic virus 35S promoter (CaMv 35S) using T4 DNA ligase enzyme. Plasmids identified as positive by PCR and enzyme digestion were transformed into Agrobacterium strain GV3101 by the freeze-thaw method and used for upland cotton (Gossypium hirsutum) R15 transformation.

The genetic transformation of cotton was carried out as previously described (Liu et al., 2019). Briefly, the hypocotyls of surface-sterilized cotton seedlings grown for 7 days were cut into 1 cm segments, and the injured samples were infected with the Agrobacterium tumefaciens carrying the pBI121-Ac1-SST plasmid for 7-10 min. After two days of co-cultivation in darkness, the hypocotyls were transferred to different differentiation media until embryogenic calli, immature embryos, mature embryos and seedlings developed. All putative T0 tissue cultured seedlings were first grafted onto stems of the upland cotton R15 to ensure survival. Then, they were screened for resistance to kanamycin (7,000 ppm) and the presence of the target gene was verified using genomic PCR. All PCR-positive plants were grown until they set seeds. The T2-T6 Ac1-SST transgenic lines were grown similarly. All T4 plants were grown under water-limiting field conditions. Three best performing lines (Ac1-SST9, Ac1-SST26, Ac1-SST35) were selected for further analysis. Homozygous plants of the T5-T6 generations were used for measurement of agronomic traits in the field. The T6 plants were used for molecular analyses, and also used for evaluation of photosynthetic fluorescence parameters in the field.



Quantitative Reverse Transcription PCR and Southern Blot Analysis

The total RNA was extracted using the RNA purification kit (TIANGEN, Beijing, China) from leaf samples of T5 Ac1-SST-overexpressing cotton plants. The reverse transcription was performed using EasyScript One-Step gDNA Removal and cDNA Synthesis SuperMix (TRANSGEN, Beijing, China). The relative expression levels of Ac1-SST were quantified by quantitative reverse transcription PCR (qRT-PCR) using LightCycler® 480 System (Roche Diagnostics Corporation, Indianapolis, IN, United States) and SYBR Premix Ex Taq II (TAKARA, Dalian, China). The primers used for qRT-PCR experiments are listed in Table 1. Cotton Ubiquitin7 (DQ116441.1) was used as an internal control. Each analysis was repeated three times using different samples. The relative expression levels were calculated using the 2–ΔΔ CT method (Livak and Schmittgen, 2001).

Total DNA from cotton plants transformed with pBI121-Ac1-SST (T7 generation) was extracted using DNA Secure Plant Kit (TIANGEN, Beijing, China), and the presence of Ac1-SST gene was confirmed by genomic PCR using the primers in Table 1. About 15 μg of genomic DNA was digested with XbaI or SacI for overnight to assure a complete digestion. The digested DNA was subjected to Southern-blot analysis as described by Liu et al. (2019).



Drought Treatment in the Field

Drought treatments in the field were carried out in Shihezi, XinJiang, China (N44°20′,E85°30′) from April to October in 2019 and 2020. Shihezi area has a typical temperate continental arid climate with very little rainfall in summer (Table 2) where the relative soil water content can drop down to 11% in absence of irrigation (Zhang et al., 2016). Therefore, irrigation is necessary for agricultural production. In this case, the growth of cotton without irrigation was used as drought stress test. The seeds of the homozygous T5-T6 transgenic Ac1-SST cotton lines and the wild-type (R15) were sown in the field and were divided into two treatments. One treatment was watered regularly according to the rate needed for local agricultural production and this group was considered as control group. While for the other treatment, water was withheld for the rest of the growing season after seed germination where the plants only received natural precipitation and this group was considered as drought stress group. Drip irrigation under mulch was used for growing cotton in the present experiment. Three drip irrigation strips were covered with a 2.25-m land mulch. Two rows of cotton were planted on both sides of each drip irrigation belt. The inter-row spacing was 66 cm and interplant spacing within rows was 10 cm. The experiment was laid out in completely randomized block design with three replicates (Figure 1). The area for each plot was 13.5 m2 (2.25 m × 6 m), and each plot had about 300 plants. In each plot, 45 plants were randomly selected for agronomic trait analyses, and all plants in each replicate plot were included in yield analysis.


TABLE 2. Climate and irrigation conditions from April to September of 2019–2020.
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FIGURE 1. Experimental field design (A), and Ac1-SST transgenic cotton and wild-type control plants planted in each plot. (B) To evaluate drought tolerance in the field. Planting distance between the two drip irrigation strips was 66 cm and the distance between two rows of cotton planted on each drip irrigation strip was 10 cm.




Drought Treatment in the Greenhouse

In order to minimize stress and environmental variability, drought stress treatment under controlled conditions was performed to test the effects of Ac1-SST overexpression on drought tolerance. The seeds of T6 transgenic plants and the wild-type were sown in pots with a diameter of 15 cm and grown for about one and a half months in a greenhouse with 16/8 h light/dark photoperiod. The plants were watered every week to maintain optimal soil moisture levels. Then, plants were subjected to drought stress by withholding water for 32 days. Samples from the third leaves from the top were collected before drought stress and on after 32 days of drought stress. The leaves were immediately frozen in liquid nitrogen and stored at –80°C until used for measurement of physiological and biochemical parameters.

For measuring Ac1-SST enzyme activity, seeds of three transgenic lines along with the wild-type were soaked in water for overnight and then grown in flower pots. The plants were grown in a growth chamber with a 16-h light/8-h dark photo period and watered normally until the plants developed 1–2 leaves. Drought stress tests were then carried out. The experiment was divided into two parts; one group was not watered, and this group was considered as drought-stressed group. The other group was well-watered and was considered as control group. The leaf samples were collected after 16 days of treatment from both groups, and used for the measurement of Ac1-SST enzyme activity.



Measurement of Physiological Parameters (Soluble Carbohydrates, Malondialdehyde, Proline, Relative Water Contents and Ac1-SST Enzyme Activity)

The leaves of T6 Ac1-SST transgenic lines and wild-type plants were sampled at the blooming and boll-bearing stages under the field and were used to measure soluble carbohydrates, proline, Malondialdehyde (MDA) content and relative water contents (RWC) as previously described (Liu et al., 2019).

The total soluble sugar contents were measured using the anthrone reagent (Dubois et al., 1951). Water soluble carbohydrates were determined according to the method of Zhang and Qu (2003). Leaf samples of the transgenic and wild-type plants were collected, freeze-dried, crushed into a powder, and passed through a 0.5 mm sieve. Samples of 0.2 g of the freeze-dried leaf material were added to 8 mL aliquots of 80% ethanol at 80°C followed by two extractions with 8 mL of double distilled water at 60°C, then the samples were cooled at room temperature and the extractions were used for measuring the total soluble sugars, sucrose, fructose, glucose, and 1-kestose. The samples were centrifuged at 4000 × g for 15 min, and the supernatants were passed through 0.2 μm filter membrane. The supernatants injection volume was about 3 mL. Total sugar, sucrose and fructose were quantified by measuring absorption at 620, 500, and 480 nm, respectively. To determine glucose contents, 4 mL of glucose reaction solution was added to 2 mL extraction mixture to start the reaction at 30°C for 5 min. Glucose reaction solution was prepared by mixing 10 mg of horseradish, 10 mg of o-dianisidine and 0.1 mL of glucose oxidase (1000 U/mL dissolved in acetic acid buffer with PH 5.5), and finally the volume of the reaction solution was made to 100 mL with water. Subsequently, the reaction was terminated with 8 mL of 10 mmol/L sulfuric acid. The glucose content was quantified by measuring the absorbance at 460 nm. The 1-kestose content was measured using High Performance Liquid Chromatography (HPLC) method.

The activity of Ac1-SST enzyme in the transgenic plants was measured in terms of the production of Ac1-SST enzyme product (kestose) per minute. Briefly, leaf samples (2 g) were homogenized in 10 mL distilled water; the homogenate was filtered through four layers of gauze and then centrifuged at 3500 rpm for 10 min at 4°C. The supernatant was used to measure the Ac1-SST enzyme activity. Aliquots of 10 mL of the crude enzyme extract was added to 10 mL sucrose solution (mass volume ratio of 10%) and the mixture was kept on an incubated shaker at 35°C and a speed of 200 rpm for 60 min. The reaction was terminated in a water bath at 85°C for 10 min. Then, the mixture was centrifuged at 12000 rpm for 2 min, and the supernatant was used to measure the Ac1-SST enzyme activity using HPLC (Dionex-3000, United States). One unit of Ac1-SST enzyme activity was defined as the amount of enzyme required to produce 1 μmol kestose min–1. The Ac1-SST activity was calculated using the formula: (2 × 1000 × GF2)/(0.504 × T × M2), where 2 was the total sugar content of 20 mL of 10% sucrose solution (g), GF2 was the percentage of kestose (%), 0.504 was the weight of 1 μmol kestose (mg), T was the time of reaction (min), and M2 was the fresh weight of leaf sample (g).



Measurement of Agronomic Traits in the Field

The plant height, number of bolls and fruiting branches, and seed yield per plant of T5-T6 transgenic cotton and wild-type plants was recorded in 2019 and 2020. The agronomic traits were measured at the boll-bearing stage. In addition, to determine the actual cotton yield, all plants in each replicate plot were used for yield analysis.



Measurement of Photosynthetic and Fluorescence Parameters in the Field

The photosynthetic and fluorescence parameters of T6 transgenic and wild-type plants were measured for the control and droughted plants in the field in the year 2020. The measurements of photosynthetic parameters (Pn and E) were performed on the fourth fully expanded leaf from the top of cotton plants in the morning between 9 and 11 AM using GFS3000 (WALZ, Germany). The irrigated plants (Normal group) were measured one week after watering. Chlorophyll fluorescence parameters (Fv/Fm, ΦPSII and PItotal) were measured using a Mini-PAM light quantum analyzer (Zeal Quest Scientific Technology Co, Ltd, Germany) and ultra-portable Modulated Chlorophyll Fluorometer MINI-PAM (WLAZ). The water use efficiency (WUE) of cotton leaves was calculated as the photosynthetic index Pn/E (WUE = Pn/E).



Statistical Analysis

All histograms were plotted using Origin 9.0 software (Origin Lab; Northampton, MA, United States). Data from this study were statistically analyzed by running one way ANOVA using SPASS 17.0. The least significant difference analysis was used to identify samples with significant differences (* Significant difference at p < 0.05, **Significant difference at p < 0.01). Data are presented as the means ± SD of three independent replicates.




RESULTS


Generation and Screening of Transgenic Cotton Plants

To create Ac1-SST transgenic cotton, the Ac1-SST gene was cloned into binary expression vector pBI121 (Figure 2A). A total of 46 tissue culture seedlings were obtained via Agrobacterium-mediated transformation of cotton hypocotyls (Figure 3A). And T0 seedlings were grafted onto the stem of wild-type (R15) plants to ensure their survival and receive seeds. The 42 surviving plants were first sprayed with kanamycin to determine kanamycin resistance (Figures 3A–G,H), the 37 plants with kanamycin resistance (Figure 3A–H) were confirmed the target gene by genomic PCR (Some of the PCR results are shown in Figure 3B) and obtained T1 seeds. T1 generation seeds were planted for propagation in the field, the plants were sprayed with kanamycin and the presence of Ac1-SST gene was confirmed by genomic PCR. T2-T6 generations were obtained through the same methods as the T1 generation at each of the previous generations. All T4 generations was grown under water-limiting field conditions. Three best performing lines (Ac1-SST9, Ac1-SST26, Ac1-SST35) were selected for further analysis. Ac1-SST gene in three T6 generation transgenic lines was confirmed by PCR (Figure 2B) and semi-quantitative PCR (Figure 2C) and qRT-PCR (Figure 2D). The results confirmed the RNA expression of the Ac1-SST transgene in these three cotton lines both under drought stress and normal irrigated conditions. In addition, Southern-blot analysis of T6 generation of the transgenic lines showed a single T-DNA insertion in all selected lines (Figure 2E).
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FIGURE 2. Stable inheritance and expression of Ac1-SST in the transgenic cotton lines (A), schematic representation of the plant expression construct pBI-121-Ac1-SST. LB, left border; Pnos, promoter of nopaline synthase gene (nos); Tnos, terminator of nopaline synthase gene (nos); NPTII, kanamycin resistance gene; 35S, CaMV 35S promoter; RB, right border. (B) PCR identification of T6 transgenic Ac1-SST cotton plants. M, molecular Marker; 1, plasmid pBI-121- Ac1-SST DNA template was used as positive control; 2–4, DNA template of three transgenic Ac1-SST lines (9, 26, 35); 5, negative control without DNA template; (C) Ac1-SST reverse transcription PCR (RT-PCR) in the transgenic lines. Lanes: Ac1-SST9, Ac1-SST26, and Ac1-SST35, three transgenic cotton plants; WT, wild-type. Ubiquitin7 was used as an internal control. (D) Quantitative RT-PCR (qRT-PCR) analysis of Ac1-SST transgenic cotton lines. Relative expression levels were calculated by the 2–△△ CT method [△△CT = (CT,Ac1–SST9/Ac1–SST26/Ac1–SST35-CT,UBQ)-(CT,Ac1–SST9/Ac1–SST26/Ac1–SST35-CT,UBQ)normal irrigation of Ac1–SST9]. Error bars indicate standard deviation. Two Asterisks indicate significant differences between the transgenic and wild-type plants at p < 0.01. (E) Southern-blot analysis of the three T6 generation Ac1-SST transgenic cotton lines (9, 26, and 35). Line 1: Marker; Line 2, 4, and 6: genomic DNA of transgenic cotton lines cut by XbaI; line 3, 5, and 7: genomic DNA of transgenic cotton lines cut by SacI, line 8: genomic DNA from wild-type R15 cut by SacI. The digested DNA samples were separated on agarose gel, blotted onto nylon membrane and hybridized to digoxin labeled Ac1-SST probe as described in section “Materials and Methods”.
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FIGURE 3. Acquisition of transgenic cotton plants and PCR identification of grafted plants from tissue culture seedlings of T0 generation (A), Various stages of Agrobacterium tumefaciens-mediated transformation of cotton variety R15: co-culture, selection on kanamycin-containing medium, somatic embryo-genesis, generation of intact transgenic plant with normal shoot and roots (A–F), Kanamycin resistance identification of T0 transgenic Ac1-SST transgenic grafted plants (G: positive plants, H: negative plants). (B) PCR identification of T0 transgenic Ac1-SST cotton plants M: Molecular Marker; 1: plasmid pBI-121- Ac1-SST DNA template was used as positive control; 2: Negative control without DNA template; 3–6, 8–19, and 21–24: PCR-positive transgenic Ac1-SST lines; 20: PCR-negative Ac1-SST lines.




Ac1-SST-Overexpressing Plants Showed Improved Drought Tolerance

Under drought stress in the field, as shown in Figure 4, the growth of three T6 generation lines was significantly superior to that of wild-type at both blooming and boll-bearing, and boll opening stages. Especially in the blooming and boll-bearing stages, the leaves of the three transgenic lines remained turgid, while the leaves of wild-type plants showed wilting from top to bottom (Figure 4A). In the boll opening period, the number of opening bolls of the transgenic plants was significantly more than that of wild-type. In contrast, only few opening bolls were visible on the wild-type plants, and almost all of the leaves were shed (Figures 4B,C). However, under normal irrigation condition in the field, there is no significant difference between the transgenic and wild-type plants at different growth and development stages.
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FIGURE 4. The experimental setup and rudimentary growth phenotypes of the wild-type and three Ac1-SST transgenic cotton lines grown in 2020. The plants were subjected to drought stress-treatments in the field as described in section “Materials and Methods” and pictures of the plants were taken in 65 and 130 days after planting. (A) Plants at vigorous growth, blooming and boll bearing stage; (B) plants at the boll opening stage; (C) individual plants at harvesting stage.


Under drought stress in the greenhouse, Figure 5A shows that prior to the drought-stress treatment, there was no significant difference between the transgenic lines and the wild-type. After 18 days of water withholding, the leaves of the transgenic and wild-type plants looked similar (Figure 5B). However, after 32 days of treatment, many of the wild-type leaves appeared severely wilting whereas the transgenic leaves showed only mild wilting (Figure 5C). Ectopic Ac1-SST expression improved the tolerance of cotton to drought stress.
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FIGURE 5. Phenotypic changes of the droughted wild-type and T6 plants grown under controlled greenhouse conditions. (A) Growth phenotype of T6 plants before drought stress. (0 day: Plants of wild-type and three transgenic Ac1-SST cotton lines (9, 26, and 35); (B) growth phenotype of T6 plants on the 18th day of drought treatment (18 day: 18th day of water withholding); (C) growth phenotype of T6 plants on the 32th day of drought treatment (32 day: 32th day of water withholding).




Ac1-SST-Overexpressing Plants Showed Enhanced Agronomic Traits in the Field Under Drought Stress

To quantify the drought tolerance of the three Ac1-SST transgenic lines, we also measured the agronomic traits of transgenic lines and the wild-type. As shown in Table 3, under well-watered condition in 2019, the three transgenic lines showed significantly enhanced agronomic traits including number of fruiting branches (16.2, 20.1, and 16.2%, respectively), boll number (21.4, 18.6, and 20.0%/plant, respectively), cotton seed yield (12.9, 10.3, and 12.1%/plant, respectively) compared with the wild-type. However, the plant height of three transgenic lines was slightly reduced compared to the wild-type. A similar trend was observed in 2020 for the transgenic lines under well-watered condition. However, under drought condition, the transgenic lines had significantly increased plant height, number of fruiting branches, number of bolls and seed yield compared with the wild-type (Table 3). In addition, the seed yield per plant of the transgenic lines increased by an average of 28.2 and 20.6% (Table 3) in both years. Data in Table 3 shows that the seed yield of the transgenic lines increased by 34.1 and 21.1%, as compared with that of wild-type plants in 2019 and 2020, respectively.


TABLE 3. Agronomic traits of the wild-type and three transgenic lines, grown under drought in the field.
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Ac1-SST Cotton Lines Had Higher Proline, MDA, RWC and Increased Soluble Carbohydrates Contents Under Drought Stress in the Field and Greenhouse

Given that the transgenic plants have enhanced field phenotypes of agronomic traits, we also wanted to explore the physiological changes of the drought resistance phenotypes. Under drought stress in field, our results showed that both the Ac1-SST transgenic lines and wild-type had significantly increased proline content compared to the well-watered plants, but the transgenic lines had significantly higher proline contents compared with the wild-type (Figure 6A). MDA, a product of lipid peroxidation, was accumulated to lower levels in the transgenic cotton compared with the wild-type (Figure 6B). In addition, the transgenic cotton plants had a higher RWC than wild-type (Figure 6C). Similar results were obtained under greenhouse conditions (Figures 7A–C). However, under the well-watered conditions, the Ac1-SST transgenic lines and wild-type showed no significant differences both in the field and greenhouse.
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FIGURE 6. Physiological and biochemical analyses of Ac1-SST transgenic and wild-type plants under drought stress in the field. Control: normal precipitation and artificial irrigation throughout the growth period; Drought: natural precipitation after germination. (A) Proline content, (B) MDA content, (C) relative water content (%), (D) total soluble sugar content (E) glucose content, (F) Fructose content, (G) Sucrose content, (H) Kestose content, (I) other soluble sugars content. Error bars indicate standard deviation. *, In (H), significant difference from transgenic lines with or without drought stress treatments; *, significant difference between the transgenic lines and wild-type control plants (Student’s t-test p < 0.05); **, significant difference between the transgenic lines and wild-type control plants (Student’s t-test p < 0.01); WT, wild-type (R15); Ac1-SST9, Ac1-SST26, and Ac1-SST35 indicate the three T6 transgenic lines.



[image: image]

FIGURE 7. Physiological and biochemical analyses of Ac1-SST transgenic and wild-type plants with or without stress treatments under controlled greenhouse conditions Control: Well-watering; Drought: the leaves of 45 days-old plants with or without days drought treatments for 32 days. (A) Proline content, (B) MDA content, (C) relative water content (%), (D) total soluble sugar content, (E) glucose content, (F) fructose content, (G) sucrose content, (H) kestose content, (I) other soluble sugars content, (J) Ac1-SST enzyme activity of three independent biological repeats. Error bars indicate standard deviation. *, in (H), significant difference from transgenic lines with or without drought stress treatments for 32 days; *, In (J), significant difference from transgenic lines with or without drought stress treatments for 16 days; *, significant difference between the transgenic lines and wild-type control plants (Student’s t-test p < 0.05); **, significant difference between the transgenic line and wild-type control plants (Student’s t-test p < 0.01); WT, Wild-type (R15); Ac1-SST9, Ac1-SST26, and Ac1-SST35 indicate the three T6 transgenic lines.


Since the Ac1-SST gene is the key enzyme that initiates fructan synthesis (Gadegaard et al., 2008), we also measured the content of water soluble carbohydrates in both transgenic and wild-type cotton plants under the field and greenhouse conditions. As shown in Figures 6D–I, 7D–I, under drought stress condition, the total soluble sugars, glucose, fructose, sucrose, kestose, and other soluble sugar content significantly increased compared with the control. Except for sucrose, all water soluble carbohydrates in transgenic lines were significantly higher than in the wild-type. However, the greatest difference was that in the kestose content, which was only detected in the transgenic plants (Figures 6H, 7H), where it was significantly higher in droughted plants than that of control. These results are consistent with the higher transcription level of Ac1-SST gene and Ac1-SST enzyme activity under drought conditions (Figures 2C, 7J). Simultaneously, the sucrose content in transgenic cotton lines was significantly lower than in the wild-type (Figure 6D).



Ac1-SST Cotton Lines Exhibited Improved Photosynthetic Capacity Under Drought Stress in the Field

Photosynthetic parameters such as net photosynthetic rate (Pn), Transpiration rate (E), WUE, optimal quantum yield of PSII (Fv/Fm), quantum yield of PSII electron transport (ΦPSII), and performance index total (PItotal) were used to assess the photosynthetic performance of transgenic lines in the year of 2020. As shown in Figure 8, under normal irrigation condition (Control), all three transgenic line plants had relatively high Pn, E, Fv/Fm, ΦPSII, and PItotal, and these metrics did not differ significantly between wild-type and transgenic plants. However, under drought stress condition, Pn, E, Fv/Fm, ΦPSII, and PItotal were significantly reduced in both wild-type and transgenic plants, but these were significantly higher in the transgenic lines. It is worth noting that compared with drought stress conditions; transgenic and wild-type plants had lower WUE under normal irrigation. Moreover, under drought stress, the WUE of the transgenic plants was significantly higher than that of wild-type. These data indicate that the transgenic lines had higher photosynthesis capacity and better PSII performance under the drought stress treatment in the field, thereby improves the drought tolerance as well as the agronomic traits and cotton seed yields of transgenic cotton.
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FIGURE 8. Photosynthetic performance of Ac1-SST transgenic and wild-type plants in the field experiments with or without drought stress treatments (A), Net photosynthetic rate (Pn) (B), Transpiration rate (E) (C), Water use efficiency (WUE) (D), Maximal PSII efficiency (Fv/Fm) (E), Quantum yield of PSII electron transport (ΦPSII) (F), the total performance index (PItotal). Error bars indicate standard deviation. *, Significant difference between the transgenic line and wild-type control plants (Student’s t-test p < 0.05); **, significant difference between the transgenic lines and wild-type control plants (Student’s t-test p < 0.01); WT, wild-type (R15); Ac1-SST9, Ac1-SST26, and Ac1-SST35 indicate the three T6 transgenic lines.





DISCUSSION

Drought has adverse effects on crop biomass and yield. Therefore, improving crop drought-tolerance has been a long-standing goal to crop breeders. The application of biotechnology provides multiple possibilities for achieving this goal. According to previous studies, fructans can improve abiotic stresses tolerance, including drought, salt and freezing. Therefore, it is a feasible approach to improve the drought resistance of crop by introducing the genes related to fructans synthesis.

Drought can cause loss of the selective barrier function of cell membranes, leading to cell deformation and rupture, resulting in cell death. It has been shown that fructans can interact with cell membranes, thereby preventing lipid condensation and phase transitions, which may have a protective effect on water stressed plants (Demel et al., 1998; Vereyken et al., 2001). Fructans and fructan biosynthetic enzymes have been reported to be located in the vacuoles (Van Den Ende et al., 2005). However, fructans have been detected in the apoplast where their concentration was suggested to be controlled by differential leakage and/or fructan exohydrolase activity (Livingston and Henson, 1998). Moreover, Valluru et al. (2008) proposed a vesicle-mediated transport model for the movement of fructans from vacuolar to the apoplast, where fructans stabilize and protect the plasma membrane.

Hincha et al. (2002) compared the effects of fructans and glucans on cell membranes stability during air-drying, their results indicated that the accumulation of fructans with low degree of polymerization could play an important role in cellular dehydration tolerance. Subsequently, Hincha et al. (2007) compared the effects of fructan components in oats and rye on membrane stability during drying, and the results showed that it had optimal protective effects at degree of polymerization (DP) 4 and DP 3, DP 4, and DP 5, which further confirmed the above views. In our experiments, under the drought stress condition, the content of 1-kestose in the leaves of the transgenic lines was 3.6 and 2.5 times as much as that under normal irrigation under field and greenhouse conditions, respectively (Figures 6H, 7H). These results may also indicate that the increased drought resistance of transgenic plants under drought stress may be related to the accumulation of 1-kestose, which is a fructan with low DP. As a result, under drought stress in the field, the number of fruit branches and bolls of the transgenic plants increased by an average of 69 and 79.8%, respectively. However, other studies have shown that fructans with a high DP can directly interact with membranes (Demel et al., 1998; Vereyken et al., 2001), thereby stabilizing and protecting liposomes during freeze-drying and drying (Ozaki and Hayashi, 1996; Hincha et al., 2000, 2007). Therefore, fructans may have unique properties that would make them ideal solutes to stabilize plants cells under stress. Further research is needed to confirm this view.

Drought stress has negative effects on osmotic balance, and therefore, in order to mitigate this adverse effect, plants accumulate different organic and inorganic substances involved in osmotic adjustment, including sugars (glucose, sucrose, fructose, fructooligosaccharides, trehalose), sugar alcohols (mannitol), amino acids (proline, glycine) to reduce the osmotic potential, and improve cell water retention (Fang and Xiong, 2015; Singh et al., 2015). In this study, soluble carbohydrate and proline, two common compatible osmolytes with important roles in the oxidative stress responses of plants (Hare et al., 1998; Couée et al., 2006), were accumulated to significantly higher levels in the transgenic lines than in the wild-type plants after drought stress (Figures 6, 5B). Moreover, the sucrose content of transgenic lines was significantly lower than wild-types, the results suggest that sucrose has been converted into 1-kestose, and also that accumulation of greater sugar contents could result in lower intracellular osmotic potential, which contributed to the drought resistance in transgenic cotton lines. Moreover, the relative water content of transgenic lines leaves was significantly higher than that of wild-types (Figure 5C). Our results are consistent with earlier reports on transgenic tobacco plants expressing the SacB gene from Bacillus subtilis, which encodes sucrose-6-fructosyltransferase with subsequently improved drought tolerance (Ebskamp et al., 1994; Pilon-Smits et al., 1995). Ectopic expression of the three wheat genes 1-SST, 6-SFT, and 1-FFT enhanced soluble fructooligosaccharide content and improved abiotic stress (drought, salt and low temperature) tolerance in tobacco plants (Bie et al., 2012). Another study also showed that drought-tolerant wheat varieties accumulated more soluble carbohydrates and had higher gene expression levels under drought conditions (Hou et al., 2018).

Drought stress is often accompanied by production of reactive oxygen species (ROS) (Apel and Hirt, 2004; Miller et al., 2010). However, excessive accumulation of ROS can cause cytotoxicity and membrane lipid peroxidation. Malondialdehye (MDA), is an indicator of membrane lipid peroxidation (Sharma et al., 2012). In the present study, the MDA contents of the transgenic cotton plants were significantly lower than that of wild-type when exposed to drought stress in the field, indicating that overexpression of Ac1-SST gene in cotton could effectively lead to avoidance of membrane lipid peroxidation and cytotoxicity.

Drought stress affects the rate of photosynthesis and consequently reduces growth and yield (Chaves et al., 2009). Higher photosynthesis rate is a desirable trait for plants, where it provides carbohydrates for plant growth and yield. Our study showed that drought stress reduced photosynthetic and fluorescence parameters in the leaves and much less decrease was found in the transgenic plants than in the wild-type, indicating that the transgenic plants had a higher photosynthetic efficiency than did the wild-type. This may be due to the improved osmotic balance ability of transgenic cotton plants to protect the photosynthetic system. In addition, ectopic Ac1-SST expression under drought conditions also resulted in higher leaf RWC, which may be the reason for the more vigorous growth and higher yield of transgenic plants.



CONCLUSION

In general, we obtained stable inheritance of Ac1-SST in the transgenic cotton lines. Under drought stress in the field, compared with wild-type plants, the transgenic cotton plants showed increased tolerance to drought stress, and had lower MDA, higher soluble carbohydrate, proline contents as well as higher photosynthetic capacity. More importantly, the transgenic plants had higher expression levels of Ac1-SST and increased 1-kestose contents. This may also be the reason why transgenic plants had higher drought resistance, superior agronomic traits and higher seed yield under drought stressed in the field. This is the first report that transformation of the Ac1-SST, a key gene of fructan biosynthesis in cash crop cotton leads to improved drought tolerance and seed yield under drought stressed in the field.
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Aquaporins (AQPs) facilitate the transport of water and small molecules across intrinsic membranes and play a critical role in abiotic stresses. In this study, 111, 54, and 56 candidate AQP genes were identified in Gossypium hirsutum (AD1), Gossypium arboreum (A2), and Gossypium raimondii (D5), respectively, and were further classified into five subfamilies, namely, plasma intrinsic protein (PIP), tonoplast intrinsic protein (TIP), nodulin 26-like intrinsic protein (NIP), small basic intrinsic protein (SIP), and uncategorized X intrinsic protein (XIP). Transcriptome analysis and quantitative real-time PCR (qRT-PCR) revealed some high-expression GhPIPs and GhTIPs (PIP and TIP genes in G. hirsutum, respectively) in drought and salt stresses. GhPIP2;7-silenced plants decreased in the chlorophyll content, superoxide dismutase (SOD) activity, and peroxidase (POD) activity comparing the mock control (empty-vector) under 400 mM NaCl treatment, which indicated a positive regulatory role of GhPIP2;7 in salt tolerance of cotton. The GhTIP2;1-silenced cotton plants were more sensitive to osmotic stress. GhTIP2;1-overexpressed plants exhibited less accumulation of H2O2 and malondialdehyde but higher proline content under osmotic stress. In summary, our study elucidates the positive regulatory roles of two GhAQPs (GhPIP2;7 and GhTIP2;1) in salt and osmotic stress responses, respectively, and provides a new gene resource for future research.

Keywords: Gossypium,  aquaporin, gene family, salt stress, osmotic stress


INTRODUCTION

Aquaporins (AQPs) are members of the major intrinsic protein (MIP) superfamily, contributing to the transport of water and small molecules across biological membranes in most organisms (Maurel et al., 2015). Plant AQPs are multifunctional channels with a wide range of selectivity profiles (Baiges et al., 2002). Additionally, AQPs are involved in the transportation of glycerol, urea, ammonia (NH3), carbon dioxide (CO2), hydrogen peroxide (H2O2), as well as metalloid such as boron and silicon (Tyerman et al., 2021). AQP family is characterized with six transmembrane domains (TM1–TM6) connected by five loops (LA–LE), two Asn-Pro-Ala (NPA) motifs, aromatic/arginine (ar/R) filter, and Froger’s position (Kaldenhoff and Fischer, 2006). Generally, AQPs are divided into five subfamilies, including plasma intrinsic proteins (PIPs), tonoplast intrinsic proteins (TIPs), nodulin 26-like intrinsic proteins (NIPs), small basic intrinsic proteins (SIPs), and uncategorized X intrinsic proteins (XIPs) (Johanson et al., 2001). At present, 35, 47, 41, 45, 43, 33, 47, and 35 AQPs have been identified in Arabidopsis (Johanson et al., 2001), Solanum lycopersicum (Reuscher et al., 2013), Phaseolus vulgaris (Ariani and Gepts, 2015), Manihot esculenta (Putpeerawit et al., 2017), Zea mays (Chaumont et al., 2001), Oryza sativa (Sakurai et al., 2005), banana (Hu et al., 2015), and watermelon (Zhou et al., 2019), respectively.

Upland cotton (Gossypium hirsutum), which is one of the cultivated tetraploid species (2n = 52), provides the most common natural textile fibers (Zhang et al., 2015). So far, the complete genome sequences of G. hirsutum (AD1) TM-1, Gossypium arboreum (A2) Shixiya 1, and Gossypium raimondii (D5) have been released (Wang et al., 2012; Li F. et al., 2014; Zhang et al., 2015; Chen et al., 2020). G. hirsutum is constituted by A subgenome (At) and D subgenome (Dt), as a result of interspecific hybridization between the progenitors of A-genome resembling G. arboreum and D-genome resembling G. raimondii (Senchina, 2003; Chen et al., 2017). The accessibility of genomic data has boosted the identification and function research of the AQP genes in cotton species.

Crops suffer a significant reduction in quality and production under various abiotic stresses, including drought and salinity stresses (Chen et al., 2021). The main signal caused by drought is osmotic stress. Salt stress caused the imbalance of cellular ions, resulting in dehydration, osmotic stress, and ion toxicity (Zelm et al., 2020). The pathways activated by drought and salt stress are overlapped to a certain degree (Zhu, 2016), in which AQP and ion carrier genes involved in signaling cascades and transcriptional regulation are activated to protect the membranes and proteins by controlling the uptake and transport of water and ions (Gong et al., 2020; Gong, 2021). AQPs in different subfamilies show varying expression patterns in response to salt and drought stresses (Zargar et al., 2017). PIPs and TIPs maintained cell water balance as water transporters in Arabidopsis (Wang et al., 2019). The overexpression (OE) of PIPs and TIPs increased drought tolerance by decreasing transpiration rate and stomatal conductance (Pou et al., 2013). The root hydraulic conductivity increased in PIP2;7-overexpressed plants (Pou et al., 2016). MaPIP1;1 improved the salt and drought tolerances by regulating primary root elongation, water uptaking, and membrane stability in Arabidopsis (Xu et al., 2014). In maize, the expression of three specific isoforms (ZmPIP1;1, ZmPIP1;5, and ZmPIP2;4) was transiently induced when plants regained the osmotic potential for water uptake (Zhu et al., 2005). TsTIP1;2 protects Thellungiella salsuginea from salinity stress by mediating the conduction of H2O2 and H2O across the membrane (Wang et al., 2014). These studies suggest that AQPs have an important role in response to drought and salt stresses in diverse plant species. Although previous studies have identified the gene structure, the phylogenetic relationship of AQPs in upland cotton (Park et al., 2010; Li W. et al., 2019) and the mode of AQPs in the stress response of upland cotton remain largely unknown.

Our previous research identified several AQPs that were involved in the salt stress response of cotton through RNA-seq analysis (Shi et al., 2015). Furthermore, we analyzed the conserved motifs, chromosomal distribution, and gene duplication of AQP genes in G. hirsutum, G. arboreum, and G. raimondii and assessed the expression patterns of AQPs under salt and drought stress in G. hirsutum. A total of three salt stress genes (GhPIP2;2, GhPIP2;3, and GhPIP2;7) and four drought stress genes (GhPIP1;2, GhPIP2;3, GhTIP1;1, and GhTIP2;1) were selected for further analysis, such as virus-induced gene silencing (VIGS) in upland cotton and OE in Arabidopsis. The transcriptional levels of salt stress-related genes were compared between the GhTIP2;1-overexpressed lines and the wild type (WT) under salt and drought treatments. These results provide genetic evidence for the roles of AQP genes in plant responses to abiotic stresses.



MATERIALS AND METHODS


Plant Materials

The G. hirsutum cultivar GX100-2 was used for qRT-PCR and salt tolerance assay, and Zhong79 was used for qRT-PCR and drought tolerance assay. The 5-day-old cotton seedlings with the same growth state were transferred into the Hoagland liquid medium (Zhang et al., 2011) which was continuously aerated at a temperature regime of 28/20°C with 16-h light/8-h dark cycle. At the trefoil stage of the seedlings, the expression profile of candidate genes was determined by treating half of the seedlings with salt (150 mM NaCl) and the remaining half with deionized water to serve as the control. The fresh leaves were collected at 0, 1, 3, 12, and 48 h after salt stress (Zhang et al., 2011; Su et al., 2020). These samples were frozen in liquid nitrogen immediately and stored at –80°C for RNA isolation. Three biological repeats in each treatment were performed.

For the VIGS experiment, cotton seeds were soaked overnight in distilled water until the radicle sprouted. Seven sprouted seeds were planted in small pots filled with 1:1 (v/v) of vermiculate and nutritional soil and kept in the greenhouse at 28°C under a 16-h/8-h light/dark photoperiod.

The Arabidopsis thaliana Columbia ecotype (Col-0) was used as the WT.



Expression Profile Analysis

The public expression profile of leaf under salt stress across the time course (0, 1, 3, 6, and 12 h) of G. hirsutum TM-1 was obtained from the study by Zhang et al. (2015). The expression data were gene-wise normalized, and the expression patterns were illustrated using the MultiExperiment Viewer (MeV) software.



RNA Isolation and Quantitative Real-Time PCR

Total RNA was extracted by hexadecyl trimethyl ammonium bromide (CTAB) and precipitated by the ammonium acetate method (Zhao et al., 2012). The cDNA was synthesized using PrimeScript™ RT Reagent Synthesis Kit (TaKaRa, Dalian, China). The gene-specific primer pairs were designed by PrimerPremier software (version 5.0) based on the coding sequences of GhAQPs and stress-related genes (Supplementary Table S1). GhUBQ7 and AtUBQ were used as internal references in upland cotton and Arabidopsis, respectively (Supplementary Table S1). Gene expression was calculated with the 2–ΔΔCt method (Livak and Schmittgen, 2001). Each sample was analyzed with three technical replicates within each of the three biological duplicates.



Gene Cloning and Vector Construction

Cotton leaf crumple virus (CLCrV) and tobacco rattle virus (TRV) vectors were used in the VIGS experiment under salt and osmotic stress conditions, respectively. The pCLCrV-fused cDNA fragment of magnesium chelatase subunit I (GhChlI) and TRV-fused cDNA fragment of chloroplasts alterados 1 gene (GhCLA) were used as a positive control to monitor the efficiency of VIGS experiments. The fragments targeting the candidate genes containing different recognition sites were amplified as a template and integrated into pCLCrVA or TRV2.

For the construction of the 35S:GFP-GhAQP vector, the polymerase chain reaction (PCR) product was ligated into the BamHI site and XbaI of the pCAMBIA1300-eGFP vector driven by the cauliflower mosaic virus 35S promoter. This vector was transformed into the Agrobacterium tumefaciens strain GV3101.

For the OE study, the 35S:GhTIP2;1 (pCAMBIA1300-GhTIP2;1-eGFP) vector was constructed by digesting the GhTIP2;1 coding sequence with KpnI and XbaI. The digested sequence was then inserted into a pCAMBIA1300 vector fused with green fluorescent protein (GFP) tagging, which contained hygromycin- and kanamycin-resistant genes. This vector was transformed into the A. tumefaciens strain GV3101. All the primers used in the vector construction are listed in Supplementary Table S2.



Arabidopsis Transformation

The 35S:GhTIP2;1 vector was transformed into A. thaliana (Col-0) by the floral dip method (Clough and Bent, 1998). Positive transformants were selected on the MS medium with 25 mg/L hygromycin and grew until maturation.



Subcellular Localization and β-Glucuronidase Histochemical Staining

Subcellular localization of AQPs was predicted in WoLFPSORT1 (Horton et al., 2007). The 35S:GFP-GhAQP vector was transformed into leaves of tobacco (Nicotiana benthamiana) K329 cultivar for the subcellular localization analysis. The signal of GFP was observed under a laser confocal scanning microscope (LSM 880, Zeiss, Germany). The 35S-mCherry-OsTIP1;1 was used as a plant vacuolar maker for the colocalization experiment (Cao et al., 2020). Excitation wavelength used in 488 nm for GFP, and the wavelength range of captured light at 515–555 nm. The excitation wavelength and gain wavelength of mCherry were 561 nm and 580–630 nm, respectively.

To investigate the promoter activity in different tissues, the 8-day-old seedlings that transferred ProGhTIP2;1:GUS were used for GUS staining. For stress treatments, the 2-week-old seedlings that were transformed into ProGhTIP2;1:GUS were treated in 1/2 MS medium that was supplemented with or without 10% polyethylene glycol 6000 (PEG6000), 20% PEG6000, and 150 mM NaCl for 24 h. GUS Staining Kit (Biosharp company) was employed for the GUS staining. The samples were immersed in GUS histochemical staining buffers and subsequently incubated at 37°C overnight. The samples were decolorized in 75% ethanol until the color of the negative control plants turned white. GUS activity was estimated based on the presence of blue.



Virus-Induced Gene Silencing Analysis in Cotton

All constructed vectors were transformed into A. tumefaciens strain EHA105 by a heat-shock method. The EHA105 lines contained pCLCrVA, pCLCrVA-genes, and TRV, TRV-genes, vectors were mixed with an equal volume of A. tumefaciens containing pCLCrVB and TRV1, respectively, and the mixed solution was used to infiltrate plants. The quantitative real-time PCR (qRT-PCR) was performed to further confirm that candidate genes had been silenced in VIGS experiments. The primers used in the qRT-PCR analysis are listed in Supplementary Table S1, and the primers used in the VIGS experiments are listed in Supplementary Table S2.

The cotyledons of 1-week-old cotton seedlings were infiltrated with the solution containing A. tumefaciens of pCLCrV-genes or TRV-genes according to the previous description (Gu et al., 2014; Long et al., 2020). The VIGS experiments were repeated at least three times with more than three individual plants were included.

For salt tolerance assay, plants that infiltrated with a solution containing A. tumefaciens of pCLCrV-GhPIPs after 10 days were watered by 400 mM NaCl solution regularly after every 4 days until the phenotype appeared (Long et al., 2019).

For drought tolerance assay, plants silencing of GhTIP1;1 (TRV:GhTIP1;1), GhTIP2;1 (TRV:GhTIP2;1), GhPIP1;2 (TRV:GhPIP1;2), and GhPIP2;3 (TRV:GhPIP1;2) were transferred to Hoagland liquid medium containing 13% PEG6000. TRV:GFP with no silencing fragment was used as a control. The phenotype was observed after 13% PEG6000 treatment for 1 week, and the samples of leaves and roots were evaluated for the relative water content (RWC).



Salt- and Drought-Tolerant Assay in Arabidopsis

To identify the stress tolerance of GhTIP2;1 overexpressed Arabidopsis (OE1 and OE3) and WT, seeds were sterilized with 5% (v/v) sodium hypochlorite and cultured on MS media, vernalized for 2 days at 4°C and incubated in a growth room (22°C, 16-h light/8-h dark cycle). Seedlings that had no significant difference in the length of primary roots were transferred to MS media with or without 150 mM NaCl and 15% PEG6000, respectively, for stress analysis. The experiments were carried out with three biological replicates, and each replicate represents 20 seedlings for each line.



Morphological and Physiological Measurements

To identify the chlorophyll damage caused by salt stress, leaves (infiltrated with a solution containing A. tumefaciens of pCLCrV-GhPIPs after 10 days) of the same size and from the same position were picked and washed with distilled water and then were floated in salt solution (400 mM NaCl) with the abaxial surface down. Photographs were taken after the phenotype developed. Total chlorophyll content was calculated according to the formula described in the study by Arnon (1949).

The leaves of the gene-silenced plants or seedlings of Arabidopsis after NaCl or PEG treatments were used for identifying malondialdehyde (MDA), superoxide dismutase (SOD), peroxidase (POD) activities, H2O2, and proline content. The MDA content, H2O2 content, proline content, SOD, and POD activity were determined according to the study by Ullah et al. (2018). The absorbance was measured using a UV-2550 UV-vis spectrophotometer (SHIMADZU). Three biological replications were performed. The enzyme assays were performed in three biological replicates. Proline was extracted and quantified as recommended by Zhao et al. (2009).



Statistical Analysis

The experiments were conducted with three biological replicates, and each replicate represents at least 12 individuals. Each graphical plot represents the results from three repeats, and the values are displayed as the mean ± SD. Statistical significance was determined using Student’s t-tests, and P-values < 0.05 were considered statistically significant.




RESULTS


Conservation and Differentiation of Aquaporins in Gossypium

A total of 54, 56, and 111 candidate AQP genes were predicted in G. arboreum, G. raimondii, and G. hirsutum, respectively. The gene structure, conserved motif, and duplicate genes of AQPs in A2, D5, and AD1 were analyzed, which indicated that the structure and properties of AQPs were conserved in each subfamily, yet vary among subfamilies. The physical locations of the AQP genes exhibited great diversity and complexity in the genome of Gossypium. The Ka/Ks values of duplicated AQPs were less than 1, suggesting that AQP genes have undergone strong purifying selection pressure after segmental duplication and whole-genome duplication (WGD) (Supplementary File).



Subcellular Localization of GhAQPs

Most PIPs were predicted to localize on the plasma membrane. TIPs were predicted to localize on the vacuolar membrane and plasma membrane, as well as in the cytoplasm. NIPs, SIPs, and XIPs were predicted to localize on the vacuolar membrane and plasma membrane. To determine the subcellular localization of GhAQP proteins, a C-terminal GFP fusion vector containing GhAQPs driven by a 35S promoter was constructed, and the free GFP vector was used as a positive control. Transient expression in tobacco leaves was performed by agroinfiltration. The 35S:GFP fusion protein was localized in the membrane, cytoplasm, and nucleus (Figure 1). The signals of GhPIP1;2, GhPIP2;3, and GhNIP5;1 were perceived in the plasma membrane, yet the signals of GhTIP1;1 and GhTIP2;1 were captured in the vacuole membrane. The GhSIP1;3 and GhXIP1;1 were localized to the plasma membrane and cytoplasm (Figure 1). The experimental subcellular localization of AQPs was consistent with software prediction.
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FIGURE 1. Subcellular localization of GhAQPs. GhAQPs were transiently expressed in Nicotiana benthamiana to determine its subcellular localization (Bar = 20 μm). GFP, green fluorescent protein.




Expression Pattern of GhAQPs Under Salt and Osmotic Stresses

The expression patterns of homologous GhAQP genes in At and Dt subgenomes were similar under salt or osmotic stress (Figure 2). Most GhAQPs (genes in the red box) that were belonging to the PIP subfamily were induced rapidly and continued to be upregulated at 3 h after salt or osmotic treatment.
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FIGURE 2. Expression patterns of GhPIP and GhTIP genes response to salt and osmotic stresses. The expression patterns of GhAQPs after salt (A) and drought stress (B), respectively. The green dots represent the genes with different expression patterns under salt stress and osmotic stress. The red box represents the genes that are highly expressed in the early stage (1–3 h) after stress, and the blue box represents the genes that are highly expressed in the late stage (3–12 h) after stress. The fragments per kilobase of transcript per million mapped reads (FPKM) values of GhAQP genes after 200 mM NaCl or PEG treatment were from public RNA-seq data. The fold change values of GhAQP genes after salt or drought stresses were shown in the heatmap constructed by the MultiExperiment Viewer (MeV) software.


A few GhAQPs (genes in the blue box) were induced at 3 h after salt or osmotic stress and were continuously upregulated until 12 h. Only three gene pairs (GhPIP1;9_A/D, GhPIP2;1_A/D, and GhSIP1;2_A/D) were continuously upregulated after salt and osmotic stresses. The expression patterns of most genes under osmotic stress and salt stress were consistent, except for GhPIP1;2_A/D.

To validate the expression pattern of GhPIPs under salt and osmotic stresses, we performed qRT-PCR (Figure 3 and Supplementary Figure S2). For easy description, we used GhPIP to represent the GhPIP_A/D gene pair. Among the 21 gene pairs, most GhPIP genes were significantly induced after 150 mM NaCl treatment, while the expression of nine genes (GhPIP1;6, GhPIP1;11, GhPIP2;1, GhPIP2;11, GhPIP1;2, GhPIP1;4, GhPIP2;8, GhPIP2;10, and GhPIP2;13) was not detectable. A total of ten pairs of GhPIPs (GhPIP1;3, GhPIP1;7, GhPIP1;9, GhPIP1;10, GhPIP2;2, GhPIP2;3, GhPIP2;5, GhPIP2;6, GhPIP2;7, and GhPIP2;9) were upregulated after salt stress. Among ten upregulated GhPIP genes, five (GhPIP1;10, GhPIP2;2, GhPIP2;3, GhPIP2;5, and GhPIP2;7) showed the highest expression at 3 h, which is consistent with the RNA-seq result. Six pairs of GhPIP genes (GhPIP1;1, GhPIP 1;5, GhPIP 1;8, GhPIP 2;4, GhPIP 2;12, and GhPIP 2;14) were alternately up- and downregulated throughout time courses of the treatment; however, these genes showed sharp upregulation at 48 h. Three genes (GhPIP2;4, GhPIP2;12, and GhPIP2;14) were significantly downregulated at 12 h, while GhPIP1;8 was downregulated at 3 h. GhPIP1;1 showed minor downregulation at 1 h and stayed to 12 h but upregulated dramatically at 48 h. GhPIP1;5 genes remained downregulated from 1 to 3 h, after that, upregulated until 48 h.
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FIGURE 3. Expression patterns of candidate genes under salt and drought stresses. (A) Salt stress (150 mM NaCl) and (B) drought stress (15% PEG6000). Quantitative real-time PCR (qRT-PCR) was used to investigate the expression levels of candidate genes. GhUBQ7 was used as the internal control to calculate and normalize the expression levels. *P < 0.05, **P < 0.01.


We observed that four genes (GhPIP1;2, GhPIP2;3, GhTIP1;1, and GhTIP2;1) were upregulated at the early stages after drought stress. To verify their expression levels, we performed qRT-PCR (Figure 3B). The expression of these genes reached the peak value at 2 h after osmotic stress except for GhPIP1;2, suggesting that these genes functioned in osmotic stress response. All the results showed that GhPIPs genes might be involved in the abiotic stress of cotton.



Cis-Regulatory Elements of GhPIPs and GhTIPs

Cis-regulatory sequences are linear non-coding DNA fragments that exist in front of the promoter region. Cis-regulatory elements have various functions, which depend on their types, locations, and orientations. To expound the function of GhPIPs and GhTIPs, 1,500-bp upstream sequences of GhPIPs promoter regions were extracted and used to predict cis-elements using the PlantCARE database. A total of 272 cis-regulatory elements were detected in GhPIPs and GhTIPs. Notably, 85% were core promotor elements or binding sites of DNA binding protein. In addition, 53, 23, and 10% of the motifs were involved in light response, plant hormone-responsive, and other stress-responsive, yet 14% were undefined. These results demonstrated that GhPIPs and GhTIPs have multiple roles in cotton developmental processes and abiotic stress response. In this study, we focused on five cis-regulatory elements responding to abiotic stresses, including a cis-acting regulatory element essential for the anaerobic induction (ARE), a cis-acting element involved in low-temperature responsiveness (LTR), an MYB binding site involved in drought inducibility (MBS), a motif involved in differentiation of the palisade mesophyll cells (HD-Zip 1), and a wound-responsive element (WUN-motif) (Supplementary Table S3 and Supplementary Figure S2). In general, GhPIP genes possessed at least one stress-response-related cis-element. In this study, we discovered that most GhPIP genes had an ABA-responsive element (ABRE) that participated in ABR signaling pathways under salt stress (Supplementary Figure S2).



Silencing of GhPIP2;7 Decreased Salt Tolerance in Cotton

The GhChlI-silenced plants showed a typical photobleaching phenotype in newly grown leaves, which indicated that the VIGS system was applied successfully in GX100-2 (Supplementary Figure S3A). We also examined the expression levels of three genes (GhPIP2;2, GhPIP2;3, and GhPIP2;7) in gene-silenced plants by qRT-PCR. The gene expression was significantly decreased in gene-silenced plants than that in mock (plants transformed in empty vector) (Supplementary Figure S3B).

To further evaluate the phenotype of the gene-silenced plants under salt stress, the plants were treated with 400 mM NaCl for 12 days. Under salt stress conditions, the leaves of GhPIP2;7-silenced plants wilted more seriously, and the plant height decreased than that in mock and other gene-silenced plants (GhPIP2;2 and GhPIP2;3) (Figures 4A,B). Furthermore, the leaf disks of gene-silenced plants were incubated in 0 or 400 mM NaCl solutions for 4 days (Figures 4C,D). The leaf disks of GhPIP2;2- and GhPIP2;3-silenced plants did not produce any observable differences compared to those of mock under normal conditions. However, the leaf disks of GhPIP2;7-silenced plants showed more significant browning than those from the mock (Figure 4C). The chlorophyll content of leaf disks in GhPIP2;7-silenced plants decreased significantly, but the changes of GhPIP2;2- and GhPIP2;3-silenced plants were not significant after salt stress treatment (Figure 4D). Subsequently, we tested the MDA content, POD, and SOD activities in the leaves (Figures 4E–G). Under the control condition, the SOD activity and the MDA contents were increased, while the POD activity decreased significantly in GhPIP2;7-silenced plants. Salinity greatly reduced the activity of antioxidant enzymes (SOD and POD) and increased the MDA content in GhPIP2;7-silenced plants. The silencing of GhPIP2;2 and GhPIP2;3 in cotton did not produce any observable differences in phenotype and plant height, compared to the mock under salt stress conditions (Figures 4A,B). The trends of antioxidant enzyme activity and MDA content were not consistent under salt stress conditions (Figures 4E–G). The results indicated that the silencing of GhPIP2;7 significantly decreased cotton tolerance to salt stress.
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FIGURE 4. Silencing of GhPIP2;7 decreased tolerance to salt stress in upland cotton. (A) Phenotypes of GhPIP2;2-, GhPIP2;3-, and GhPIP2;7-silenced plants under salt stress and normal growth conditions. Plants inoculated with cotton leaf crumple virus-A (CLCrVA) were used as mock (Bar = 10 cm). (B) The plant height of GhPIP2;2-, GhPIP2;3-, and GhPIP2;7-silenced plants under salt stress and normal growth conditions. (C) Leaf disks of mock and GhPIP2;2-, GhPIP2;3-, and GhPIP2;7-silenced plants incubated in 400 mM NaCl or deionized water for 4 days. (D) Chlorophyll content of mock and GhPIP2;2-, GhPIP2;3-, and GhPIP2;7-silenced plants incubated in 400 mM NaCl or deionized water for 4 days. (E–G) Represent the chlorophyll content, malondialdehyde (MDA) concentration, superoxide dismutase (SOD), and peroxidase (POD) activities of leaves in GhPIPs-silenced plants under 400 mM NaCl stress, respectively. Data are the mean of three replications ± SE. (*P < 0.05, **P < 0.01, t-test, n = 3).




Silencing of GhTIP2;1 Decreased Drought Tolerance of Cotton

Four genes (GhTIP1;1, GhTIP2;1, GhPIP2;1, and GhPIP2;3) were selected to validate their functions in drought stress response using the VIGS experiment. We found that the silencing of GhTIP1;1 and GhTIP2;1 resulted in the wilting and yellowing of the whole plant under drought stress (Figure 5A). The gene expression was significantly decreased in the gene-silenced plants than that in mock (Figure 5B). The chlorophyll content was increased in TRV:GhTIP2;1 plants after PEG treatment, while the RWC in roots and leaves was reduced dramatically in TRV:GhTIP1;1 and TRV:GhTIP2;1 plants under drought stress (Figure 5C). The results indicated that the silencing of TIP2;1 decreased the drought tolerance in cotton.
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FIGURE 5. Silencing of GhTIP1;1 and GhTIP2;1 decreased tolerance to osmotic stress in cotton plants. (A) Phenotypes of GhTIP1;1, GhTIP2;1-, GhPIP1;2-, and GhPIP2;3-silenced plants treated with 13% PEG6000 for 3 days. Plants inoculated with tobacco rattle virus (TRV):GFP were used as mock. (B) The relative expression levels of candidate genes in gene-silenced plants. (C) Chlorophyll content, leaf relative weight content (RWC), and root RWC of mock and gene-silenced plants incubated in 13% PEG6000. Data are the mean of three replications ± SE. (*P < 0.05, **P < 0.01, ***P < 0.001, t-test, n > 3).




The Overexpression of GhTIP2;1 Improves Drought Tolerance of Arabidopsis

To evaluate the function of GhTIP2;1 in response to salt and osmotic stresses, two independent homozygous lines of the T3 generation (OE1 and OE3) were used for the subsequent physiological experiment. The OE vector pCAMBIA1300-GhTIP2;1-eGFP contains a GFP label, so the transgenic Arabidopsis lines can be identified by detecting GFP signals. The GFP signals were detected in the root of transgenic Arabidopsis, which indicated that GhTIP2;1 had been transferred into the Arabidopsis genome successfully (Figure 6A). The 1-week-old GhTIP2;1 overexpressed lines (OE1 and OE2) and WT seedlings were transferred to 1/2 MS medium containing 15% PEG6000 and 150 mM NaCl, and the root length was measured after 1 week. Under control conditions, there were no phenotype differences observed between WT and OE lines. Root growth was inhibited more seriously in WT than that in OE lines under PEG treatment (Figures 6B,C). The expression pattern of GhTIP2;1 was determined in transgenic plants, harboring the GhTIP2;1 promoter that could drive the expression of the GUS reporter gene. The GUS gene was strongly expressed in cotyledons, rosette leaves, and roots in the control (Figure 6D). After 10% PEG6000 treatments and 200 mM NaCl, the GUS signal was weak in the cotyledons and rosette leaves compared with the control seedlings. GUS staining was inconspicuous in the leaves when treated with 20% PEG6000. These results indicated that GhTIP2;1 was highly expressed in roots but downregulated in leaves after salt stress and osmotic stress.
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FIGURE 6. Overexpression (OE) of GhTIP2;1 enhanced drought tolerance in Arabidopsis. (A) Subcellular localization of GhTIP2;1 protein in transgenic Arabidopsis roots. (B) Phenotypes of GhTIP2;1 overexpressing (OE) Arabidopsis treated with 15% PEG6000 and 150 mM NaCl. (C) Root length in GhTIP2-1 overexpressing lines under salt and osmotic stresses (Bar = 2 cm). (D) Histochemical glucuronidase (GUS) assays in ProGhTIP2;1:GUS transgenic Arabidopsis plants. The 7-day-old seedlings grown in 1/2 MS medium (control), treated with 10% PEG6000, 20% PEG6000, and 200 mM NaCl for 24 h. The analysis of H2O2 (E), Proline (F), and MDA (G) contents in GhTIP2-1 overexpressing lines under salt and osmotic stresses (n > 3, *P < 0.05; **P < 0.01). Gene expression pattern of stress-related genes in OE lines and wild type (WT) plants AtNHX (H), AtLEA (I), and AtP5CS (J).


In addition, we further analyzed the antioxidant enzyme activity in GhTIP2;1-OE plants and WT under salt and osmotic stresses (Figures 6E–G). To evaluate the role of GhTIP2;1 in the oxidative stress pathway, proline, MDA, and H2O2 contents were measured in GhTIP2;1-OE plants and WT. The results showed that less MDA and H2O2 accumulated in transgenic plants than that in WT under both salt and osmotic stresses. Also, the proline content was significantly higher in transgenic plants compared to WT under salt and osmotic stresses. These results showed that GhTIP2;1-OE plant enhanced osmotic tolerance compared to WT. Furthermore, the expression pattern of stress-responsive genes was determined by qRT-PCR. The transcription levels of stress-responsive genes, including AtNHX, AtLEA, and AtP5CS, showed no significant difference among OE and WT lines under normal conditions. However, the transcription of these genes in WT and OE lines was significantly induced after salt and drought treatments (Figures 6H–J). Although the transcriptional levels of stress-responsive genes were substantially higher in the OE lines than that in WT plants after NaCl treatment, the phenotype between OE and WT lines under salt stress showed no significant difference in OE1 lines. The above mentioned results indicated that overexpressed GhTIP2;1 in Arabidopsis was more tolerant to drought stress than salt stress treatment.




DISCUSSION

Plant AQPs stand for a large and diverse family of numerous water channel proteins which are necessary for several physiological processes in living organisms (Tyerman et al., 2021). The success of plant genome sequencing has enabled the identification and characterization of AQPs in Arabidopsis (Johanson et al., 2001), S. lycopersicum (Reuscher et al., 2013), P. vulgaris (Ariani and Gepts, 2015), M. esculenta (Putpeerawit et al., 2017), Z. mays (Chaumont et al., 2001), O. sativa (Sakurai et al., 2005), and banana (Hu et al., 2015). These researches provided models for the identification of the AQP gene family in cotton species.

The release of three cotton genome data allowed the identification and characterization of the AQP gene family. Four genome versions of G. hirsutum acc. TM-1 was released from different organizations, and the differences among these genome versions were mainly concentrated on the duplicated genes (Zhang et al., 2015; Hu et al., 2019; Chen et al., 2020). Taking advantage of the transcriptomic data and gene annotation information of NBI_V1.1 in CottonFGD and CottonGen websites, we analyzed these genes and their proteins by extracting and aligning their sequences in G. hirsutum acc. TM-1 (NBI_V1.1) (Zhang et al., 2015). In total, 221 putative AQPs were identified in three cotton species. A total of 54, 56, and 111 AQP genes were predicted in G. arboreum, G. raimondii, and G. hirsutum, respectively. Of note, 111 full-length AQP-coding sequences were identified in G. hirsutum; thereinto, 48, 26, 20, 11, and 6 members belonging to the PIP, TIP, NIP, SIP, and XIP subfamily, respectively. Most members existed as gene pairs in At and Dt subgenome of G. hirsutum, while only a few members existed in one of the subgenomes, such as GhPIP1;11 (Supplementary Figure S2 in Supplementary File).

In upland cotton, 71 AQP genes were identified and classified into five subfamilies, namely, PIP (28), TIP (23), NIP (12), SIP (7), and XIP (1) based on the expressed sequence tag (EST) sequences from previous research (Park et al., 2010). As shown in Supplementary Tables S1, S2 in Supplementary File, 111 putative AQP genes were predicted in G. hirsutum by HMMER search in our research, while the number was 113 in the previous research. Two GhAQP genes (GhPIP2;4b_Dt and GhPIP2;4d_Dt) in the Dt subgenome were specifically presented in the study by Li W. et al. (2019). We found that three AQP genes (GhPIP2;9_A, GhNIP5;1_A, and GhSIP2;1_A) were specifically presented in G. hirsutum, and two SIP genes were specifically found in G. arboreum in our study, while one (GaNIP7;1b) and two AQP genes (GrPIP2;7d and GrPIP2;8) were predicted specifically in A2 and D5 genome, respectively, which is consistent with the results suggested by Li W. et al. (2019). It was found that two AQP genes (GhPIP1;1 and GhTIP2;1) were downregulated under salt stress (Braz et al., 2019). Three PIP genes (GhPIP1;1, GhPIP2;1, and GhPIP2;2) were isolated from the cotton root cDNA library, and the transcriptional changes of these genes were observed under abiotic stresses (Li et al., 2009). However, to the best of our knowledge, studies focused on the roles of AQP in response to abiotic stress in upland cotton were limited.


The Expansion and Duplication of Aquaporins in Gossypium

In this study, we analyzed the AQPs of G. hirsutum, G. raimondii, G. arboreum, and other 34 plant species and found that the number of AQPs was consistent with the total gene number of eudicots, not monocots (Supplementary Figure S1 in Supplementary File). Before the formation of angiosperms, all plant genomes experienced two whole-genome replication events, in which eudicots and monocots experienced genome tripling and replication events, respectively (Wu et al., 2020).

Upland cotton, which is a natural allopolyploid, is an excellent plant material to explore the mechanism of genome evolution and polyploidy formation. Gene duplication is an important mechanism for increasing genetic variability and creating novel genes in plants (Moore and Purugganan, 2003). Previous analyses on biotin carboxyl carrier protein (BCCP) and phospholipase C (PLC) gene evolution in Gossypium revealed that the duplicated genes evolved independently after polyploidy formation (Cui et al., 2017; Zhang et al., 2018). To further understand the duplication events, we investigated the expansion mechanism of GhAQP genes. A total of 115 duplicated gene pairs were identified, and most of those were distributed on different chromosomes (Supplementary Figures S5, S6 and Supplementary Table S3 in Supplementary File). The result demonstrated that the expansion of GhAQP genes was mainly caused by segmental duplication. The number of AQP-coding genes in G. hirsutum was approximately the sum of G. raimondii and G. arboreum, according to the WGD event in cotton evolution (Supplementary Figure S5 and Supplementary Table S3 in Supplementary File). In this study, we observed that AQP genes in the A genome and At subgenome had common ancestors, as well as in the D genome and Dt subgenome, which indicated that AQP genes were highly conserved during cotton evolution. During the long history of plant evolution, genes have been exposed to different selective pressures, including positive selection, negative selection, and purifying selection (Flagel and Wendel, 2009). The average Ka/Ks ratio of 115 GhAQP gene pairs was less than 1, which indicated that GhAQP genes experienced purifying selection during evolution (Supplementary Table S3 in Supplementary File).



Conservation and Differentiation of Aquaporins in Gossypium

The evolutionary analysis on Gossypium AQP genes showed that most of them were greatly conserved during evolution. AQPs have typical conserved NPA motifs and ar/R selectivity filter features, which are indispensable in determining the transport channel specificity (Maurel et al., 2015). All the members of the PIP, NIP, and SIP subfamily and most of the TIPs contained the same ar/R selectivity filter. PIPs showed typical NPA motifs and highly conserved ar/R selectivity filter (F-H-T-R), which are the typical water-transporting configuration (Supplementary Table S1 in Supplementary File). These two motifs were highly conserved in PIPs of A. thaliana (Johanson et al., 2001), Z. mays (Chaumont et al., 2001), S. lycopersicum (Reuscher et al., 2013), and Brassica rapa (Kayum et al., 2017). TIPs exhibited four different forms of ar/R selectivity filter, namely, GhTIP1;1 (H-I-D-V), GhTIP2;2 (H-I-S-R), GhTIP3;1 (H-I-D-R), and GhTIP5;1 (N-V-S-L), which provided evidence for the variability of TIP subfamily (Sun et al., 2016). The NIP subfamily was quite divergent in NPA motifs and ar/R selectivity filter compared to other subfamilies in upland cotton, suggesting that the substrates for transport were diverse (Perez et al., 2014). This finding suggested that the domain of the PIP subfamily was more conserved than other subfamilies. Most PIPs, SIPs, and XIPs were predicted to be positioned on the plasma membrane, suggesting that they may regulate osmotic potential and water flows across this essential plant subcellular compartment (Figure 1 and Supplementary Table S1 in Supplementary File). TIPs were mainly located on the vacuole membrane, suggesting that the TIPs may regulate cellular osmosis and water homeostasis in cotton (Figure 1 and Supplementary Table S1 in Supplementary File). The ar/R filter in the members of different subfamilies was quite divergent, indicating their divergence in solute permeability (Supplementary Table S1 in Supplementary File).

Salt and drought stresses are the major abiotic threats to plants that affect plant growth and reduce crop yield. Excess salt may become cytotoxic to the plant, leading to cell membrane destruction (Zhu, 2001). Most homologous AQP genes in At and Dt subgenomes showed the same expression pattern under salt or drought stress (Figure 2). The PIP genes played an important role in conferring abiotic stress tolerance in plants, including drought, cold, and salt (Lu et al., 2018; Wang et al., 2019). Most of the GhPIP genes or gene pairs were rapidly induced when exposed to salt stress and osmotic stress, except for GhPIP1;2_A and GhPIP1;2_A/D (Figure 2). The structures of the PIP subfamily were highly conserved, which may explain the similar biological functions in response to abiotic stress (Supplementary Figure S1 and Supplementary Table S1 in Supplementary File). It demonstrated that most PIPs are conserved in response to abiotic stress, but the functions of a few genes are differentiated.

A total of ten GhPIP genes (GhPIP1;3, GhPIP1;7, GhPIP1;9, GhPIP1;10, GhPIP2;2, GhPIP2;3, GhPIP2;5, GhPIP2;6, GhPIP2;7, and GhPIP2;9) were significantly induced (Log2-based value > 1) after 150 mM NaCl treatment, suggesting that GhPIP genes response to salt stress extensively (Figure 3 and Supplementary Figure S1). Most GhPIP genes showed similar expression patterns between At and Dt subgenome (Supplementary Table S4; Li W. et al., 2019). In our study, the expression of most GhPIPs was increasing at early stages after salt stress, for instance, GhPIP1;10, GhPIP2;5, and GhPIP2;7 showed the high expression at 3 h after salt stress, GhPIP1;8 reached the high level at 1 h, and GhPIP2;9 reached the peak at 12 h (Figure 3 and Supplementary Figure S1). The expression of GhPIPs increased rapidly under salt stress from 12 to 24 h and reached a high expression level at 24 h except for GhPIP1;4a_At (Dt), which reached its expression peak at 48 h, which explained the mechanism of leaves wilting in a short period after salt stress (Li W. et al., 2019). The expression of GhPIP2;7 reached a high level at 3 h after salt stress and then continuously downregulated to 48 h in this study using G. hirsutum GX100-2 (leaves); the expression of GhPIP2;1 (GhPIP2;7 in our research) increased rapidly under salt stress from 12 to 24 h and reached a high level at 24 h in G. hirsutum acc. TM-1 (root) (Figure 3; Li W. et al., 2019). Our data indicated that the response speed to salt stress was strongly related to the tissues or varieties in upland cotton.



Silencing of GhPIP2;7 Decreased the Salt Tolerance in Upland Cotton

Previous reports had demonstrated that the PIP genes played a vital role in response to salt stress and could actively regulate root and leaf hydraulics in plants (Li G. et al., 2014). GhPIP2;2, GhPIP2;3, and GhPIP2;7 were significantly upregulated in response to salt stress, which was consistent with the results in Beta vulgaris (Skorupa-Kłaput et al., 2015). AtPIP2;4 and AtPIP2;5 exhibited the upregulated expression under salt stress (Feng et al., 2018). PIP2;7, which was initially referred to as Salt-Induced MIP (SIMIP), was reported to be strongly upregulated by 150 mM NaCl treatment in the 2-week-old Arabidopsis seedlings (Jang et al., 2004). The OE of PePIP2;7 enhanced salt and drought stress tolerance of Arabidopsis and yeast (Sun et al., 2021). MsPIP2;2 conferred salt tolerance by regulating antioxidant defense system-mediated reactive oxygen species (ROS) scavenging, K+/Na+ homeostasis, and stress-responsive gene expression in Arabidopsis (Li S. et al., 2019). Taken together, salt stress stimuli resulted in a wide variety of PIP gene expression patterns. GhPIP2;2 and GhPIP2;3 were the homologous genes of AtPIP2;4, which showed the same expression pattern after 150 mM NaCl treatment (Figure 3 and Supplementary Figure S2 in Supplementary File). Plants showed no obvious salt damage phenotype whether GhPIP2;2 or GhPIP2;3 were silenced (Figure 4), which may be due to the functional redundancy of homologous genes.

There was no difference in phenotype between GhPIPs-silenced plants and control under normal conditions (Figure 4). The salt injury symptoms of GhPIP2;7-silenced plants were more severe than that in mock plants, which included yellowing, slight wilting, and dwarfing (Figures 4A,B). MDA is the product of the peroxidation reaction, which indicates the degree of peroxidation of the cell membrane and the strength of the stress reaction. Antioxidant enzymes can alleviate oxidative damage caused by salt stress in plants. Under salt stress conditions, the activity of antioxidant enzymes (SOD and POD) in GhPIP2;7-silenced plants decreased dramatically, while the MDA content increased significantly, which aggravated the salt injury phenotype of plants (Figures 4E–G). We found that the HD-Zip 1 element, which was involved in the differentiation of palisade mesophyll cells, existed in GhPIP1;9_A/D and GhPIP2;7_A/D. It was reported that PIP2;1 contributed to ABA-triggering stomatal closure through open stomata (OST)1-mediated phosphorylation (Grondin et al., 2015). Combined with the cis-elements in promoter and expression profile of GhAQPs under salt stress, GhPIP2;7 may play a positive regulatory role in response to salt stress, which affects water transport by controlling mesophyll expansion. However, the roles of PIPs in response to salt tolerance in cotton still need further research.



GhTIP2;1 Increases Tolerance to Osmotic Stress by Accumulating More Proline and Improving the Na+ Efflux

The silencing of GhTIP1;1 and GhTIP2;1 resulted in the wilting and yellowing of the whole plant under drought stress (Figure 5A). The RWC in root and leaves was reduced in TRV:GhTIP1;1 and TRV:GhTIP2;1 plants under drought stress (Figure 5C). GhTIP2;1 may be the key gene involved in drought stress response. To further validate its roles, we overexpressed it in A. thaliana under osmotic stress. In this study, the expression pattern of GhTIP2;1 was determined by analyzing transgenic plants harboring the GhTIP2;1 promoter that could drive the expression of the GUS reporter gene. GhTIP2;1-OE individuals grow significantly better than WT in Arabidopsis under drought stress (Figure 6A).

Proline is an osmolyte that plays an important role in oxidative stress response. The accumulation of H2O2 in the plant cell could cause oxidative damage, while its lower concentration correlated with drought tolerance (Ullah et al., 2018). The MDA level under stress conditions was an indicator of ROS destructive effects (Sharma et al., 2012). More proline accumulation and less MDA and H2O2 contents in transgenic plants suggested that the OE of GhTIP2;1 reduced the sensitivity of Arabidopsis to drought stress. NHX is Na+/H+ antiporters that maintain cellular Na+/K+ and pH homeostasis (Long et al., 2020). The upregulation of ATP5CS mainly promoted the accumulation of proline (Trovato et al., 2018). To investigate the role of GhTIP2;1 in osmotic stress, we analyzed the expression of three stress-related genes (AtP5CS, AtNHX, and AtLEA). The results showed that AtP5CS, AtNHX, and AtLEA genes were upregulated in GhTIP2;1-OE Arabidopsis plants under osmotic stress. Therefore, GhTIP2;1 may enhance the osmotic tolerance by accumulating more proline and increasing the Na+ efflux.




CONCLUSION

In this study, a total of 111, 54, and 56 AQP genes were identified in three cotton species (G. hirsutum, G. arboreum, and G. raimondii, respectively). Their conserved motifs and gene structure within the same subfamilies shared a notable similarity, which leads to conserved functions. Some GhPIPs and GhTIPs were induced significantly in both drought and salt stresses. The silencing of GhPIP2;7 severely compromised the salt tolerance of upland cotton, while GhTIP2;1 acted as a positive regulator in both transgenic Arabidopsis and cotton under drought stress. Our study revealed that GhPIP2;7 and GhTIP2;1 positively regulated the tolerance of upland cotton under salt and osmotic stresses, respectively, and these two AQP genes provide new resources for the genetic improvement of salt and drought tolerance in upland cotton.
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Upland cotton (Gossypium hirsutum) is the world’s leading fiber crop and one of the most important oilseed crops. Genetic improvement of cotton has primarily focused on fiber yield and quality. However, there is an increased interest and demand for enhanced cottonseed traits, including protein, oil, fatty acids, and amino acids for broad food, feed and biofuel applications. As a byproduct of cotton production, cottonseed is an important source of edible oil in many countries and could also be a vital source of protein for human consumption. The focus of cotton breeding on high yield and better fiber quality has substantially reduced the natural genetic variation available for effective cottonseed quality improvement within Upland cotton. However, genetic variation in cottonseed oil and protein content exists within the genus of Gossypium and cultivated cotton. A plethora of genes and quantitative trait loci (QTLs) (associated with cottonseed oil, fatty acids, protein and amino acids) have been identified, providing important information for genetic improvement of cottonseed quality. Genetic engineering in cotton through RNA interference and insertions of additional genes of other genetic sources, in addition to the more recent development of genome editing technology has achieved considerable progress in altering the relative levels of protein, oil, fatty acid profile, and amino acids composition in cottonseed for enhanced nutritional value and expanded industrial applications. The objective of this review is to summarize and discuss the cottonseed oil biosynthetic pathway and major genes involved, genetic basis of cottonseed oil and protein content, genetic engineering, genome editing through CRISPR/Cas9, and QTLs associated with quantity and quality enhancement of cottonseed oil and protein.
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INTRODUCTION

Upland cotton (Gossypium hirsutum L.) is the world’s leading fiber crop, as well as one of the most important oilseed crops along with soybean, rapeseed, sunflower and peanut.1 The production of the cotton fiber and cottonseed is normally at the ratio of 1:1.65, and cottonseed oil accounts for about 20% of the whole seed weight, and the oil is the second most valuable component of the cotton crop behind fiber, on a price per unit weight basis (O’Brien et al., 2005). Because of its rather neutral flavor, cottonseed oil is commonly desired by the food industry as it does not mask the natural flavor of the food used to cook or process. Cottonseed is also rich in high quality protein containing amino acids that are important for both human consumption (if the toxic gossypol is removed) and animal feeds, especially farm raised fish. The global production of cottonseed protein is estimated to be about 11 million metric tons annually. In fact, cottonseed is the second most important potential source of plant proteins after soybean (Spadaro and Gardner, 1979). However, cottonseed and its derivative products are traditionally regarded as a by-product of the more valuable cotton fiber production, providing only about 14–19% of farm-gate value in cotton production.2 The fact that cottonseed is a by-product of cotton production greatly improves its sustainability metrics compared to other oilseeds. Cotton research has thus far been understandably focused primarily on the yield and quality of cotton fiber, while the seed traits, except for seed germination and seed size, are relatively neglected. Consequently, the research and development focus on cottonseeds has been lagging behind other oilseed crops in spite of its abundance in availability and excellent potentials for improvement.

There is a long history of cottonseed oil utilization going back more than 100 years. This arose along with the cotton plantation in the new world and cottonseed oil dominated the vegetable oil market until the rise of soybean oil and canola oil in the 1950s. As Upland cotton production was expanded from the United States to other countries, the use of cottonseed oil for food and protein for animal feed became common in all the cotton growing areas in the world. Cottonseed oil is generally favored due to not only its ready availability and specifically developed extraction technology, but also its bland flavor, does not mask the true flavor of the food that it cooks. Its high smoke point makes it ideal and somewhat superior to other vegetable oils and animal fats for frying applications. As it contains a relatively high level of saturated fatty acids that confers high oxidative stability and high melting point, cottonseed oil has also commonly be used in food industry as “an invisible oil” in the processed snack foods, margarine making and various confectionery applications (Liu et al., 2008; Liu, 2011). More recently, the use of cottonseed oil for renewal fuels (mostly biodiesel) has also attracted considerable attention, as it has a negative carbon profile and could significantly reduce CO2 emission in comparison to fossil fuels (Karaosmanoglu et al., 1999; Meneghetti et al., 2007). The whole cottonseed or the meal following oil extraction is rich in proteins and used as popular source of animal feed. Globally, approximately 10 million metric tons of protein is produced by cottonseed (Kumar et al., 2021). Cottonseed protein is endowed with a high level of arginine relative to most plant-based proteins, which has been shown to slow down cancer progression, to act a principal regulator of blood pressure, and to cause a relaxation of cardiovascular smooth muscle cells following conversion to nitric oxide (Lowell et al., 1990; Moncada and Higgs, 1993). Lysine is an important amino acid for humans and animals; and cottonseed kernels contain on average 2.3% lysine (dry weight of kernel powder basis), higher than rice (2.15%) and lower than wheat (2.7%) (Chen et al., 1986). There is an increasing trend of using whole intact cottonseed for feeding lactating dairy cows by leveraging the rumen bypass effects offered by the thick seed coat and remaining fuzz (i.e., linters) following ginning. In addition, cotton is also rich in antioxidants such tocopherols with vitamin E as its main form (Smith and Creelman, 2001).

Despite the continued research focus on cotton fiber, the prospects of increased utilization of cottonseed oil as food, feed and biofuels, have encouraged researchers to develop ways to genetically improve cottonseed products and maximize the outcome for enhanced fiber production and quality, improved nutritional value and expanded industrial applications. Furthermore, there is an environmental impetus to develop such a sustainable byproduct of a valuable fiber crop because of its abundant availability without the need for additional land use and detrimental greenhouse gas emission (Zucker and Zucker, 1943; Ory and Flick, 1994; Alford et al., 1996).

Cotton has a complex genetic base as an allotetraploid species and complicated genetic mechanisms underpinning the accumulation of various valuable metabolites in cottonseed and the development of fibers which cover the seeds. Nevertheless, considerable progress has been made to elucidate the molecular and biochemical mechanism, which has also been used in numerous attempts in genetically enhancing the accumulation or alteration of the relative levels of protein, amino acids, oil, and fatty acid composition in cottonseed. The objective of this review is to summarize and discuss the cottonseed oil biosynthetic pathways and major genes involved, genetic basis of cottonseed oil and protein content, genetic engineering, genome editing through CRISPR/Cas9, and QTLs associated with quantity and quality enhancement of cottonseed oil and protein.



COTTONSEED OIL AND STORAGE PROTEINS BIOSYNTHESIS AND ACCUMULATION

The biochemical processes involved in the biosynthesis of seed oil are relatively well known (Browse and Ohlrogge, 1995; Ohlrogge and Jaworski, 1997; Voelker and Kinney, 2001). Currently, there is a profound understanding on the biochemical and molecular functions of most steps in the lipid biosynthetic pathway, as well as the inheritance of phenotypic performance of various mutants corresponding to these metabolic steps in model plants (Byrne et al., 1996; McMullen et al., 1998). With the advent of numerous high quality genome sequence databases derived from cotton and associated Gossypium species, attempts have been made to identify key genes and their interactive gene networks that are involved in oil biosynthesis in cotton (Liu et al., 2009; Jiao et al., 2013; Hovav et al., 2015; Hu et al., 2016; Xu et al., 2016; Zhao et al., 2018c; Ma et al., 2021; Zhu et al., 2021). The current understanding for the general biosynthetic pathway of cottonseed oil is shown in Figure 1.
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FIGURE 1. The current understanding for the general biosynthetic pathway of cottonseed oil.


The major constituent of cottonseed oil is triacylglycerols (TAG) that is comprised of three fatty acids esterified on a glycerol backbone. Cottonseed oil accumulates during the maturation phase of the embryo, which is a highly compartmentalized process including de novo biosynthesis of fatty acids mainly occurring in plastids, production of glycerol 3-phoshpate (G-3-P) in cytoplasm and TAG assembly by dehydration condensation of acyl-CoA and G-3-P in endoplasmic reticulum (ER) (Nikolau et al., 2003). The TAG molecules contain the same acyl groups that are also found in membrane lipids, which are predominantly linoleate (18:2), followed by palmitate (16:0), oleate (18:1), stearate (18:0), and linolenate (18:3), in addition to a number of minor fatty acids (Cherry, 1983). The final step of TAG assembly, the acylation of the sn-3 position of 1,2 diacylglycerol catalyzed by diacylglycerol acyltransferase (DGAT) to form TAG is commonly regarded as a rate-limiting step (Guo et al., 2017) and plays a substantial role in determining oil content in cottonseed. The resulting TAG molecules in ER will accumulate within a sphere structure known as lipid droplets or oil bodies covered by a monolayer of phospholipids membrane that is decorated with numerous lipid droplets associated proteins, such as oleosin, caleosin, stereoleosin and others. When a lipid droplet reaches a certain size, it will bud off and be released into the cytoplasm (Voelker and Kinney, 2001). It has been generally recognized that DGAT1 plays a crucial role in determining TAG production as it catalyzes the rate-limiting step to convert DAG into TAG. However, there are reports that DGAT3 may play a more active role in promoting TAG biosynthesis in light of transcriptome analysis of developing cottonseeds, although empirical evidence is required (Hovav et al., 2015; Zhao et al., 2018c). A considerable body of literature is now available to imply that a number of transcription factors, such as WRI1, are playing an imperative role in fostering the carbon reallocation toward to de novo fatty acids biosynthesis in plastids and rendering increased availability for TAG biosynthesis (Kong et al., 2019). In congruence, WRI1 and NF-YB6 were highly expressed and displayed coordinated temporal patterns with oil accumulation in cottonseeds (Zhao et al., 2018b). That the key genes involved in de novo fatty acid biosynthesis, such as SAD6 and FATA, showed clear differential expression concomitant with oil accumulation, which were substantially highly expressed in G. barbadense than in G. hirsutum, highlighting the divergence between these two closely related allotetraploid cottons (Zhu et al., 2021). Some other enzymes in plastids, such as GhPEPC1, are not only involved in photosynthesis but also key to the inflowing of carbon turnover to fatty acid biosynthesis attributable to the accumulation of cottonseed oil (Xu et al., 2016). In higher plants, seed storage proteins are synthesized on the rough ER, using amino acids directly taken up by the embryo, or obtained after transamination reactions. Subsequently, they are transported into protein storage vacuoles by a vesicle-mediated pathway (Jolliffe et al., 2005). In cottonseed, two major classes of storage proteins are globulins and albumins, which differ in their solubility properties. Both globulins and albumins are synthesized and compartmentalized in storage protein vacuoles during cottonseed maturation (Dure and Chlan, 1981).



FACTORS AFFECTING COTTONSEED OIL AND PROTEIN CONTENTS

The contents of oil and protein in cottonseeds are quantitative traits that are simultaneously affected by genetic and environmental factors and their interactions. Cottonseed oil and protein contents often vary among different growing seasons, growing locations and years (Singh et al., 1985; Dani and Kohel, 1989; Ye et al., 2003). The interactive effects of the genotype × environment depend on not only environmental factors such as water, fertilizer, soil, light and temperature, but also on the relative contribution of the parent genotypes to the trait (Wang, 1992; Hom et al., 2015). However, the fatty acid composition of seed oil is mainly determined by the genotype of the developing embryo (embryogenic control) (Downey and Harvey, 1963; Ecker and Yaniv, 1993; Velasco et al., 2004). Kohel (1980) estimated a moderate heritability based on a 20 × 5 NCII design and a low heritability based on F2/F3 regression for cottonseed oil content. Heritability estimates for oil content varied from low (Meredith et al., 2012) to moderate (Zeng et al., 2015; Campbell et al., 2016; Kothari et al., 2016) or high (Yu et al., 2012; Zhao et al., 2019), depending on different genetic backgrounds of cultivars and testing environmental conditions in these studies. Singh et al. (1985) showed that the contents of protein and oil exhibited non-additive genetic effects with a substantial environmental influence based on a set of diallel crosses involving ten parents. However, Yuan et al. (2001) showed that oil content was controlled mainly by maternal additive effect, while protein content by direct additive effect in F3 seeds harvested from F2 hybrids between four Upland lines with the double recessive (gl2gl3) glandless trait and five Upland lines with the dominant glandless (Gl2e) trait. Based on F3 hybrids between 13 cotton chromosome substitution lines (CSLs) each carrying a pair of chromosomes or arms from G. barbadense and five elite Upland cultivars, Wu et al. (2010) confirmed that seed oil content had significant cytoplasmic effects and also dominance effects, while protein content had significant embryo additive effects based on the additive and dominance (AD) genetic model with cytoplasmic effects. In 316 Upland cotton accessions genotyped by 390 K SNPs, Du et al. (2018b) indicated that cottonseed protein, oil, palmitic, linoleic, oleic, myristic and stearic acid contents exhibited significant additive and dominance effects; however, the epistatic effects and genotype-environment interactions were largely diverse across traits. Therefore, cottonseed oil and protein contents are heritable traits that are controlled by multiple genes with additive and dominant effects with variable heritability estimates.

The content of cottonseed oil is strongly and negatively correlated with protein content (Hanny et al., 1978; Kohel and Cherry, 1983; Wu et al., 2009; Yu et al., 2012; Hinze et al., 2015; Campbell et al., 2016), but positively correlated with fiber length, fiber uniformity and fiber strength (Kothari et al., 2016). A recent study by Yuan et al. (2019) confirmed the significant positive correlation of the total fatty acid content in cottonseeds with fiber length and strength and its significant negative correlation with fiber uniformity. Furthermore, palmitic acid content was significantly and positively correlated with fiber elongation. However, the study further showed that the reverse was true for the correlations of cottonseed protein content with fiber length, strength, and uniformity. The correlation analysis further suggested that the above well-documented negative association between seed protein and oil contents may be to some extent attributed to the negative correlation between oleic acid and protein content. Research efforts to increase the oil content of cottonseed, which will most likely also decrease the level of protein, will actually have a positive impact on cottonseed value and sustainability metrics due to being able to reduce the level of fertilizer (mainly supplemental nitrogen) applied to the plant to support protein production in the seed. Increasing seed oil and reducing seed protein will therefore positively impact the carbon footprint for cotton production and utilization.



GENETIC VARIATION WITHIN GOSSYPIUM AND CLASSICAL GENETIC STUDIES OF COTTONSEED OIL, FATTY ACID, AND PROTEIN CONTENTS

One of the biggest challenges in improving the cottonseed quality traits is the limited amendable genetic variability within cotton germplasm, despite the existence of great genetic variation in cottonseed oil content (17–27%) and protein content (16–36%) among cotton species and cultivars (Kohel, 1980; Wu et al., 2009; Dowd et al., 2010; Kothari et al., 2016). Sharif et al. (2019) showed that oil content was the highest in G. lobatum (24.82%) and G. harknessii (24.22%), whereas the Old World wild species had lower oil contents including G. stocksii and G. somalense with the lowest oil content (11.22%). Among the four cultivated species, G. barbadense had the highest oil content, followed by G. hirsutum; and the two A-genome diploid species (G. herbaceum and G. arboreum) showed the lowest level. After comparing 33 Gossypium species, Hinze et al. (2015) confirmed that diploid species except for the A- and K- genome species possessed the lowest oil and protein contents. Tetraploids (21.7%) and the K-genome species (21.4%) had the highest oil content (21.7%). In addition, large ranges in oil contents within the D genome and each cultivated species were observed. Agarwal et al. (2003) and Khan et al. (2015) also found significant variability for oil content in the cotton germplasm collections in India and Pakistan, respectively. Therefore, sufficient genetic variability in cottonseed oil exists within the Gossypium genus which could be utilized for making genetic gains (Kohel, 1978; Horn et al., 2011). However, the genetic improvement in oil accumulation of cottonseed is constrained by the rather limited variation among the elite Upland cotton (G. hirsutum) cultivars and lines as the result of extensive selection within the species toward improving lint yield and quality. Significant variation in cottonseed oil and protein contents may exist between cultivars and race stocks within Upland cotton. Hinze et al. (2015) showed that cultivated tetraploid accessions had higher oil content (22.7%) than wild tetraploid accessions (20.9%). Among four Upland cotton breeding lines and four semi-wild G. hirsutum accessions tested in multi-environments, Kothari et al. (2016) showed that the oil content ranged from 13 to 27% and the protein values ranged from 16 to 36%. The variability for oil content in elite cultivars and lines of G. hirsutum ranged from 14.5 to 22.0% with mean of 19.2% (Pandey, 1977). A classic breeding approach through crosses between selected germplasm led to a moderate increase in oil content (21.20–26.30%) as compared to their parents (21.48–24.16%) (Dani, 1988). To overcome the bottleneck of low genetic variation in existing Upland cotton, the cultivated allotetraploid cotton can be crossed with diploid cottons, followed by selection to improve oil accumulation (Thiagarajan and Ramaswamy, 1982). In addition to oil content, natural variations in fatty acid components such as oleic acid, myristic acid, linoleic acid and linolenic acid in cottonseed oil, have also been reported (Lukonge et al., 2007). However, fatty acid profiles in large cotton germplasm collections and breeding populations remain to be analyzed.

As for cottonseed protein, based on results from a large cotton germplasm collection (1,335 and 1,234 accessions in the Mississippi and Texas location, respectively), Kohel et al. (1985) suggested that there was sufficient variability for genetic improvement. Hinze et al. (2015) detected a wide range of protein content (10–36%) and oil content (8–27%) in 2,256 accessions representing five tetraploid and 28 diploid Gossypium species, and the results showed that wild diploid species generally had extremely low cottonseed protein contents. The Old World A-genome species had the highest protein content (23.8%), followed by the tetraploid species (21.6%). Cultivated tetraploid accessions had a wider range (14.9–35.9%) protein content than wild tetraploid accessions (15.4–30.7%) although both groups had similar mean protein content. Variation in protein components and relative content of the protein subunits were also investigated among cultivars (Song and Zhang, 2007).

In general, considerable variation in oil content and proteins content have been identified in cottonseed; however, inconsistency and relatively small magnitude of the variations poses significant challenge for their utilization in cotton breeding programs. Nonetheless, the existence of the variation offers promise for the discovery of greater variation if a greater segment of cotton germplasm is explored, especially the wild Gossypium species and those beyond the mainstream germplasm collections such as exotic cotton germplasm.



QUANTITATIVE TRAIT LOCI MAPPING AND GENOMEWIDE ASSOCIATION STUDIES OF COTTONSEED OIL, FATTY ACID, AND PROTEIN CONTENTS

Using linkage mapping and genomewide association studies (GWAS), QTLs associated with contents of cottonseed oil, fatty acids, protein, and amino acids have been detected in specifically designed genetic populations Zhang et al., 2022. Song and Zhang (2007) were among the first to report a single QTL for kernel oil percentage in an interspecific BC1S1 population derived from an interspecific G. hirsutum (Gh) TM-1 × G. barbadense (Gb) Hai 7124 cross based on simple sequence repeat (SSR) markers. This was followed by Yu et al. (2012) who mapped 12 QTLs in relevance to cottonseed oil, protein and gossypol contents using a different interspecific population comprised of backcross inbred lines (BILs). Up to date, a total of more than 160 QTLs for cottonseed oil content and more than 130 QTLs for different fatty acids were identified from at least 14 published studies (Table 1). These mapping populations included three Gh × Gb populations and five recombinant inbred lines (RIL) populations for linkage mapping, and six accession panels for GWAS. A meta-analysis was previously performed using the cotton QTL database with only a few reports on cottonseed oil and protein contents (Said et al., 2013, 2015a,b).3 More studies have been published since then, which requires a meta-analysis of QTLs to identify consistent QTLs and QTL hotspots or clusters across environments and genetic populations. It appears that some of the QTLs were in common or on similar chromosomal locations between/among studies. As a result, candidate genes for oil QTLs were identified or validated (Ma et al., 2019; Liu et al., 2020; Zhang et al., 2021). Furthermore, QTLs corresponding to various fatty acids were identified in other studies (Liu G.Z. et al., 2015; Du et al., 2018b; Yuan et al., 2018). However, only a small number of these QTLs were identified in multi-environments or multiple genetic backgrounds. For example, Ma et al. (2019) identified 19 QTLs for cottonseed oil content in multiple environments based on GWAS in Upland cotton, and a peroxidase (PRXR1) gene was confirmed to be the candidate gene within one of the QTL regions via virus induced gene silencing (VIGS). More recently, Zhang et al. (2021) reported that only five of 39 QTLs for cottonseed oil content were stable across different environments in a RIL population of 196 lines, and several genes including one coding for a transcription factor within the stable QTL regions were differently expressed during ovule development. Till now, none of the QTLs reported have been tracked using associated markers in genetic populations for cottonseed oil improvement. Hence, their direct application in marker-assisted selection (MAS) for oil content and quality is still unknown.


TABLE 1. Quantitative trait loci (QTLs) mapped for cottonseed oil content and fatty acids.
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Chromosomes or genes introduced to G. hirsutum from G. barbadense and other tetraploid Gossypium species were found to affect cottonseed oil content substantially, based on CSLs (Wu et al., 2009, 2010; Bellaloui et al., 2020; Saha et al., 2020). Multiple QTL alleles from G. barbadense were demonstrated as highly promising for enhancing seed oil content in introgressed G. hirsutum lines (Zhu et al., 2020). Therefore, introgression breeding between G. hirsutum and G. barbadense may greatly improve the content of seed oil content and possibly fatty acid composition. These QTLs detected for seed quality traits in cotton are expected to be useful in cotton breeding to develop cotton with improved cottonseed nutrient quality. However, to date, all the genetic populations developed were small in size (100–200 progeny), which limited genetic recombination between parents. The extent to which cottonseed oil content can be increased and oil quality can be enhanced as the result of alteration in fatty acid composition through extensive introgression breeding remains unknown. The goal of research and breeding effects is to transfer the identified desirable QTLs into elite cotton cultivars for the improvements of both oil accumulation and oil quality without trade-offs in fiber yield or quality.



GENE EXPRESSION STUDIES DURING COTTONSEED OIL AND PROTEIN ACCUMULATION

Lipids and fatty acids are a large class of compounds existing in plants, and most edible vegetable oil consists of a few common fatty acids, including saturated, monounsaturated, and polyunsaturated fatty acids. Fatty acids are stored in seeds in the form of triacylglycerol (TAG). Therefore, the TAG biosynthetic pathway involving many enzymes has become one of the hallmarks of lipid biochemistry. Cottonseed oil contains 71% unsaturated fatty acids and 28% saturated fatty acids. Unsaturated fatty acids include 58% linoleic acid (18:2) and 13% oleic acid (18:1), and saturated fatty acids include 26% palmitic acid (16:0) and 2% stearic acid (18:0) (Cherry, 1983). In addition, there are many other minor fatty acids including dihydrosterculic acid (DHSA) (Dowd et al., 2010; Dowd, 2012).

Since the lipid and protein biosynthetic pathways compete for the same substrate using phosphoenolpyruvate through acetyl-CoA carboxylase (ACCase) and phosphoenolpyruvate carboxylase (PEPC), respectively, it is not surprising that cottonseed oil and protein contents are negatively correlated as reported previously (Hanny et al., 1978; Kohel and Cherry, 1983; Wu et al., 2009; Yu et al., 2012; Hinze et al., 2015; Campbell et al., 2016). Cui et al. (2017) showed that overexpression of GhACCase subunits resulted in increased cottonseed oil content by 17–22%. A large number of oil-related genes, such as fatty acyl-ACP thioesterase B (FATB), acyl carrier protein 5 (ACP5) (Yuan et al., 2018) and KASIII (Du et al., 2018a), have been identified by various approaches including GWAS (e.g., Du et al., 2018a,b), gene expression studies (e.g., Ma et al., 2021; Zhu et al., 2021), cloning and sequence-based in silico analysis (Zhang et al., 2009; Yu et al., 2011; Yurchenko et al., 2014; Shang et al., 2016; Cui et al., 2020). Among GhSAD genes coding for stearoyl-acyl carrier protein desaturase, GhSAD4 was found to stand out as the most relevant to determine the relative ratio of oleic acid and linoleic acid (Shang et al., 2017). Of 17 SAD gene family members identified in Upland cotton, GhA-SAD6 and GhD-SAD8 have strong substrate specificity for 16:0-ACP, and GhA-SAD5 and GhA-SAD7 exhibited a high specific activity on 18:0-ACP (Liu et al., 2019). Tetraploid cotton genomes contain 13 LPAAT genes, including five on Dt subgenome and eight on the At subgenome (Wang et al., 2017). Based on a further sequence variation and gene expression analysis, genetic modification to overexpress single genes like At-Gh13LPAAT5 was found to be effective in improving the production of total TAG and oil content (Wang et al., 2017). In addition to these genes that have been well known for their role in fatty acid biosynthesis, other genes that encode less studied proteins, such as a calcium-dependent lipid-binding (CaLB) protein (Zhao et al., 2019) and a peroxidase (PRXR1) (Ma et al., 2019) were also implicated for their roles in determining cottonseed oil content based on GWAS followed by confirmation using VIGS.



GENETIC ENGINEERING OF COTTON FOR IMPROVING COTTONSEED OIL, FATTY ACID, AND PROTEIN CONTENTS

While the focus of cotton breeding on improving fiber quality will not change, there is an increased interest in enhancing the value of cottonseed by enhancing seed oil production and improving the nutritional and functional properties of the cottonseed oil (Liu et al., 2009). In the earliest attempts to genetically improve cottonseed oil, modest changes in oil content and fatty acid composition were achieved in Acala cotton through traditional breeding (Cherry et al., 1981; Cherry, 1983), reflecting the meager genetic variation available in natural germplasm and elite breeding lines. However, the improvements in molecular mechanisms underpinning the genetic variation and biochemical pathways, as well as the advent of genetic engineering approaches provide an alternative to rapidly alter carbon metabolism and manipulate lipid composition in cottonseed. Genetic modification of cottonseed oil has also been made more efficient through a series of methodological advancements in transgene expression systems, plant regeneration from tissue culture and gene transformation via Agrobacterium tumefaciens or particle bombardment (Zhang, 2015).

RNA interference (RNAi) attenuations in the expressions of genes coding for fatty acid desaturase (FAD2) on chromosome D12, stearoyl-ACP desaturase 1 (SAD1) on D9 and β-ketoacyl-acyl carrier protein synthase (KASII) in cotton resulted in substantially altered fatty acid composition, with particularly enhanced levels in oleic acid (from 13 to 78%), stearic acid (from 2 to 40%) and palmitic acid (from 26 to 15%), respectively, in cottonseed (Liu Q. et al., 2002, 2017). In addition, RNAi-directed down-regulation of PEPC2 up-regulated most lipid synthesis-related genes, resulting in 7.3% increase in cottonseed oil content (Zhao et al., 2018a). Shockey et al. (2017) and Sturtevant et al. (2017) identified a natural mutant allele of FAD2-1D in G. barbadense with high oleic acid in cottonseed oil, and its incorporation into G. hirsutum doubled oleic acid content (Dowd et al., 2020). Most recently, Chen et al. (2021) confirmed that knockout mutants of the GhFAD2 genes in Upland cotton by CRISPR/Cas9 editing increased the oleic acid level to 77.7% with a concomitant decrease in linoleic acid (from 58.6 to 6.9%) and palmitic acid (from 23.95 to 13.18%). Transforming Upland cotton with an FAD3 gene from Brassica napus and a D6D gene from Echium plantagineum resulted in approximately 30% α-linolenic acid (ALA) and 20% γ-linolenic acid (GLA), respectively, with no change in total oil content (Gao et al., 2020). Table 2 presents a summary of the genes that have been genetically engineered to improve cottonseed oil content and fatty acid composition.


TABLE 2. Genes used in genetically engineering cotton for improvement of cottonseed oil.

[image: Table 2]
Cottonseed oil is featured with a small amount of rare cyclic fatty acids, including DHSA and its downstream products sterculic acid and malvalic acid, all of which have been found to suppress mammalian Stearoyl-CoA desaturase activity and improve liver metabolomic profiles in high fat fed mice (Paton et al., 2017). The key genes encoding for cyclopropane fatty acid synthases converting oleic acid to DHSA have been identified in Arabidopsis (Bao et al., 2002) and cotton (Yu et al., 2011). Although the proof of concept has been made in producing DHSA in transgenic model plants (Yu et al., 2018; Okada et al., 2020), associated genes have yet to be modified in the cotton genome to raise DHSA production in cottonseeds.

It should be recognized that a radical modification of fatty acid composition may have deleterious effects on membrane integrity and impede seed germination under conventional farming practice, even though the modification was transcriptionally controlled by seed-specific promoters. For example, in the case that a leaky “seed-specific” promoter was used, severe compromises in plant growth and development, especially under environmental stresses, and penalty in yield may occur as a result (Lindgren et al., 2003). Further, the commercial planting of genetically modified crops generated by transgenic approaches especially those by agrobacterium mediated transformation assisted by selectable markers such as kanamycin resistance, has met substantial public skepticism and resistance in addition to lengthy and heavy regulatory burdens (Shockey et al., 2017). However, the recent availability of versatile genome editing techniques, such as transcription activator-like effector nucleases (TALEN) and clustered regulatory interspaced short palindromic repeats (CRISPR)/Cas9 systems has allowed scientists to precisely edit the expression of target genes without T-DNA insertion. Most importantly, the use of genome editing techniques may circumvent the lengthy regulatory processes and renders its products for rapid commercialization (Wang et al., 2020; Zhang et al., 2020).

Although cottonseed storage proteins are generally deficient in essential amino acids, especially lysine, which can be inadequate from a nutrition point of view, synthetic forms of lysine and other essential amino acids can be added to the diet to correct the deficiency. Cottonseed protein also tends to be deficient in isoleucine and the sulfur-rich amino acids such as methionine and cysteine (Capdevila and Dure, 1977). The sulfur-rich proteins, such as albumin, constitute a low fraction of the total cottonseed proteins (Galau et al., 1992; Hu et al., 2011). Genetic improvement of cottonseed storage protein and amino acid profiles is clearly long overdue, which could be developed in concert with the development of gossypol-free trait to meet the nutritional requirement for use as a source of high quality plant protein for non-ruminant animals or humans. The broad application of cottonseeds for human consumption and as animal feed is considerably constrained by the presence of gossypol which is sequestered in the pigment glands of cottonseed and other plant tissues. Gossypol is in a class of polyphenol compounds (terpenoids) that can be toxic and nutritionally undesirable, if safe levels in the diet are exceeded. Natural glandless (devoid of gossypol) cotton mutants exist in cotton and have been extensively studied and used in breeding (Zhang and Wedegaertner, 2021). Genetic modified glandless cottonseed has also been developed by RNAi down-regulation of cadinene synthase (Sunilkumar et al., 2006), which is currently being incorporated into elite Upland cotton cultivars to enable broad applications of cotton proteins for human consumption and monogastric animals. Commercialization of this technology has been slow due to international regulatory hurdles for genetically modified crops. Most recent reviews on genetics, breeding and genetic engineering to develop glandless cotton can be found in Rathore et al. (2021) and Zhang and Wedegaertner (2021).

Natural genetic variation in vitamin E also exists within cotton (Smith and Creelman, 2001). For example, several long-staple Acala 1517 cultivars were higher in α-tocopherol than medium-staple Upland cultivars. However, the genetic and genomic basis of the variation is currently not understood. Radcliffe and Czajka-Narins (2006) showed that cottonseed oil had a lowering effect on total cholesterol content for both male and female rats, but on high-density lipoprotein cholesterol for male rats only, and the replacement of corn oil with cottonseed oil resulted in changes in tocopherol status. A follow-up study in human by Radcliffe et al. (2009) further showed that cottonseed oil used in muffins and potato chips even increased vitamin E intake. Recently, Salimath et al. (2021) reported that genetic modification by converting tocopherols into more potent form of tocotrienols via introducing homogentisate geranylgeranyl transgenic coding sequence under the control of the Brassica napus seed-specific promoter from barley through genetic engineering. Transgenic cottonseeds had a 2–3-fold increase in the accumulation of total vitamin E (tocopherols + tocotrienols), with more than 60% γ-tocotrienol.



PROSPECTIVE

As a byproduct in cotton production, cottonseed has excellent potential for use as a source of sustainable, high quality vegetable oil, biofuel and proteins because of its abundance that is expected to grow as the demand for cotton fiber continues to increase. Genetic improvements in nutritional value and functional properties of cottonseeds are being leveraged by the rapid advancements in biotechnology and genomics-based molecular breeding. In this review, we have summarized the most recent advances in genetic improvement of cottonseeds in relevance to the content of oil or protein, fatty acid composition that have been demonstrated to be amendable. Genetic improvements of cottonseed traits have proven to be particularly challenging as cottonseed is relatively low value product compared to cotton fiber that commends more than 85% of the farm-gate value of cotton production. This necessitates the employment of high precision genome editing technology and molecular breeding strategies to enable achieving genetic improvements in seed traits without trade-offs in fiber production and quality, as well as regulatory hurdles. Although cotton is among the earliest crops being grown commercially, the path leading to a successful commercialization and public acceptance of genetic modified cottonseed oils or whole seeds as a novel source of food grade proteins with improved nutritional value may not be an easier task in comparison to other genetic modified non-food crops. Nevertheless, more and more proof of concept studies have been conducted in model plants and recently in cotton that renders cotton industry standing on a new threshold of research and development, equipped with ever increasing knowledge in the intricate relationships and carbon reallocation between seed and fiber, and new sets of tools with high precision for modifying the cotton genome. It could be envisioned that the development of nutritionally improved and functionally versatile cottonseed, perhaps led by the development of high oleic cottonseed oil that could emulate the success of high oleic soybean oils, such as Plenish, Vistive Gold, and Calyxt, will come to fore, along with the continuous and synchronized development in cotton fiber.
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Fusarium wilt caused by Fusarium oxysporum f. sp. vasinfectum (FOV) is one of the most destructive diseases in cotton (Gossypium spp.) production, and use of resistant cultivars is the most cost-effective method managing the disease. To understand the genetic basis of cotton resistance to FOV race 7 (FOV7), this study evaluated a recombinant inbred line (RIL) population of 110 lines of G. barbadense from a cross between susceptible Xinhai 14 and resistant 06-146 in eight tests and constructed a high-density genetic linkage map with resequencing-based 933,845 single-nucleotide polymorphism (SNP) markers covering a total genetic distance of 2483.17 cM. Nine quantitative trait loci (QTLs) for FOV7 resistance were identified, including qFOV7-D03-1 on chromosome D03 in two tests. Through a comparative analysis of gene expression and DNA sequence for predicted genes within the QTL region between the two parents and selected lines inoculated with FOV7, GB_D03G0217 encoding for a calmodulin (CaM)-like (CML) protein was identified as a candidate gene. A further analysis confirmed that the expression of GB_D03G0217 was suppressed, leading to increased disease severity in plants of the resistant parent with virus induced gene silencing (VIGS).

Keywords: Gossypium barbadense, recombinant inbred lines, genome resequencing, single-nucleotide polymorphism (SNP), quantitative trait locus (QTL), Fusarium wilt (FOV7), candidate genes


INTRODUCTION

Cotton (Gossypium spp.) is the most important fiber crop for the textile industry in the world. In addition, it is also an important source of feed, food and biofuel components (Fang and Percy, 2015). G. hirsutum (Upland cotton) is a tetraploid cotton species and is grown in more than 80 countries, producing 97% of world cotton due to its high yield and wide adaptation. Its closed related another tetraploid G. barbadense (extra-long staple, Egyptian, Pima or Sea-Island cotton) is grown for high quality fibers with long, strong and fine parameters (Zhang et al., 2014). However, due to its low yield potentials and requirements for warm and dry weathers, G. barbadense is only grown in limited production areas in about a dozen of countries including China, India, Uzbekistan, Tajikistan, Turkmenistan, Spain, Egypt, Israel, Sudan, Peru, and the United States1. China ranks the third after the United States and India in production of the extra-long staple G. barbadense, which is grown in the Xinjiang Autonomous Region, a Northwest province.

There are various limiting factors that threaten cotton production (Hillock, 1992). Fusarium wilt (FW), caused by the fungus Fusarium oxysporum f. sp. vasinfectum (FOV), is one of the most serious diseases of cotton (Zhang et al., 2015; Sanogo and Zhang, 2016; Bell et al., 2019). FOV is a soil-borne plant fungal pathogen that causes Fusarium wilt through root infection in many plant species, including important economic crops such as cotton, cabbage, banana, watermelon and tomato (De Cal et al., 2000; Galindo and Deyholos, 2016; Xing et al., 2016; Dale et al., 2017; Li et al., 2017; Rana et al., 2017; Upasani et al., 2017). This pathogen exists in the soil and crop residues in the form of mycelia, chlamydia or small sclerotia and can survive in the soil for 5–10 years before causing infection (Galindo and Deyholos, 2016). FW usually develops after the seedling stage, and its visual symptoms include leaf chlorosis and necrosis, wilting, vascular tissue discoloration, and ultimately plant death (Ma and Zhang, 1986). In cotton, 8 nominal races have been reported based on pathogenicity tests using a set of differential plant hosts, including races 1 and 2 in the United States and Tanzania, race 3 in Egypt, Sudan and Israel, race 4 in India and the United States (Kim et al., 2005; Halpern et al., 2019; Zhu et al., 2020), race 5 in Sudan, race 6 in Brazil and Paraguay, and races 7 and 8 in China (Davis et al., 2006). However, races 3 and 5, as well as races 4 and 7 were later found to be indistinguishable between one another based on DNA, genetic and morphological analyses (Davis et al., 2006; Bell et al., 2019; Halpern et al., 2020; Zhu et al., 2021). Although both races 7 and 8 were reported in China, race 7 is more widespread and more virulent than race 8 which is limited in a very narrow area. Among different strategies managing FOV in cotton production, breeding and employment of resistant cultivars has been the only cost-effective method (Zhang et al., 2015; Sanogo and Zhang, 2016).

Most G. barbadense cultivars and accessions in Chinese cotton germplasm collection are susceptible or highly susceptible to FOV7 (Zhang et al., 2015). Zhu et al. (2010) mapped a single dominant resistance gene on chromosome D11 (c21) in early segregating populations from a G. barbadense cross of susceptible Xinhai 21 × highly resistant HK 237 based on simple sequence repeat (SSR) markers. However, no follow-up validation was reported. In the United States, a major dominant resistant gene (FOV1) to race 1 on chromosome D07 (c16) was identified and mapped in Pima S-7 (G. barbadense) using SSR markers (Wang and Roberts, 2006; Ulloa et al., 2011). Another major resistance gene (FOV4) conferring resistance to race 4 was identified in resistant Pima S-6 and mapped to chromosome D02 (c14), based on also SSR markers (Ulloa et al., 2013).

In China, genetic studies and breeding for FOV7 resistance has mainly been focused on Upland cotton since the 1950s, when two highly resistant lines- Chuan 52–128 and Chuan 57–681 were developed through repeated selections in FOV7-infested fields from highly susceptible Delfos 531 and Deltapine 15, respectively (Zhang et al., 2015). These two resistant Upland cotton lines have become the donors for numerous resistant commercial cultivars developed in the 1960s and onward. Through quantitative and qualitative (Mendelian) genetic analyses (Feng et al., 1998), the two sources of resistance were found to carry two different resistance genes (FW1 and FW2). In a subsequent SSR-based marker analysis, a dominant resistance gene (FWR), presumably one of the two major resistance genes (FW1 and FW2), was mapped to chromosome D03 (c17), using two F2:3 populations (Wang et al., 2009). Most recently, through a genome-wide association study (GWAS) on 290 Chinese Upland accessions followed with a CRISPR/Cas9-mediated knockout, Gh_D03G0209 (named GhGLR4.8) on D03 encoding a GLUTAMATE RECEPTOR-LIKE (GLR) protein was identified as the candidate gene for the resistance gene Fov7 (Liu et al., 2021). Fov7 is presumably one of the two major resistance genes identified and named earlier by Feng et al. (1998). However, whether there exist the same resistance genes conferring resistance to FOV7 in G. barbadense is currently unknown.

Because cotton responses to FOV infections can be quantitatively measured through a rating system based on visual disease severity (Sanogo and Zhang, 2016), genetic studies on FOV resistance in cotton have been often performed using quantitative genetic approaches such as diallel analysis and generation mean analysis (for a review, see Zhang et al., 2015). With the advent of molecular markers, quantitative trait locus (QTL) mapping has been used to locate QTLs for FOV resistance on chromosomes, resulting in reporting of numerous QTLs associated with FOV resistance (Said et al., 2013, 2015a,2015b; Zhang et al., 2015; Abdelraheem et al., 2017). However, QTL mapping for FOV resistance using linkage analysis and GWAS has been almost exclusively focused on Upland cotton. There have been a few reports using SSRs in genomic studies of G. barbadense (Abdelraheem et al., 2013, 2015, 2020; Wang et al., 2013), and no high density linkage map has been published for G. barbadense because a low level of polymorphisms in SSR markers within the species.

The genomes of 3–79, Hai 7124 and Xinhai 21 of G. barbadense have been recently sequenced with updates in China (Hu et al., 2019; Wang et al., 2019), providing important genomic resources for studying the genetics and genomics of this important cultivated cotton species in order to accelerate breeding using marker-assisted selection (MAS) or genomic selection (GS). However, the major QTLs for FOV7 in G. barbadense are currently not well understood. To identify QTLs and discover candidate genes related to FOV7 resistance in G. barbadense, our study took advantage of the genome sequence information of G. barbadense to construct the first high-quality, high-density genetic linkage map in G. barbadense based on genome resequencing of 110 recombinant inbred lines (RILs) from a cross of FOV7-susceptible Xinhai 14 and FOV7-resistant 06-146. The map was used to identify FOV7 resistance QTLs. A stable QTL on chromosome D03 was identified, and genes within the QTL region were further evaluated through RNA-seq of the two parents and quantitative RT-PCR (qRT-PCR) analysis of selected RILs. A candidate gene was validated through virus-induced gene silencing (VIGS). This study combined genome resequencing and RNA-seq in a RIL population, providing new knowledge for understanding the genetic and genomic basis of resistance to FOV7 in G. barbadense.



MATERIALS AND METHODS


Plant Materials

A single-seeded descent method was used to advance F2 plants from a cross between the FOV7-susceptible G. barbadense cultivar Xinhai 14 and the FOV7-resistant 06-146. As a result, 110 F2:7 RILs were produced and used in this study.



Evaluation for FOV7 Resistance and Data Analysis

The two parents and 110 RIL lines were grown in eight tests including seven field tests and one laboratory test between 2011 and 2018. In 2011–2012, four field tests were first conducted including two field tests each year at Experimental Base, Xinjiang Academy of Agricultural Sciences, Alar, Xinjiang, and Experimental Farm, Xinjiang Korla Academy of Agricultural Sciences, Alar, Xinjiang. This was followed by three field tests in 2016–2018 each year at the same site of Alar. Single-row plots were used with the plot length of 3 m, the row spacing of 0.35 m, and the plant spacing of 0.10 m. For each of the above seven field tests, a randomized complete block design (RCBD) with three replications was used to arrange all the experimental units (i.e., the two parents and 110 RILs). Seeds were hand planted in mid-April each year, and crop management practices followed local recommendations.

In 2017, a laboratory test using artificial inoculation was performed using the same RCBD with three replications on campus of Xinjiang Agricultural University, Urumqi, Xinjiang. Seeds were sown to pots filled with a mixture of vermiculite and sterilized farm soil (in a ratio of 1:2) in a manner of 10 holes per pot with two seed per hole on May 3rd,2017. The daily temperature in the laboratory ranged between 25.0 and 28.0°C, with supplementary lights provided. At the cotyledon stage, plants were artificially inoculated with 50 ml of FOV7 inoculum (with the concentration of 1 × 106 conidia ml–1) via the root-wounding method (Pei et al., 2019). Non-inoculated pots for the RILs were used as control. FOV7-caused disease symptoms were first observed at the 2-leaf stage.

In all the evaluations for FOV7 resistance, a rating scale of 0 to 4 based on foliar disease severity was used to evaluate each plant, as the following: 0 = healthy, with no disease symptoms; 1 = 25.0% of the leaf area exhibited disease symptoms; 2 = 25.1–50.0% of the leaf area exhibited disease symptoms or plants were slightly dwarfed in stature; 3 = 50.1–75.0% of the leaf area exhibited disease symptoms or plants severely dwarfed in stature; and 4 = > 75.0% of the leaf area exhibited disease symptoms or plants completely defoliated or died (Sanogo and Zhang, 2016). For the seven field tests, evaluation for FOV7 resistance was conducted during flowering or boll development stage (i.e., mid-July to early October) each year. For the laboratory test, screening was completed on May 23th, 2018, i.e., 20 days after inoculation FOV7 (Supplementary Table 1).

The average disease severity rate (DSR), i.e., the sum of DSRs divided by the number of plants, was calculated among the replicates of each line. The describe function in the Hmisc package of R was used to perform a descriptive statistical analysis of the RIL population. Analysis of variance and generalized heritability determination in the parents and RILs were performed in R. If the F test was significant, then a multiple comparison least significant difference (LSD) test (with P < 0.05 indicating significance) was used (Li et al., 2016).



DNA Library Preparation and Resequencing

In July 2017, young leaves of the two parents and 110 RILs were collected and stored at −70°C. Using a miniprep method (Zhang and Stewart, 2000), genomic DNA for each line was extracted and cleaned. The sequencing library was constructed based on the follow steps: the quantified DNA samples were randomly sheared by ultrasonic disruption, and DNA fragments were repaired with an addition of A at the 3′ end. Followed by addition of sequencing adapters, the ligated DNA fragments were purified and amplified by PCR using primers designed from the adaptors. Finally, the library for each line was sequenced using the Illumina sequencing platform.



Single-Nucleotide Polymorphism (SNP) Identification of Sequencing Data

The raw sequence reads obtained by sequencing were filtered to obtain clean reads, by removal of adapter sequences and low quality reads with N bases greater than 10%. The clean paired-end resequencing reads were mapped to the reference genome of G. barbadense Hai 7124 (Hu et al., 2019) using the Burrows–Wheeler Alignment (BWA) software (Li and Durbin, 2009). After duplicate reads were removed by the Picard’s Mark Duplicate tool, the GATK software was used to identify SNPs and Indels (Simona et al., 2017).



Construction of a High Density Genetic Map

The linkage map of the RIL population was constructed using HighMap software (Liu et al., 2014). SMOOTH was used to correct errors based on parental genotype contributions, and the k-nearest neighbor algorithm was used to correct incorrect genotypes (Hans et al., 2005). Map distance was calculated using the Kosambi mapping function. The chi-square test was used to identify SNPs deviated from the expected 1:1 ratio for SNPs in the RIL population. Polymorphic SNPs with significant segregation distortion (P < 0.01) were removed from linkage analysis.

The SNP markers in the linkage map were further aligned to the reference genome using the local BLAST method. The parental markers with a sequencing depth of 10 × or higher were used to select SNPs in the RIL population, and a marker that was not mapped on a chromosome in the parents was removed. Among the resulted 933,845 SNPs, a moving window of 15 SNPs with 11 or more SNPs of parental type aa or bb was considered homozygous aa or bb type. Otherwise, it was deemed an ab type. When there was a SNP typing change along a chromosome in any line, a recombination breakpoint occurred. SNPs between recombination breakpoints were classified into recombination bins. A recombination bin was defined as a chromosomal segment with no genetic recombination. Finally, a representative SNP within each bin was used to construct a genetic map. Bins within a less than 10 kb region were combined.



Quantitative Trait Locus Mapping

The mean phenotypic DSR values for RILs in 8 tests were used for QTL mapping with the R-3.6.2 software package “qtl.” A composite interval mapping method was employed to locate QTLs for FOV7 resistance (Karl and Saunak, 2009). A stringent LOD threshold was calculated through a permutation test. The parameters for QTL mapping procedure were set as follows: calculation time of 1,000 times, Type I error P value at 0.05, PIN (probability level of entering the model) at 0.001, and mapping step length of 1.0 cM. If QTLs identified in two or more tests with confidence intervals (CI, 95%) overlapped, they were considered the same and stable QTL. The CI for each QTL was set as the location distance interval corresponding to a one LOD drop from both sides of the peak.



Identification of Candidate Genes Through RNA-Seq and Quantitative RT-PCR

To identify potential candidate genes, BLAST was used to extract gene sequences within stable QTL regions based on the reference genome (Hu et al., 2019), and predicted genes in the associated regions were compared with these in different genome databases- the GO and KEGG (Du et al., 2020). To analyze the general expression pattern of the candidate genes, the transcriptome (i.e., RNA-seq) from the two parents (Xinhai14 and 06-146) and selected highly resistant (HR) and highly susceptible (HS) RILs were performed on a cDNA library constructed using 10 μg of total RNA extracted from each biological sample of each genotype (Yao et al., 2019). Briefly, seeds for these lines were grown in pots and inoculated with FOV7 conidia, as described earlier. The roots, stems and young leaf tissues for each genotype were collected at 0, 4, 8, 12, 24, and 48 h post-inoculation. Three biological samples for each line were separately harvested for RNA extraction. A total RNA extraction kit (Tiangen, China) was used to extract RNA from the biological samples. Poly-adenylated RNA was purified and concentrated with oligo (dT)-conjugated magnetic beads (Invitrogen, Shanghai, China) and then iron fragmented at 95°C, followed by end repair and 5′ adaptor ligation. Reverse transcription was then performed with RT primers harboring 3′ adaptor sequences and randomized hexamers. After cDNA was purified and amplified, 200–500 bp PCR products were purified, quantified, and stored at −80°C until sequencing. cDNA clusters were generated and sequenced using an Illumina HiSeq2000 platform following the manufacturer’s instructions. Based on the SNPs and Indels information of the parents, we compared the genes with different expressions.

Based on the cDNA sequences for the candidate genes, Primer 5.0 software was used to design primers in a specific region at the 5′ end or 3′ end of a gene sequence for quantitative RT-PCR (qRT-PCR) analysis (Supplementary Table 2). For reverse transcription, 5 × All-In-One Mastermix (Abm, Canada) was used on root RNA. The resulting cDNA was used as a template for quantifying the expression of candidate genes by qRT-PCR on each biological sample with three technical replicates, and the internal reference gene used was GbUBQ7. Real-time PCR amplification was performed on an ABI 7500 Fast system. A BrightGreen 2 × qPCR Mastermix kit (Abm, Canada) was used according to the provider’s instructions. In a total amplification volume of 20 μL, the PCR reaction program was as follows: predenaturation at 94°C for 30 s, followed by 40 cycles of denaturation at 95°C for 5 s, annealing at 57°C for 5 s, and extension at 72°C for 34 s. The results were used for relative quantitative analysis via the 2–ΔΔCt method (Tanino et al., 2017).



Virus Induced Gene Silencing Analysis of GbCML in Cotton

Tobacco rattle virus (TRV)-based VIGS was performed in cotton as described previously (Liu and Page, 2008). The pTRV1, pTRV2, and pTRV2 derivatives harboring specific regions of GbCML were transformed into Agrobacterium tumefaciens strain GV3101 by electroporation. The primers used for GbCML fragment amplification are listed in Supplementary Table 2. Seven-day-old seedlings of the resistant parent 06-146 were transformed with a mixture of Agrobacterium cultures harboring pTRV1 with pTRV2, or its derivative plasmids. After the completion of inoculation, the 06-146 seedlings were washed with deionized water to remove excess agro-bacterial inoculum and grown at 25°C under a 16-h/8-h light/dark cycle in an environment-controlled growth chamber. After 2 weeks of cultivation, the plants were inoculated with FOV7 inoculum, as described earlier. The experiments were performed with at least 18 seedlings per treatment and were repeated three times. DSR was assessed for each seedling, as described earlier.




RESULTS


Disease Severity Rate in Parents and Recombinant Inbred Lines

Across the eight tests, the DSR ranged 0–0.8 for 06-146 and 1.2–3.0 for Xinhai 14, and Xinhai 14 had a significantly higher (P < 0.01) DSR than 06-146 in each test (Table 1). For the RIL population, the DSR ranged from 0 to 3.2–3.4 in six tests and as high as 3.8–4 in two tests. There were RILs that had significantly higher DSR and were therefore more susceptible to FOV7 than the susceptible parent, indicating transgressive segregation toward susceptibility in the RIL population. However, results in skewness and kurtosis in each test showed that the DSR followed a normal distribution in the RIL population (Figure 1 and Table 1). An analysis of variance (ANOVA) showed that the broad heritability estimates (i.e., the percentage of the total phenotypic variance accounted by the genotypic variance) of FOV7 resistance as measured by DSR in this RIL population ranged between 82.93 and 89.58%, indicating that the FOV7 resistance was highly heritable in this RIL population (Supplementary Table 3). The two-way analysis of variance (ANOVA) revealed highly effects of genotypes, environment and genotype × environment interaction on DSR. Most importantly, genotype explained the most variance while the genotype × environment interaction was accounted for more than 27% of the variation in each of the DSR (Supplementary Table 3).


TABLE 1. Disease severity rating in Xinhai 14, 06-146 and their RIL population of 110 lines.
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FIGURE 1. Frequency distribution of disease severity rating in 110 RILs tested in different environments.


The influence of genotype and environmental factors on plant traits has always been an obstacle in the process of breeding. Most traits are affected by both environmental and genetic factors. Understanding the mechanism of disease resistance is still a challenge in cotton breeding. Variance analysis of DSR in 8 environments showed that it was significantly affected by genotype, environment and genotype × environment interaction. Therefore, more attention should be given to changes in the planting environment to reduce the impact of environmental factors on cotton disease resistance in cotton production (Table 2). Because of the significant difference in DSR between the two parents and significant variation in DSR within the RIL population, further QTL mapping of FOV7 resistance is warranted. Because of the significant difference between the two parents and significant variation within the RIL population in DSR, further QTL mapping for FOV7 resistance was warranted.


TABLE 2. ANOVA for DSR traits across multiple environments.
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Statistics of DNA Resequencing Data

The sequencing depth for Xinhai 14 and 06-146 was 13 × (30.95 Gbp) and 16 × (38.06 Gbp), respectively, with an average sequencing depth for the parents of 14.5 × and 97% of the genome coverage for the reference genome Hai 7124. The average sequencing depth for the RILs was 7 × (with an average of 17.65 Gbp per RIL) with average genome coverage of 95% (Supplementary Table 4). The Q30 value exceeded 90%, and the GC content was greater than 34.72% (Supplementary Table 5).



Identification of Single-Nucleotide Polymorphisms Between the Two Parents and Construction of a High Density Linkage Genetic Bin Map

Using clean reads, a total of 933,845 SNPs were divided into 3,627 bins distributed on 26 chromosomes (Figure 2). The genetic map had a total genetic mapping distance of 2,483.17 cM (Table 3). The average number of bins in each chromosome was 138.5, with D13 having the fewest bins (53) and A06 the most bins (342). The average genetic distance for each chromosome was 95.51 cM, with D13 the shortest (41.17 cM) and A01 the longest (148.04 cM). The average genetic distance between two neighboring bins was 0.79 cM, and the largest gap between bins (19.3 cM) resided on A10 and D13. However, most of the gaps (96.71%) were less than 5 cM.
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FIGURE 2. The distribution of SNP markers in the 26 linkage groups/chromosomes.



TABLE 3. Detailed information on the SNP markers in the genetic map.
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Collinearity Analysis Between the Linkage Map and the Physical Map

A collinearity analysis was performed between the positions of the same SNPs on the reference genome in physical distance and the linkage map in genetic distance (Supplementary Figure 1). An overall high collinearity was observed. Except for chromosomes A12 and D05 with a Spearman correlation coefficient below 0.9, the correlation coefficient was higher than 0.9 for each chromosome including 0.99 for D13, with an average of 0.96 (Supplementary Table 6). These results showed that the order of most of the SNP markers in the linkage map was highly consistent with their sequence positions on the reference Hai 7124 genome, indicating that the quality of the linkage map was highly reliable.



Mapping of Quantitative Trait Locus for Resistance to FOV7

Nine QTLs for FOV7 resistance were detected on 7 chromosomes (A01, A05, A07, A09, D03, D05, and D09) (Table 4 and Figure 3), each of which (except for one) explained 3.5–19.7% of the phenotypic variation. Among the QTLs, 7 could be detected in only one environment, showing obvious environmental specificity and that the mode of action and expression of these QTLs changed greatly. QTLs detected in a single environment might be due to a low rate of phenotypic contribution, genetic effects, or environmental effects. Moreover, an unstable QTL can be considered promising for application if it has a strong effect. Nevertheless, such QTLs generally are not used.


TABLE 4. Summary of FOV7 resistance QTLs identified in different environments.
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FIGURE 3. The chromosome distribution of QTLs for FOV7 resistance in a RIL population of Gossypium barbadense.


The widest range of phenotypic variation was observed in qFOV7-D03-1. A common QTL, qFOV7-D03-1, was identified on D03 in AC11 and AC17. A genome-wide association study (GWAS) showed that qFOV7-D03-1 was located on chromosome D03 chromosome and had a length of 1.97–2.37 Mb in G. hirsutum, consistent to the finding of Liu. This result strongly suggested that qFOV7-D03-1 is the main QTL for resistance to Fusarium wilt in G. barbadense. Therefore, qFOV7-D03-1 was considered to be a stably inherited QTL for follow-up studies related to FOV7 resistance.



Identification of Candidate Genes for qFOV7-D03-1

Within the qFOV7-D03-1 interval between 0.99 and 3.06 Mb on chromosome D03, 161 putative genes were predicted. Of these genes, 105 had annotation information (Supplementary Table 7). Through examining the transcriptome data of the parents and selected highly resistant (HR) and highly susceptible (HS) RILs within the RIL population, only six genes (GB_D03G0217, GB_D03G0235, GB_D03G0244, GB_D03G0268, GB_D03G0275, and GB_D03G0289) showed significant differential expression between the parents and between the HR and HS groups of RILs (Figure 4A and Supplementary Table 8). A comparison of the sequences between the two parents showed that upstream, downstream, exon, or intron regions in five genes (GB_D03G0217, GB_D03G0235, GB_D03G0244, GB_D03G0268, and GB_D03G0275) contained SNPs/Indels (Figure 4B).
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FIGURE 4. (A) Expression analysis of 27 genes from the parent and RIL populations under FOV7 stress based on transcriptome data. (B) SNP and Indel information between Xinhai 14 and 06-146. (C) Expression profiling of five candidate genes related to FOV7 resistance. The error bars represent the means of three replicates ± SEs. Statistically significant differences from the control group are indicated with *P < 0.05; **P < 0.01; and ***P < 0.001. (D) Tissue-specific expression analysis of three candidate genes related to FOV7 resistance. The error bars represent the means of three replicates ± SEs. Statistically significant differences from the control group are indicated as *P < 0.05; **P < 0.01;***P < 0.001. (E) Expression patterns of the GB_D03G0217 gene in apical organs of eight lines inoculated with FOV7, detected by qRT–PCR; red and blue dots indicate four FOV7-resistant lines and four FOV7 susceptible lines, respectively.


To further study possible roles of these five candidate genes (with differences in expression levels and DNA sequences between the two parents) in FOV7 resistance, qRT-PCR was used to compare the transcription levels in the roots of the two parents at the seedling stage during different time points after FOV7 inoculation. Genes except for GB_D03G0235 and GB_D03G0268 exhibited increased expression in the roots after inoculation, as compared to the non-inoculated control (Figure 4C). However, only three genes (GB_D03G0217, GB_D03G0244, and GB_D03G0275) showed significant differential expression during the same period following inoculation between the two parents. The results suggest possible roles of these three genes in the response to FOV7 infection in G. barbadense.

To understand if these three genes are root-specific, their expression levels were compared among roots, stems and leaves. Results showed that their expression was generally the highest in the roots, both before and after FOV7 inoculation (Figure 4D). Interestingly, these three genes exhibited significant expression changes in different tissues before and after FOV7 inoculation. Among these three genes, only GB_D03G0217 showed significant changes in the roots but with opposite expression patterns between the two parents and was therefore chosen as the possible candidate gene for the QTL.

To further study the involvement of the GB_D03G0217 after G. barbadense was subjected to FOV7 infection, four FOV7-resistant lines and four susceptible lines were compared (Figure 4E). Results showed that the expression of GB_D03G0217 was significantly higher in the resistant lines than in the susceptible lines. The linear regression between the DSR and the expression level in the eight lines was significant (r = 0.872, P < 0.01).



Virus Induced Gene Silencing Analysis of GbCML in Cotton

To further verity the function of GB_D03G0217 in relation to FOV7 resistance, a bioinformatics analysis indicated that it encodes a calmodulin-like (CML) protein, named GbCML here. As shown in Figure 5A, VIGS plants infiltrated with Agrobacteria carrying GbTRV1 + GbCML exhibited an albino phenotype on newly developed true leaves after infiltration, indicating that the VIGS system worked efficiently under our experimental conditions, as expected. The qRT-PCR analysis showed that the expression of GbCML in VIGS plants was significantly lower than that in control plants with the empty vector (Figure 5B). To further understand the relationship between changes in GbCML expression and FOV7 resistance in VIGS plants, 18 VIGS plants were evaluated for their resistance to FOV7 (Figures 5C,D). The VIGS plants exhibited FOV7-associated foliar symptoms including necrosis and yellowing (Figure 5C), with a significant higher DSR (Figure 5D). Therefore, suppression of the GbCML gene expression in the VIGS plants of the resistant parent 06-146 led to increased susceptibility to FOV7. The results suggested that GbCML played a role in defending cotton against FOV7.
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FIGURE 5. Effects of silencing of GbCML on 06-146 susceptibility to FOV7. Two weeks after infiltration, seedlings were inoculated with FOV7. (A) Seven day-old cotton plants were infiltrated with Agrobacterium carrying TRV:GbCLA. The photographs were taken at 2 weeks after infiltration. (B) qRT-PCR for detection of silencing efficiency. (C) Representative seedlings of control (CK) and silenced plants after inoculation with FOV7 at 20 days post-inoculation (dpi). (D) Responses of control (CK) (TRV:00) and silenced (TRV:GbCML) plants to the FOV7 at 20 dpi. Disease severity rating (DSR) in CK and silenced plants each with eighteen experimental replicates. The DSR were measured at 20 dpi. Error bars represent the standard deviation of eighteen biological replicates; asterisks indicate statistically significant differences, as determined by t-test (P < 0.001).





DISCUSSION

In this study, we resequenced 110 G. barbadense RILs and their two parents and constructed a high-density genetic map in a G. barbadense RIL population for the first time based on 933,845 high-quality SNP markers. The linkage map had a total genetic distance of 2,483.17 cM for 26 linkage groups (i.e., chromosome pairs). The genetic variation within G. barbadense is known to be low (Zhang et al., 2014). Because of the close genetic relatedness of the two parental lines, which were developed in Xinjiang, China, there were chromosomal regions with minimal sequence variation, leading to large gaps between bins. However, as expected, the RIL population showed a higher recombination rate and higher position resolution than the F2 population due to many generations of self-pollination to break tight linkages. Although the RIL population was not large, the DSR trait was normally distributed in each of the eight tests, indicating that the RIL population was suitable for identifying QTLs for FOV7 resistance in G. barbadense. As a result, nine QTLs for FOV7 resistance, including one common QTL (qFOV7-D03-1) on chromosome D03, were identified. This study represents the first investigation of FOV7 resistance using a RIL population evaluated in multiple tests for QTL mapping in G. barbadense.

Wang et al. (2009) was the first to use molecular mapping technology to identify four QTLs, including one major gene (FwR) on D03, for FOV7 resistance in early segregating populations (F2:3) of G. hirsutum based on SSR markers. Most recently, Liu et al. (2021) reported that Gh_D03G0209 (named GhGLR4.8) on D03 encoding a GLUTAMATE RECEPTOR-LIKE (GLR) protein was the candidate gene for the resistance gene Fov7 within the 1.97–2.37 Mb region based on a GWAS of 290 Chinese G. hirsutum accessions and CRISPR/Cas9-mediated knockout analysis. The region containing FOV7 is within the region (0.99–3.01 Mb) of the common QTL qFOV7-D03-1 identified in this study. Although GhGLR4.8 has the highest homology (99.84%) to GB_D03G1991 on the same chromosome, GB_D03G1991 is not within the QTL region for qFOV7-D03-1. Therefore, its role in conferring resistance to FOV7 in this G. barbadense RIL population was ruled out. The genetic bases of resistance between G. barbadense and G. hirsutum are likely different.

In this study, a detailed comparative analysis of gene expression and DNA sequences within the qFOV7-D03-1 region between the two parents revealed only five candidate genes. Through further qRT-PCR of different tissues between the two parents and roots after inoculation of FOV7 between two groups (resistant vs. susceptible) of lines, GB_D03G0217 was identified as the candidate gene for verification using VIGS. GB_D03G0217 was homologous to the gene AT3G50360 encoding a calmodulin (CaM)-like (CML) protein in Arabidopsis. It is currently known that CML and CaM proteins are primary Ca2 + sensors regulating cellular functions in response to environmental cues, including gene expression during plant immune responses (Chiasson et al., 2005; Cheval et al., 2013; Zhu et al., 2017; Bredow and Monaghan, 2019).

To date, many studies have focused on yield and fiber quality traits in G. barbadense, while few studies have focused on resistance to FOV7. Due to the planting pattern of cotton in the field, disease resistance has become the main problem and challenge in cotton breeding. In our study, stable QTLs and candidate genes related to FOV7 resistance were obtained by QTL mapping in G. barbadense. Although 7 QTLs could be detected in only one environment, they showed obvious environmental specificity. Unexpected results might be obtained if we further apply multiomics. Although only a small number of stable QTLs were detected, unstable QTLs can also be used to select some disease-resistant varieties for specific areas. To further improve the location resolution for in-depth analysis, a larger genetic population needs to be developed with the stable QTL region. This study laid a foundation for improving disease resistance, breeding efficiency and the development of molecular markers in cotton breeding.

In summary, nine QTLs related to FOV7 resistance were identified, including qFOV7-D03-1 on chromosome D03, in two experiments. However, QTL stability was influenced by the environment. Through a combined analysis of QTL linkage mapping and gene expression, the CML gene (GB_D03G0217) gene on D03 was identified as a candidate gene likely conferring resistance to FOV7 in G. barbadense. VIGS showed that resistance to FOV7 in G. barbadense was positively regulated by GBCML.
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Seed size and shape are key agronomic traits affecting seedcotton yield and seed quality in cotton (Gossypium spp.). However, the genetic mechanisms that regulate the seed physical traits in cotton are largely unknown. In this study, an interspecific backcross inbred line (BIL) population of 250 BC1F7 lines, derived from the recurrent parent Upland CRI36 (Gossypium hirsutum) and Hai7124 (Gossypium barbadense), was used to investigate the genetic basis of cotton seed physical traits via quantitative trait locus (QTL) mapping and candidate gene identification. The BILs were tested in five environments, measuring eight seed size and shape-related traits, including 100-kernel weight, kernel length width and their ratio, kernel area, kernel girth, kernel diameter, and kernel roundness. Based on 7,709 single nucleotide polymorphic (SNP) markers, a total of 49 QTLs were detected and each explained 2.91–35.01% of the phenotypic variation, including nine stable QTLs mapped in at least three environments. Based on pathway enrichment, gene annotation, genome sequence, and expression analysis, five genes encoding starch synthase 4, transcription factor PIF7 and MYC4, ubiquitin-conjugating enzyme E27, and THO complex subunit 4A were identified as candidate genes that might be associated with seed size and shape. Our research provides valuable information to improve seed physical traits in cotton breeding.

Keywords: Gossypium hirsutum, Gossypium barbadense, backcross inbred lines, seed size and shape, quantitative trait locus, candidate genes


INTRODUCTION

Cotton (Gossypium spp.) is an important cash crop, grown for monetary profit from the fiber, feed, and cooking oil. Currently, research on cotton predominantly focuses on fiber yield and quality, with relatively few studies on seed quality (Deng et al., 2019; Chen et al., 2020; Liu H. et al., 2020). Seed quality is one of the most important factors considered in cotton stand establishment procedures (Sawan and Dello Ioio, 2016). Although cotton production has seen technological advances, the lack of quality cottonseed may be perceived as a pertinent issue. Good quality seeds of improved cultivars comprise one of the key inputs for attaining high cotton yield with increased economic benefits (Atique-ur-Rehman et al., 2020).

Seed size is a widely accepted measure of seed quality, and multiple earlier studies have shown that large seeds have high capacities for seedling survival, growth, and establishment (Lehtilä and Ehrlén, 2005). Compared to small-seed cultivars, large-seed cultivars exhibit increased fiber length, strength, and decreased micronaire (Main et al., 2013). Compared to small-size and mixed-size seeds, large-size and medium-size seeds achieved increased germination potential, germination rate, seed fullness, dry matter weight per plant, root-to-shoot ratio, leaf emergence rate, and leaf area (Liu et al., 1997). Seed size is the primary factor considered during harvesting and processing (Atique-ur-Rehman et al., 2020). Individual plant seed mass, in addition to total oil and protein energy content, predicts early seedling vigor (Snider et al., 2016). Additionally, oil content is largely affected by seed size (Pahlavani et al., 2008).

Quantitative trait locus (QTL) mapping uses molecular markers, based on genetic linkage maps, to determine the position of DNA segments or genes that control quantitative traits (Powder, 2020). Studies employing QTL mapping in cotton have predominantly focused on the QTL location of fiber traits (Said et al., 2013, 2015), with the related molecular mechanisms gradually revealed over time (Tian and Zhang, 2021). QTL mapping for seed quality tends to focus on oil content (Yu et al., 2012; Liu et al., 2013; Liu C. et al., 2020), protein content (Yu et al., 2012; Liu et al., 2013) and other aspects (Liu et al., 2008). Few studies have described QTL locations for seed physical traits including size and shape (Wang et al., 2019).

It is known that seed size and shape is a complex quantitative trait that is controlled by multiple genes in crops. In other crops, more QTL mapping and research on seed size and shape-related traits have been conducted, such as peanuts (Zhang et al., 2019), soybeans (Hina et al., 2020), and rice (Ying et al., 2018). Using specific site amplified fragments (SLAF) sequencing- based 7,033 single nucleotide polymorphic markers (SNPs) to construct a genetic map in a recombinant inbred line (RIL) population of 180 Upland cotton lines, Wang et al. (2019) identified 32 QTLs for four traits related to seed size, i.e., hundred seed weight (HSW), hundred kernel weight (HKW), ten kernel length (TKL), and ten kernel width (TKW). However, molecular and genomic studies on cottonseed physical traits are currently lacking. It is known that cottonseed size is associated with seedling vigor, and oil and protein content. Seed size and seed shape also affect the seed surface area, which in turn could affect the number of fiber initials and eventually lint fibers. The number of lint fibers and their length and fineness are important determinants of lint percentage, a lint yield component trait. Therefore, QTL mapping of cotton seed size and shape-related traits is of great significance for revealing the molecular mechanism of cotton seed development and improving cotton yield, seed, and fiber quality.

In a previous study, a backcross inbred line (BIL) population containing 250 BC1F7 lines, derived from an interspecific cross between recurrent parent Gossypium hirsutum L. CRI36, and Gossypium barbadense L. Hai7124, was developed and SLAF sequencing was used for SNP typing (Ma et al., 2019). The objectives of this study were to perform a QTL analysis for seed size and shape in this BIL population. Eight traits related to seed size and shape were assessed: 100-kernel weight, kernel length, kernel width, kernel length to width ratio, kernel area, kernel girth, kernel diameter, and kernel roundness. To lay a theoretical foundation for improving the quality of cotton seeds and furthering research on related genetic mechanisms, we also analyzed candidate genes for stable QTL intervals.



MATERIALS AND METHODS


Plant Material and Generation of Phenotypic Data

An interspecific BIL population containing 250 BC1F7 lines was developed from a cross between G. hirsutum CRI36 (as the recurrent parent) and G. barbadense Hai7124. Ma et al. (2019) described the development details of the BILs and created a genetic linkage map composed of 7,709 SNP markers. The parents and 250 BILs were planted in five environments according to a randomized complete block design with two replications in each environment. Three field tests were conducted in the experimental farm, CRI, CAAS, Anyang (Henan Province, 36.06°N, 114.49°E) with one test in 2016 and two tests (one in the south farm and another in the east farm) in 2017. Two field tests were conducted in Shihezi (Xinjiang Uygur Autonomous Region, 44.44°N, 85.68°E) in 2016 and 2017. In each test, cotton seeds were hill-sown by hand and covered with plastic mulch applied directly by a machine in April each year. In Anyang, approximately 16 plants per 4-m-long row were retained, and the row spacing was 0.80 m. In Xinjiang, where a high-density seeding rate was used, approximately 44 plants per 5-m-long row were retained, and the row spacing was 0.38 m. Crop management practices followed the recommendations of local cotton production. The use of the two cotton production systems (i.e., normal and high plant density) allowed detection of consistent QTLs for the seed physical traits between the two production systems. The average best linear unbiased prediction (BLUP) of the five environments was also calculated and used for QTL mapping. We conducted SLAF sequencing with the G. hirsutum genetic standard TM-1 as a reference genome (Zhang et al., 2015; Hu et al., 2019) to genotype the BILs.

Twenty opened bolls were manually harvested at crop maturity. After ginning and acid-delinting of the cottonseed, a Wanshen SC-G Automatic Seed Test Analyzer was used to determine the properties of cotton kernels: the 100-kernel weight (HKW, g), kernel length (KL, mm), kernel width (KW, mm), kernel length to width ratio (KLW), kernel area (KA, mm1), kernel girth (KG, mm), kernel diameter (KD, mm), and kernel roundness (KR, mm). Analysis of variance, the frequency distribution and correlation coefficients among these traits were analyzed using SPSS (version 20.0; SPSS, Chicago, IL, United States). The lme4 package in R was used to estimate the BLUP value of the five environments, enabling its use in correlation analysis of the eight traits (Poland et al., 2011).



Quantitative Trait Locus Analysis

Inclusive Composite Interval Mapping (ICIM) in the IciMapping4.2 software was used to perform QTL analyses for each seed physical trait (Meng et al., 2015). The threshold of logarithm of the odds (LOD) value was set using 1,000 permutation tests, and the detection step was set to 1 cM. Positive additive effects indicated favorable alleles derived from CRI36, while negative additive effects indicated favorable alleles from Hai7124. A QTL identified in three or more environments were considered a stable QTL (Shang et al., 2015). The naming method of QTLs followed a previous report (Gu et al., 2020). MapChart (version 2.2) was used for constructing linkage maps for mapped SNPs with QTL intervals indicated.



Candidate Gene Identification and Annotation

The physical interval of each stable QTL was determined using Basic Local Alignment Search Tool (BLAST) (Hu et al., 2019). Potential candidate genes related to seed size and shape traits were determined based on Gene Ontology (GO) enrichment and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses. GO and KEGG analyses were performed using OmicShare tools2 (Li et al., 2020). These genes were identified using CottonFGD.2 The functions of the identified genes were determined through gene annotation. The Arabidopsis thaliana homologous genes and gene function annotations of candidate genes were determined using the TM-1 genome. Based on CRI36 and Hai7124 resequencing (30×) results, candidate genes were further screened by SNP variation between the two parents. Polymorphic loci with missing or heterozygous genotypes, as well as polymorphic loci without polymorphism between parents, were filtered out. The remaining SNPs and indels were considered as effective polymorphic loci. SnpEff 4.2 software was used to predict the function of these effective polymorphic loci based on the published cotton genome sequence annotations (Cingolani et al., 2012).

Because the gene expression data for the Upland cotton parent CRI36 were not available, the expression levels of candidate genes from the sequenced TM-1 were used as a proxy to compare with these from another parent- Hai7124, both of which were based on existing RNA sequencing (RNA-seq) data (National Genomics Data Center: accession number: PRJNA490626)3 (Hu et al., 2019). Candidate genes that were poorly expressed in cotton ovules (FPKM < 2) were discarded. Screening for genes that were specifically expressed in ovules or whose expression levels were significantly different in TM-1 and Hai7124 ovules, was performed. The fold change in candidate gene expression was set to 2 as the threshold for significant differential expression between TM-1 and Hai7124 in embryos (0, 1, 3, 5, 10, and 20 days post anthesis, DPA).




RESULTS


Phenotypic Performance in the Backcross Inbred Line Population of Gossypium hirsutum CRI36 and Gossypium barbadense Hai7124 in Five Environments

The traits of 100-kernel weight (HKW), kernel length (KL), kernel width (KW), kernel length to width ratio (KLW), kernel area (KA), kernel girth (KG), kernel diameter (KD), and kernel roundness (KR) were used to evaluate the seed size and shape of the parents, G. hirsutum CRI36 and G. barbadense Hai7124, and their interspecific BIL population in five environments. The traits of KLW, KL, KR, and KW significantly differed between the two parental lines of different species; and G. barbadense Hai7124 seeds were shorter and more rounded than the seeds of G. hirsutum CRI36. HKW, KA, KG, and KD did not significantly differ between the two parents (Table 1). However, analysis of variance (ANOVA) detected significant genetic variations for all the seed physical traits in the BIL population including these traits for which the two parents did not differ (Supplementary Table 1). The results indicate that different genes controlling the same traits with similar values between the two species, resulting in transgressive segreation.


TABLE 1. Comparison of the seed size and shape-related traits between two parents Gossyium hirsutum CRI36 and G. barbadense Hai7124.
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The results of the descriptive statistics of phenotypic data for all traits in the five environments (except BLUP) of BIL are shown in Supplementary Table 2. Broad-sense heritability estimates were 0.74–0.86, indicating that all traits were mainly affected by the genotype. Both the skewness and kurtosis values of the eight traits in the five environments were < 1.0 except for a few cases, indicating that none of the traits deviated significantly from a normal distribution (Figures 1A–H). We further calculated correlation coefficients among the eight seed size and shape-related traits in the BIL population; there were 24 significant correlations between the eight traits (Table 2). Among them, HKW, KL, KW, KA, KG, and KD showed a positive correlation. KLW was significantly and negatively correlated with HKW, KW, and KR, and KR was significantly negatively correlated with KG, KLW, and KL. The same cottonseed physical trait was significantly correlated among different environments, suggesting the environmental stability of these traits. Taking HKW as an example, the correlation between various environments was analyzed, and it was found that there was a significant positive correlation among all environments (Supplementary Table 3).
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FIGURE 1. Frequency map of 8 traits in different environments of 250 BILs. Different colors represent different environments. (A) HKW. (B) KA. (C) KG. (D) KLW. (E) KL. (F) KW. (G) KD. (H) KR. See the footnote in Table 1 for explanations of the abbreviations.



TABLE 2. Correlation coefficients among cotton seed size and shape-related traits in the BIL population.
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Quantitative Trait Locus Analysis of Cottonseed Physical Traits

Based on the high-density genetic map and phenotypic data, a total of 49 QTLs were detected on 14 chromosomes, including 28 and 21 QTLs in the A and D subgenomes, respectively. These included five QTLs for HKW, five for KL, five for KW, five for KLW, eight for KA, two for KG, twelve for KD, and seven for KR (Supplementary Figure 1). An LOD value of 3.64–15.6 was obtained for the QTLs, with 2.91–35.01% phenotypic variation explained (PVE) by each QTL (Supplementary Table 4). The PVE of QTLs for HKW, KL, KW, KLW, KA, KG, KD and KR ranged from 5.38 to 35.01%, 5.41 to 35.01%, 13.70 to 34.10%, 6.82 to 22.80%, 5.68 to 25.10%, 8.18 to 12.91%, 2.91 to 25.28%, and 5.59 to 20.84%, respectively. A total of nine QTLs were consistently detected in at least three environments, namely qHKW-D03-1, qKW-D03-1, qKLW-D03-1, qKLW-D12-1, qKA-D03-1, qKG-D03-1, qKD-D03-1, qKR-D03-1, and qKR-D12-1 (Table 3). Among these nine stable QTLs, the additive effect of qKLW-D03-1 and qKLW-D12-1 came from CRI36, while the others came from the male parent Hai7124.


TABLE 3. Stable quantitative trait loci (QTLs) for cottonseed physical traits identified in five environments and BLUP.
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The QTLs identified for all traits were not randomly distributed across chromosomes or chromosomal regions, some of which were closed linked in clusters. The QTLs for the same or different traits that shared an overlapping confidence interval or located in an adjacent region were estimated as the presence of a cluster (Said et al., 2013). A total of seven QTL clusters were identified in this study (Supplementary Table 5), among which four and three clusters were observed in the At and Dt subgenomes, respectively. These clusters were distributed on seven chromosomes, among which one cluster was located on each of A04, A07, A08, A13, D03, D09, and D12. The D03 QTL cluster contained the largest number of QTLs (7), followed by qClu-D09-1 (5).



Prediction of Candidate Genes in Stable Quantitative Trait Locus

There were 641 candidate genes within the nine stable QTL regions. First, GO enrichment and KEGG analyses were performed on these candidate genes. In the GO analysis results (Figures 2A,B and Supplementary Table 6), the number of genes related to the metabolic process of the biological process category was 200. The number of genes identified as being related to cellular processes in the biological process category was 184, and the number of genes identified as being related to the combination of molecular functional categories was 199. Among the top 20 GO enrichment results, cellular component organization, or biogenesis, and carbohydrate metabolic process had the most enriched genes. In the KEGG analysis results (Figures 2C,D and Supplementary Table 7), the number of genes enriched in the metabolic pathway was 33, and 13 genes were enriched in the biosynthesis of secondary metabolites. In the top 20 KEGG pathways, several genes from the spliceosome (Jiang et al., 2011), protein processing in the endoplasmic reticulum (Yi et al., 2021), starch and sucrose metabolism (Yin et al., 2020), and purine metabolism (Qi and Xiong, 2013) were found to be related to seed size. In addition, in the remaining KEGG pathways, ABC transporters are also related to seed size (Do et al., 2018). Plant hormone signal transduction (Li et al., 2011; Liu et al., 2015; Ji et al., 2019), mitogen-activated protein kinase (MAPK) signaling (Li and Li, 2015) and ubiquitin-mediated proteolysis (Li et al., 2008; Xia et al., 2013) pathways have been studied extensively in the context of seed size. A total of 22 candidate genes were enriched in these pathways related to seed size. We infer that these genes may play a key role in the development of cotton seed size and shape.
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FIGURE 2. Analysis of the GO enrichment and KEGG of stable QTLs related to seed size and shape. (A) Analysis of the GO enrichment of stable QTLs. (B) Top 20 GO terms enrichment in the molecular function category. (C) Analysis of the KEGG of stable QTLs. (D) Top 20 of KEGG enrichment.


Based on the functional annotation of orthologs in Arabidopsis spp. of 22 candidate genes, 10 candidate genes within the stable QTLs were further identified that may be involved in cotton seed development (Supplementary Table 8). We analyzed the SNP variation of these 10 candidate genes between the two parents, and it contained a total of 1,334 effective SNPs (including intergenic regions). According to the annotations, non-synonymous mutations (9), start gained (1), synonymous variant (7), stop gained (2), splice acceptor variant, and intron variant (1) exist in eight candidate genes, which may affect the biological function of these genes (Table 4).


TABLE 4. SNPs in candidate genes between the two parents.

[image: Table 4]
Furthermore, we analyzed the expression levels of these eight candidate genes in the ovules of TM-1 (as a proxy to the Upland cotton parent, CRI36) and Hai7124 using previously published RNA-seq data (Hu et al., 2019). Among them, three genes on chromosome D03, GH_D03G1237, GH_D03G1448, and GH_D03G1453, were not expressed during the developmental stages of cottonseed ovules (Supplementary Table 9), and were therefore not further analyzed. Among the remaining five genes, four were on the D03 chromosome including GH_D03G0980 encoding probable starch synthase 4 (within the region of QTLs- qKLW-D03-1 and qKR-D03-1) and GH_D03G1091 encoding transcription factor PIF7 (with the region of QTLs- qHKW-D03-1, qKA-D03-1, qKG-D03-1, and qKD-D03-1) in a close proximity, and GH_D03G1458 encoding ubiquitin-conjugating enzyme E27 (within the region of QTLs- qKLW-D03-1 and qKR-D03-1) and GH_D03G1466 encoding THO complex subunit 4A (within the region of QTLs- qKLW-D03-1 and qKR-D03-1) in a close proximity, and GH_D12G2619 encoding transcription factor MYC4 (within the region of QTLs- qKLW-D12-1 and qKR-D12-1) on D12. The expression levels of these genes were different during different ovule developmental stages between the two parents (Figure 3A). However, because developing ovules were not harvested for RNA extraction from representative BILs with differing seed physical traits, a comparative quantitative RT-PCR analysis was not performed in this study.
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FIGURE 3. The expression levels and genotypic evaluation of five candidate genes in ovules of each development stage (0, 1, 3, 5, 10, and 20 days post anthesis) of G. hirsutum TM-1 and G. barbadense Hai7124. (A) The expression levels of five candidate genes in ovules of each development stage (0, 1, 3, 5, 10, and 20 days post anthesis) of G. hirsutum TM-1 and G. barbadense Hai7124. (B–E) The distribution and means of seed size and shape traits in the BIL population based on SNP alleles from two parents for GH_D03G0980, GH_D03G1091, GH_D03G1458, and GH_D03G1466, respectively.


To further determine the effective allelic variation of the candidate genes, we analyzed SNPs of these candidate genes and their contributions to variation in seed size and shape traits. The results showed that SNPs in four candidate genes were significantly associated with changes in seed size and shape (Figures 3B–E). The possible roles of these candidate genes in relation to cottonseed size and shape will be discussed in Discussion.




DISCUSSION

Crop germplasm, including crop varieties, strains, types, wild species, and relatives, is the source of genes for genetically improving crops (Wang et al., 2005). Cotton, like other crops, has heterosis to varying degrees between species and varieties. Using cotton heterosis is an effective way to increase cotton yield (Xing et al., 2007). Since G. barbadense and Upland cotton belong to two different species under the genus Gossypium, different genetic loci are involved in seed development. The interspecific hybrids exhibit heterosis, which is reflected in many aspects, such as fiber quality and yield (Zhang et al., 1994, 2014; Wang and Zhe, 2013; Lu et al., 2017). The phenotypic data of all size and shape-related traits between BILs of G. barbadense Hai7124 and G. hirsutum CRI36 showed rich variation. For example, the minimum value of HKW is 3.63 and the maximum is 9.36, which has obvious transgressive segregation, even though there were no significant differences between the two parents. QTLs mapped by BILs will be the choice for MAS to improve the quality of cotton seeds by transferring favorable alleles to cotton.

In this study, we detected 49 QTLs for cotton seed size and shape-related traits that were distributed in seven QTL clusters, representing one of the first such a comprehensive study in cotton. Nine QTLs were stably detected in multiple environments and were located on chromosomes D03 and D12. Previously, a QTL for plant height (Ma et al., 2019) and a QTL for micronaire (Pei et al., 2021) were detected in this BIL population. Interestingly, the physical interval of the QTL mapping of the seed size and shape overlapped with the QTLs for these two traits. There were also other QTL studies on seed index, with QTLs mapped on the D03 chromosome (Shang et al., 2016; Liu et al., 2018). In a previous QTL mapping study for the four traits (HSW, HKW, TKL, TKW) of cottonseed (Wang et al., 2019), QTLs for the three traits (HSW, HKW, and TKW) were also detected on the D03 chromosome. In addition to two QTL clusters on D03 for the cotton physical traits, our current study detected two new QTLs- qKLW-D12-1 and qKR-D12-1 for cotton seed size and shape. These common QTLs and new stable QTLs will be the first choice for MAS to improve cottonseed quality by transferring favorable alleles to cotton cultivars.

Among the 641 genes within nine stable QTLs, we further identified five candidate genes for their possible involvement of regulating seed size and shape based on differential gene expression and sequence variation. The exact roles of these five genes in relation to cottonseed size and shape are currently unknown and should be further studied. The following discussion was solely based on relevant studies in other plants.

GH_D03G0980 encodes starch synthase 4. Starch synthase 4 (SS4) is required for proper starch granule initiation in Arabidopsis thaliana; and ss4 mutants grow poorly even under long-day conditions (Ragel et al., 2013). In rice, four starch synthase I (SSI)-deficient mutant lines did not alter seed morphology (Fujita et al., 2006). Fujita et al. (2011) further showed that rice endosperm requires the presence of either SS I or IIIa for starch biosynthesis, whose mutations led to reduced dehulled seed weight. In wheat, all three SSII genes on A, B and D subgenomes had to be missing or inactive for a change in seed weight and other traits (Konik-Rose et al., 2007). Therefore, seed weight may be affected by SS.

GH_D03G1091 encodes the transcription factor PIF7, which is a basic helix-loop-helix (bHLH)-type transcription factor. GH_D12G2619 encodes another bHLH transcription factor MYC4, which is homologous to AT4G00870 in Arabidopsis. This bHLH transcription factor family in plants is widely involved in biological processes, including the response to hormone signals (Friedrichsen et al., 2002; Yin et al., 2005), and flower and fruit development (Rajani and Sundaresan, 2001; Liljegren et al., 2004; Szecsi et al., 2006). It was found in Arabidopsis that the bHLH subgroup IIID transcription factors (bHLH 3, bHLH 13, bHLH 14, and bHLH 17) have a negative regulatory effect on the jasmonate (JA) response, and can act as a transcription inhibitor to coordinate the JA response, thereby regulating the defense and development of plants (Song et al., 2013). bHLH transcription factors may be also involved in determining seed size and shape. In rice, two bHLH proteins- POSITIVE REGULATOR OF GRAIN LENGTH 1 (PGL1) and its antagonistic partner ANTAGONIST OF PGL1 (APG) were involved in determining rice grain length by controlling cell length in the lemma/palea. Heang and Sassa (2012) showed that overexpression of PGL1 and silencing of APG each increased grain length and weight in transgenic rice, suggesting that APG was a negative regulator whose function was inhibited by PGL1. Other transcription factors can also affect seed size and shape. For example, most recently, Sun et al. (2021) showed that three SNPs related to ZmBES1/BZR1-5 were significantly correlated with kernel width and four SNPs in the gene were related to 100-kernel weight. They further confirmed that transgenic Arabidopsis and rice with ZmBES1/BZR1-5 displayed significantly increased seed size and weight, while Mu transposon insertion and EMS maize mutants in the gene possessed smaller kernels.

GH_D03G1458 encodes the ubiquitin-conjugating enzyme E2 7. The ubiquitin-26S proteasome pathway (UPP) is a crucial regulatory mechanism for selective protein degradation in a wide variety of plant developmental processes. Ubiquitin-binding (UBC) E2 enzyme, an important part of it, also plays a vital role in plant growth and development (Wang, 2010; Gao et al., 2017). Xu (2014) showed that the null UBC 22 mutants produced larger plants and larger and heavier seeds that stored a higher amount of protein and fatty acids in Arabidopsis. However, Mao et al. (2020) showed that overexpression of a soybean UBC gene (GmUBC1) in Arabidopsis significantly increased the 1,000-grain weight and total amino acid content. Similar to genes for bHLH transcription factors, different gene family members may have an opposite effect on seed weight and shape.

GH_D03G1466 encodes THO complex subunit 4A. THO is a multi-protein complex promoting coupling between transcription and mRNA processing. It is demonstrated the THO complex is involved in regulating female germline specification and disease resistance in Arabidopsis (Pan et al., 2012; Su et al., 2017). The destruction of ALY1, ALY2, ALY3, and ALY4 (orthologs of genes involved in the THO complex) in Arabidopsis caused nutritional and reproductive defects, including severe growth slowdowns, changes in flower morphology, and abnormal ovules and female gametophytes, resulting in reduced seed yield (Pfaff et al., 2018). However, the role of the complex in relation to seed size and shape is current unknown.

In cotton, the roles of those five candidate genes in relation to seed physical traits are not understood. However, we showed that these genes may be target genes for the genetic improvement of cotton seed size and shape. Among them, SNPs in four candidate genes were significantly associated with changes in seed size and shape traits such as HKW and KLW. The results provided important alleles for molecular breeding to improve cotton physical traits.



CONCLUSION

In summary, 49 QTLs for eight seed size and shape-related traits were identified by QTL mapping using an interspecific BIL population derived from G. barbadense Hai7124 and G. hirsutum CRI36 as the recurrent parent. Nine stable QTLs and 641 putative genes were identified within these QTL intervals. After further analysis, five genes encoding enzymes and transcription factors were identified as possible candidate genes that may be associated with cotton seed size and shape for further studies. These results represent the first study on the genetic basis for most seed physical traits in cotton. Their relationships with lint percentage and yield and fiber quality should be studied, which will facilitate breeding for high-quality and high-yield cotton.
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Cotton (Gossypium spp. L., Malvaceae) is the world’s largest source of natural fibers. Virus outbreaks are fast and economically devasting regarding cotton. Identifying new viruses is challenging as virus symptoms usually mimic nutrient deficiency, insect damage, and auxin herbicide injury. Traditional viral identification methods are costly and time-consuming. Developing new resistant cotton lines to face viral threats has been slow until the recent use of molecular virology, genomics, new breeding techniques (NBT), remote sensing, and artificial intelligence (AI). This perspective article demonstrates rapid, sensitive, and cheap technologies to identify viral diseases and propose their use for virus resistance breeding.
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INTRODUCTION

Gossypium spp. L. (Malvaceae) is the largest source of natural fibers in the world. The widely cultivated cotton cultivars are allotetraploid species. More than 90% of the annual cotton crop worldwide is Gossypium hirsutum (AD1), Upland or American cotton, and less than 10% is Gossypium barbadense (AD2), extra-long-staple, or Pima cotton (USDA, 2021). Global cotton harvested area in 2021 was 32 million hectares, and the production was 24.1 million metric tons. India, China, the United States, Brazil, and Pakistan are the world’s top five cotton producers (ICAC, 2021).

Cotton breeding’s goal is to deliver the most productive varieties in addition to a high-quality fiber standard (Hu et al., 2019; Wang et al., 2019; Yang et al., 2020). Breeding a new cotton variety may take near a decade until its commercial launch. Furthermore, additional time is required for commercialization when staking a new market-regulated transgene in the variety’s genome (Tarazi et al., 2020).

High-yield and fiber quality prioritization and the adoption of economic models aid breeding companies in selecting the traits, minimizing the investment risk, and guaranteeing variety’s commercial longevity (Louwaars et al., 2012; Ceccarelli, 2015). Despite the relevance of prioritization and economic models, companies do not consider pathogens’ mutation rate and spread of viral vectors’ speed, neglecting new or local pathogens that have the potential for pandemics (Jones, 2009). Viruses’ mutation rates, reaching up to a million times higher than their hosts, are associated with viruses’ replication speed and favor the emergence of hundreds of new virus strains at each infection (Duffy, 2018). Pathogen mutation consistently exceeds the breeding selection speed causing pathogen outbreaks and high economic loss (Schenke and Cai, 2020).

In virus-resistant cotton varieties, viral replication is suppressed or null; nevertheless, viruses replicate in high titers in virus-tolerant cotton varieties (Lapidot and Friedmann, 2002), weeds, or reservoir plants growing near the cotton plantation (Duffus, 1971). The perenniality of weeds or reservoir plants in the cotton fields favors viral high mutations accumulation and the emergence of new virus strains capable of breaking the viral resistance of cotton varieties. Cotton leafroll dwarf virus (CLRDV) in weeds and overwintering cotton in the United States shows an example of virus maintenance during the counter season generating a disease outbreak during the growing season (Sedhain et al., 2021). In addition, climate change is accelerating even more pathogen and vector spread and establishment (Jones, 2009; Chaloner et al., 2021).

A fast viral identification in the field using molecular virus detecting techniques (MVDT), digital disease assessment and phenotyping (DDAP), artificial intelligence (AI), and biotechnological tools may accelerate and enhance the breeding of virus-resistant cotton and help sustain the cotton industry.



THE VIRAL THREAT IN COTTON

The known viruses that infect cotton worldwide belong majority to the Solemoviridae (former: Luteoviridae; ICTV, 2021) and Geminiviridae families, whose main vectors are aphids and whiteflies, respectively (Ziegler-Graff, 2020; Wang and Blanc, 2021). The cotton leaf roll dwarf virus (CLRDV, Genus: Polerovirus; Family: Solemoviridae), a positive sense (+) ssRNA virus, causes the Cotton Blue Disease (CBD) that affects cotton crops in South America and Africa (Distéfano et al., 2010; Parkash et al., 2021). Aphis gossypii (Glover; Hemiptera: Aphididae), one of the most polyphagous aphid species and worldwide-distributed, hosts over 40 viruses (Quan et al., 2019) and is the exclusive vector of CLRDV (Michelotto and Busoli, 2007; Ramos-sobrinho et al., 2021).

Since 2017, CBD has spread in important cotton grower states in the United States (Avelar et al., 2019; Parkash et al., 2021; Ramos-sobrinho et al., 2021). Curiously, due to very rigorous winters, A. gossypii does not impose high pressure in the United States cotton fields (Carletto et al., 2009), suggesting two hypotheses: first, CLRDV may have adapted to a new viral vector and second, even in low aphid pressure, the insects can perpetuate disease spread and maintenance. However, as the viruses circulate all the crop areas, new severe strains can arise anytime.

CLRDV susceptible cotton cultivars may lose all their yield in the presence of the virus. At the end 1990s, the Brazilian cotton industry nearly collapsed due to CDB (Galbieri et al., 2017). The null or reduced yield imposed by CLRDV obligates Brazilian producers to seek resistant varieties (Hoffmann et al., 2019). Today, almost all cotton varieties grown in Brazil are CBD resistant (da Silva et al., 2015). Moreover, the control of A. gossypii by insecticides is crucial for cotton growth and involves high costs and environmental contamination (Allen et al., 2018).

In 2006, new CLRDV strains able to break variety’s CBD resistance were detected in Brazil and Argentina and were responsible for a “new” CBD disease, namely, Atypical Cotton Blue Disease (ACBD; da Silva et al., 2015). The known vector continues to be A. gossypii, and losses associated with ACBD are significantly lower when compared to CDB (Hoffmann et al., 2019). Between 2012 and 2021, India (Mukherjee et al., 2012), Thailand (Sharman et al., 2015), Timor-Leste (Ray et al., 2016), Sudan (Kumari et al., 2020), Uzbekistan (Moukahel et al., 2021), and Australia (Davis et al., 2021) have reported CLRDV.

Although Polerovirus exists in some Asian countries, cotton’s primary viruses in Asia are single-stranded DNA viruses from the Begomovirus genus, Geminiviridae family. The Begomovirus vector is the whitefly Bemisia tabaci (Gennadius; Hemiptera: Aleyrodidae), a “cryptic species complex,” which is one of the most agriculturally important pests worldwide (Wang and Blanc, 2021). Cotton Leaf Curl Disease (CLCuD) severely impacts cotton production in India and Pakistan. Since the identification of CLCuD in the 1960s, CLCuD studies show the association of Begomovirus species, mainly cotton leaf curl Multan virus (CLCuMuV) or cotton leaf curl Kokhran virus (CLCuKoV), with the cotton leaf curl Multan betasatellite (CLCuMuB; Zubair et al., 2017).

The 1992–1993 CLCuD epidemic in Pakistan caused economic losses calculated in one billion US dollars (Briddon and Markham, 2000) and is an example of the tremendously deleterious effect of the illness. Even with the continuous deployment of CLCuD tolerant and resistant varieties, virus resistance outbreak continues to impose severe issues in Asian cotton producers’ countries (Zaidi et al., 2020). With climate change accelerating vector and pathogen spread and establishment (Chaloner et al., 2021), Begomovirus may collapse the world’s other top three cotton producers (China, the United States, and Brazil) as B. tabaci is present in their territories.



THE GROWING MENACE

In the American continent, the cotton chlorotic spot virus is an emerging Begomovirus that mimics nutrition deficiency, is hard to diagnose, and proliferates through the Brazillian cotton belt in the Midwest and Northeast regions (de Almeida et al., 2013). Poleroviruses such as the Brazilian cotton anthocyanosis virus (CAV; Costa and Sauer, 1954), CLRDV divergent strains (Silva et al., 2008), and Argentinian cotton leafroll bushy virus (CLRBV; Agrofoglio et al., 2017) are elevating their frequency in the fields. In the United States, the cotton leaf crumple virus (CLCrV; Brown and Nelson, 1984), endemic to the Southwestern United States region and Mexico, is spreading to the West United States region and Guatemala (Idris and Brown, 2004).

African begomoviruses such as the cotton yellow mosaic virus (CYMV) and cotton leaf curl Gezira virus associated with cotton leaf curl Gezira betasatellite and cotton leaf curl Gezira alphasatellite, and African cotton mosaic disease virus is spreading at a quick rate from Western to Central Africa and Indo-Pak subcontinent (Leke et al., 2016).

The cotton bunchy top (CBT), a polerovirus from the Oceania continent, is cotton’s most viral severe disease in Australia. CBT often occurs in patches or on crop edges and is associated with the highest aphid activity areas (Ellis et al., 2013).

Interestingly, inter-specific virus contamination and coinfection are rising among crops worldwide. The tobacco streak virus (TSV, genus Ilavirus, family Bromoviridae), transmitted by thrips, was reported to infect cotton in specific regions of India and Pakistan (Jagtap et al., 2012). In China, a novel member of the Polerovirus genus and the watermelon mosaic virus (WMV, genus: Potyvirus, Family: Potyviridae) transmitted by aphids are coinfecting cotton plants (Yang et al., 2021). The mentioned examples make cotton virus resistance breeding and real-time monitoring an urgent need.



VIRUS RESISTANCE BREEDING AND NEW MOLECULAR VIRUS DETECTION TECHNOLOGIES

Starting a cotton breeding program for virus resistance needs the correct definition of “resistance.” A host plant is resistant if it can suppress the multiplication of a virus and consequently suppress disease symptoms, regardless of the resistance mechanism. On the other hand, tolerance is a unique instance where the host expresses minor or mild disease symptoms in response to virus infection but supports virus multiplication (Cooper and Jones, 1983; Mandadi and Scholthof, 2013). Selecting tolerant lines that produce high-yield and fiber quality rather than resistant ones may lead to viruses replicating in high titers and new virus strains with enhanced virulence and evolvability (Lapidot and Friedmann, 2002).

Virus resistance breeding requires virus identification and screening of cotton plants to identify resistance. Serological and molecular virus detecting techniques (MVDT) are the safest way to confirm a virus species and/or strain and a resistant cotton line. After confirming viral resistance, breeders can plan the crosses and breeding schemes. Moreover, molecular and discovery breeders can initiate molecular marker discovery for resistant genes and molecular breeding strategies with the knowledge of contrasting resistant and susceptible cotton lines.

Nowadays, molecular virus detecting techniques, such as high-throughput sequencing (HTS), allow the detection of all viruses present in a plant (virome), including undescribed new viruses (Sharma et al., 2021). However, finding a direct association between the disease and a particular virus among those detected in the infected plant is necessary to fulfill Koch’s postulates.

Virome information is essential for breeding and molecular breeding schemes to understand the availability and type of viral-resistant genes needed for elite line introgression. Developing a new resistant elite variety can be fast if a known virus causes the symptoms and resistant germplasm and molecular markers are available. When dealing with a new virus or coinfection, developing a new resistant elite variety will demand germplasm and gene prospection, resources, and time.

After completing the virus sequencing step, it is possible to develop new sensitive virus detection techniques and replace costly qRT-PCR-based diagnosis testing systems (Srivastava et al., 2020). Some accurate and ultrasensitive nucleic acid-based testing (NAT) tools in development for multiplexed virus infection capable of replacing qRT-PCR are recombinase polymerase amplification (RPA; Kim et al., 2018), loop-mediated isothermal amplification (LAMP; Selvaraj et al., 2019), and clustered regularly interspaced short palindromic repeats (CRISPR; Kellner et al., 2019). Viruses identification by NAT multiplex systems will be fundamental to identifying multiple resistant germplasm, accelerating host molecular marker discovery for resistance traits, and developing resistant varieties.

Among CRISPR-NAT tools, CAS9 has shown to be an ultrasensitive pathogen detection method. Converting the developing NAT to point-of-care testing (POCT) will drastically reduce costs and accelerate viral identification due to on-site identification and easy handling (Srivastava et al., 2020). CRISPR/Cas9-mediated lateral flow nucleic acid assay (CASLFA; Wang et al., 2020) and Editor-Linked Uniform Detection Assay (FELUDA; Azhar et al., 2021) are new POCT tools optimized for fast and easy in situ screening of human viruses using paper strips. The development of such POCT tools for plant viruses will enable a large-scale, fast, and robust detection of virus on-site, aiding in selecting virus-resistant cotton lines without waiting for symptoms.

MVDT are so fast and sensitive that CLRDV is detectable in susceptible cotton plants 24 h after inoculation and 2–5 days in systemic leaves after aphid infection, respectively (Fausto et al., 2017). MVDT contrast with slow and subjective symptom-based-pathological trials that take over 90 days and lead to a high probability of selecting tolerant lines. In other words, the development of new MVDT for circulating cotton virus will accelerate resistance selection and aid in developing molecular markers for molecular breeding strategies.



DIGITAL DISEASE ASSESSMENT AND PHENOTYPING

Several available technologies permit digital disease assessment and phenotyping (DDAP) and may reduce operational time, costs, breeding score subjectivity, and increases the genetic gain (ΔG) by increasing selection intensity (i) and selection accuracy (r), parameters of the “breeder’s equation” [image: image] (Cobb et al., 2019). With the help of artificial intelligence (AI) and MVDT calibration, DDAP can determine whether a cotton plant has nutrition deficiencies, insect damage, auxin herbicide injury, or symptoms resulting from viral infection (Figure 1).
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FIGURE 1. Artificial Intelligence (AI) and Molecular Virus Detecting Techniques (MVDT) calibrating Digital Disease Assessment and Phenotyping (DDAP) to determine whether a cotton plant has nutrition deficiencies, insect damage, auxin herbicide injury, or symptoms resulting from viral infection. (A) Symptomatic cotton field; (B) Satellite provides land monitoring on a large scale and captures spectral signature anomalies caused by viruses; (C) Unmanned Aerial Vehicles (UAVs or “drones”) analyse individual plants and rows from plots; (D) Smartphone digital apps capture, analyze, and diagnose annotated pathologies with the help of AI; (E) Point-of-care testing (POCT), an MVDT identifies viruses on-site and validates DDAP data; (F) 5G wireless technology integrates DDAP and MVDT in the field and laboratory; (G) Laboratory hosts MVDT and server for Deep Learning (DL) image processing; (H) DL servers gather information from MVDT and DDAP, gives a solution for the symptomatic cotton field, and calibrates DDAP to recognize viral infection autonomously; and (I) MVDT laboratory can receive material from the field and gives the results of the presence or absence of viruses and inputs data for DL process.


Viral diseases change healthy vegetation’s spectral signature characterized by a specific reflectance peak in the near-infrared (NIR; 800–900 nm) and lower reflectance values in the red region (650–750 nm; Mahlein, 2016). With the help of AI and high-resolution images, pre-symptomatic disease detection can be inferred by multi- and narrowband visible to shortwave infrared (SWIR; 400–2,500 nm; Jung et al., 2021).

The use of DDAP reduces MVDT costs by narrowing the number of potentially resistant plants tested for viral presence during breeding trials and germplasm screening. DDAP in cotton breeding covers large scales and multiple sites using satellites, downscaling to row, or individual plant analyses from plots in a field using drones until reaching small spaces such as greenhouses or laboratories using smartphones.

Smartphones are accessible, easy-to-manage image analysis platforms that can aid researchers and breeders in diagnosing diseases (Silva et al., 2021). Smartphone digital cameras use RGB (red, green, and blue), and apps capture, analyze, and diagnose annotated pathologies with the help of AI (Mahlein, 2016).

Unmanned Aerial Vehicles (UAVs or “drones”) can detect viral diseases with decreased dependence on weather conditions (Silva et al., 2021). Swarm robotics increases drone data acquisition efficiency per hectare in large farms, competing with satellite imagery prices (Schranz et al., 2020).

Satellites provide land monitoring on a large scale from 100’s to 1000’s km2 of data and can capture healthy vegetation’s spectral signature and anomalies caused by viruses (Oerke, 2020), such as CLCuD (Ahmed et al., 2013). Using a constellation of multiple satellites, small satellites, or even a mega-constellation of mini-satellites improves revisit time, reducing weather dependency and increasing spectral resolution (Zhang et al., 2020).

5G wireless technology implementation will integrate DDAP and MVDT in the field and laboratory, as it has the theoretical capacity to connect one million devices per square kilometer and deliver speeds faster than 10 Gbps (Tang et al., 2021). The sum of all or some of these technologies with MVDT will enable the virus identification on-site.



DEEP LEARNING AN EFFICIENT AI IMAGING SOLVING TOOL

High-throughput phenotyping to help develop virus-resistant varieties is possible through AI, nevertheless, incorrect input biases AI learning, leading to disastrous results (Barbedo, 2018). The correct screening (phenotyping) of resistant lines for the AI learning process must consider the definition of “resistance.” Thus, MVDT can provide the correct input in the AI learning process.

As AI requires large data sets (Big Data), labeling training data, and high processing time, Deep Learning (DL) enables an automatic and hierarchical learning process (Barbedo, 2018; Kamilaris and Prenafeta-Boldú, 2018). DL has shown an efficient AI tool in solving images of several diseases, including cotton leaf disease (Ahmed, 2021). DL belongs to Machine Learning (ML) and refers to artificial neural networks with many layers that automatically determine image features by the network. DL has advantages over ML as it reduces feature engineering in image processing (Liakos et al., 2018; Jung et al., 2021).



ACCELERATED RESISTANCE BREEDING USING MOLECULAR AND BIOTECHNOLOGICAL TOOLS

Pathogen-resistant cotton lines appear to have relatively low yields, low fiber quality, and high linkage drag, complicating the development of elite resistant varieties. Implementing integrated cotton molecular breeding strategies (Yang et al., 2020), such as Marker Assisted Selection (MAS), Marker Assisted Introgression (MAI), Multi-parent Advanced Generation Inter-Cross populations (MAGIC), Genome-Wide Association Studies (GWAS), and Genomic Selection (GS), with DDAP and MVDT, will enhance the development of improved yield, fiber quality, and virus-resistant cotton varieties.

Moreover, new breeding techniques (NBT) may be the quickest path to developing elite resistant varieties without the worries of linkage drag (Tarazi et al., 2020). Among the NBT, the CRISPR/Cas system is easy to use and can efficiently generate targeted mutagenesis, conferring molecular immunity against eukaryotic viruses, including cotton DNA geminiviruses (Ali et al., 2016).

In the absence of native resistance traits, transgenic approaches are necessary. Genetically modified (GM) plants expressing the antisense movement protein (AV2) and antisense coat protein (ACP) genes of CLCuV provide resistance to CLCuD (Sanjaya et al., 2005). Transgenic cotton plants that overexpress miR166 show potential in reducing Bemisia tabaci populations and, more importantly, the spread of whitefly-transmitted plant viruses (Wamiq and Khan, 2018).

Implementing the Speed Breeding approach (Watson et al., 2018) will accelerate the deployment of viral-resistant cotton varieties to the fields through rapid generation advancement. Figure 2 shows a flowchart to accelerate and enhance the breeding of virus-resistant cotton after discovering virus-like cotton symptomatic plants in the field, using the combination of new recently available DDAP, MVDT, molecular breeding, GM, and Speed Breeding technologies.

[image: Figure 2]

FIGURE 2. Flowchart to accelerate and enhance the breeding of virus-resistant cotton based on the identification of symptomatic cotton plants in the field. HTS, High-throughput sequencing; MVDT, Molecular virus detecting techniques; and DDAP, Digital disease assessment and phenotyping.




FINDING RESISTANT GERMPLASM

A significant problem in breeding is finding resistant germplasm for current and emerging viruses. GeneBanks are a solution for finding resistant genetic material (Van Treuren and Van Hintum, 2014). The International Treaty on Plant Genetic Resources for Food and Agriculture (ITPGRFA) aids in the sustainable use of plant genetic resources, stimulating GeneBanks (FAO, 2021).

However, the fair and equitable sharing of the benefits of ITPGRFA creates complicated bureaucratic mechanisms that slow or obliterate resistant material deployment in the face of high viral mutation rates and spread. ITPGRFA needs to be updated to face immediate and devastating viral threats. In the absence of resistant cotton varieties, viruses might knock down the cotton global industry chain that involves approximately 150 countries and indirectly provides food security for around 100 million families.



CONCLUSION

The viruses mentioned in this perspective have cost billions of US dollars for the cotton industry over the past decades. The investment needed in MVDT and DDAP that accelerates and enhances virus identification and the breeding of virus-resistant cotton costs less than one year of economic losses caused by a virus outbreak. Besides that, the use of MVDT must be mandatory in virus-resistant breeding programs, as virus-tolerant cotton varieties are viral time bombs that can cause severe economic losses. Thus, combining and improving available MVDT and DDAP seem to be the way to accelerate viral disease identification and deploy resistant cotton varieties to suppress viral outbreaks and help sustain the cotton industry.
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Cotton productivity under water-stressed conditions is controlled by multiple quantitative trait loci (QTL). Enhancement of these productivity traits under water deficit stress is crucial for the genetic improvement of upland cotton, Gossypium hirsutum. In the present study, we constructed a genetic map with 504 single nucleotide polymorphisms (SNPs) covering a total span length of 4,416 cM with an average inter-marker distance of 8.76 cM. A total of 181 intra-specific recombinant inbred lines (RILs) were derived from a cross between G. hirsutum var. MCU5 and TCH1218 were used. Although 2,457 polymorphic SNPs were detected between the parents using the CottonSNP50K assay, only 504 SNPs were found to be useful for the construction of the genetic map. In the SNP genotyping, a large number of SNPs showed either >20% missing data, duplication, or segregation distortion. However, the mapped SNPs of this study showed collinearity with the physical map of the reference genome (G. hirsutum var.TM-1), indicating that there was no chromosomal rearrangement within the studied mapping population. RILs were evaluated under multi-environments and seasons for which the phenotypic data were acquired. A total of 53 QTL controlling plant height (PH), number of sympodial branches, boll number (BN), and boll weight (BW) were dissected by QTL analysis under irrigated and water stress conditions. Additionally, it was found that nine QTL hot spots not only co-localized for more than one investigated trait but were also stable with major QTL, i.e., with > 10% of phenotypic variation. One QTL hotspot on chromosome 22 flanked by AX-182254626–AX-182264770 with a span length of 89.4 cM co-localized with seven major and stable QTL linked to a number of sympodial branches both under irrigated and water stress conditions. In addition, putative candidate genes associated with water stress in the QTL hotspots were identified. Besides, few QTL from the hotspots were previously reported across various genetic architects in cotton validating the potential applications of these identified QTL for cotton breeding and improvement. Thus, the major and stable QTL identified in the present study would improve the cotton productivity under water-limited environments through marker-assisted selection.

Keywords: drought, productive traits, genetic map, SNP, QTL, upland cotton, intra-specific cross


INTRODUCTION

Owing to its affordability, appearance, and natural comfort in apparel, cotton (Gossypium spp.) is the most preferred economic crop globally. More than 80% of the top ten cotton cultivating zones are in developing countries, and the cotton export value of these zones exceeded USD 30 billion in 2017 (1 accessed on 24 December, 21). Thus, cotton promotes economic development and offers a key source of livelihood for millions of farmers in the world’s top three cotton exporters, North America, Central Asia, and West Africa (Jans et al., 2021).

India had a total cotton area of 13.48 million ha, accounting for 42.07% of the world’s cotton area (32.04 million ha). Particularly, the textile belt of South India alone has more than 2,000 large and small cotton mills that manufacture blended yarns and cotton with the export revenue of more than USD 3,757 million, and it is predicted that the expected flow of investment in South India in various textile activities during next 5 years will be USD 14,279 million (2 accessed on 24 December, 21). Consequently, there is a continuous demand for cotton products in India and across the world, but fiber yield is challenged by the unpredictable climate change in all the cotton-producing countries (Niu et al., 2018). For example, more than 60% of cotton farmed in India is rainfed (Gutierrez et al., 2015), where erratic rainfall patterns severely limit lint output. Similarly, despite having one of the most efficient cotton industries in the world in the terms of water use, a recent Australian Bureau of Statistics report released on 14 May 2021 stated that climatic caprices significantly reduced Australia’s cotton area (3 accessed on 24 December, 21). Cotton productivity under these rainfed conditions largely depends on the timing, distribution, and quantity of monsoon rains at the different growth phases of cotton, and hence water stress limits lint productivity with different magnitudes, depending on its occurrence and severity. In general, high temperatures, below-average rainfall, and limited water availability in rainfed cotton have severely limited cotton output in recent years. There is an urgent need to develop a cotton cultivar that is more productive in water-stressed settings.

Among the six allotetraploid species (2n = 4×, AADD), Gossypium hirsutum L., contributes >90% of the worldwide cotton production (Shim et al., 2018). Conventional breeding efforts to improve the fiber yield in this species under water-limited environments have shown slow progress as these traits are more complex and governed by multiple genetic and environmental factors (Tan et al., 2018). Furthermore, the negative relationship between fiber quality and yield component characteristics impedes the simultaneous enhancement of yield and fiber quality traits in G. hirsutum (Abdelraheem et al., 2018). Thus, before attempting to improve these complex traits under rainfed conditions, the genetics underlying fiber production and quality attributes (such as, the pleiotropic impact and functional genes that govern trait) must be dissected by quantitative trait loci (QTL) mapping.

Among the target traits to be dissected, it is imperative to dissect the QTL for optimum plant height (PH), zero or minimum monopodial branch length, number of bolls, and boll weight, as these traits are key in introducing the mechanical harvesting, which is the need of the hour (owing to the permanent paucity of labor for boll picking). The cotton PH of 80–120 cm is strongly related to the yield under mechanical harvesting (Yan et al., 2019), and the desired form of a cotton cultivar is a compact architecture with short fruit internodes and tightly packed cotton bolls. Furthermore, such cotton designs stimulate the use of less plant growth regulators, are resistant to lodging, and adapt themselves to the dense planting and automated harvesting (Wen et al., 2021). Advances in different molecular marker tools and strategies used to dissect the complex traits genetically have enabled fast-track molecular breeding efforts in several crops even in cotton (Boopathi, 2020). A large number of QTL associated with agronomic, yield, and particular fiber quality traits were identified, and available as valuable databases on cotton QTL, such as CottonQTLdb (Said et al., 2015) and CottonGen (Yu et al., 2021). Such attempts may allow the identification of stable QTLs’ co-localization across G. hirsutum genetic backgrounds, validating the found QTL for future use in marker-assisted selection (MAS) for the efficient and simultaneous augmentation of yield and fiber quality traits. The use of MAS to pyramid several QTLs that affect numerous desired target characteristics enhanced the selection efficiency among breeding populations with varied genetic origins. Recent studies (Abdelraheem et al., 2021; Guo et al., 2021; Wang H. et al., 2021; Wang N. et al., 2021; Zhu et al., 2021) demonstrated the necessity of dissecting complicated fiber traits using QTL mapping and the potential of MAS in the cotton breeding program.

Though India has a long history of cotton breeding efforts, only a few reports have employed molecular markers to analyze the genetic purity of seed lots (Selvakumar et al., 2010) to examine the level of genetic diversity and linkage disequilibrium in cotton subpopulations (Jena et al., 2011) and to genetically dissect cotton fiber traits (Boopathi et al., 2015; Kumar et al., 2019; Shukla et al., 2021). An array of QTL, genes, and gene products are specifically involved in drought response in cotton (Deeba et al., 2012), but identifying which are most useful for cotton breeding in the genetic improvement of drought tolerance in the regional breeding program has remained a significant challenge, owing to the unique characteristics of the target population of environments under rainfed conditions. As a result, anticipating the future uses of MAS in cotton, it is critical to begin the QTL mapping utilizing various parental lines and introgression of important and stable QTL for target characteristics by MAS for the genetic improvement of cotton in water-limited settings.

While selecting the donors for the QTL mapping of drought tolerance and fiber yield/quality traits, G. arboreum and G. barbadense, respectively, would be the best choice owing to their superior trait values. However, the transfer of other undesirable agronomic traits through linkage drags and problems associated with cross ability, return toward the genotype of one parent (segregation distortion), and the suppression of recombination greatly limit the progress and made the interspecific crossing program as a challenging task (Boopathi and Hoffmann, 2016). As a result, breeding initiatives are mostly focused on intraspecific G. hirsutum cross combinations to develop superior lint production and fiber quality attributes at a lower cost. On the other hand, the lack of polymorphism created across intraspecific G. hirsutum lines using breeder-friendly second-generation molecular markers, such as simple sequence repeats (SSRs) impedes the efficiency of QTL mapping (Shen et al., 2005). Through these efforts, even a consensus map derived from several intra-specific maps from different mapping populations encompassed just 31% of the cotton genome (Ulloa et al., 2005).

Alternatively, recent advancements in high throughput genotyping systems with enhanced the effectiveness in producing polymorphism among closely related individuals have made the single nucleotide polymorphism (SNP) a widely used and popular marker in plant translational quantitative genetics (Hulse-Kemp et al., 2015). With the improvement of next-generation sequencing technology, numerous methodologies have been used to identify a significant number of polymorphic SNPs in cotton, which might be useful for high-density mapping and more efficient QTL analysis. As a result, it is particularly desirable to use third-generation markers, such as SNPs to improve the detection of polymorphic loci between closely related G. hirsutum parental lines.

Considering the above, this present study was designed to identify QTL for various yield traits under irrigated and water-limited environments in G. hirsutum using SNP markers. We selected G. hirsutum parents, MCU5 and TCH1218, differing distinctly for drought tolerance and various other traits to develop the recombinant inbred lines (RILs) and evaluated them under irrigated and water-stressed field conditions for the identification of fiber yield related QTLs by employing 50K SNP custom array with Axiom technology (Affymetrix).



MATERIALS AND METHODS


Plant Materials

Recombinant inbred lines derived from the intra-specific cross between G. hirsutum var. MCU5 and TCH1218 were used in this study. The F1 was made at Tamil Nadu Agricultural University (TNAU), Coimbatore, in the year 2006 and forwarded to F11 using the single seed descent method. In total, 181 RILs from the F10 generation were employed in the construction of the genetic map. Data on PH (cm), number of sympodial branches, number of bolls, and boll weight (g) obtained from the phenotypic evaluation of F7 to F11 of those same RILs were used for QTL analysis. The female parent MCU5 is a multiple cross derivative cultivated widely in South India as it possesses medium staple fiber (29 mm) and can be spun up to 70s. Besides, it has a 34% ginning outturn and produces 1,850 kg seed cotton yield per ha; however, it cannot withstand water stress at the flowering phase (Boopathi et al., 2014). On the other hand, the male parent, TCH1218, has relatively better drought tolerance but low fiber yield and quality characters than MCU5 (Boopathi et al., 2014). Our historical breeding effort has shown that MCU 5 has long-staple cotton with a good yield, while TCH 1218 is a good combiner.



Phenotypic Data

All the plant materials (181 RILs and two parental lines) were evaluated in randomized block design with two replications at different locations and seasons (the details of testing environments are provided in Table 1). The plant-to-plant distance was 45 cm, while the row-to-row distance was 90 cm, and 13 plants were maintained in each row. Regular crop husbandry measures were followed to ensure a healthy crop. To collect phenotypic data, three plants were selected randomly per replication on 115 days after sowing (DAS), and information was collected on different yield parameters from each experiment as detailed in Table 1. RILs were evaluated under field water stress conditions in two different water-stress environments: one with managed water stress (by withholding irrigation water after 45th day) at Maize Research Station (MRS), TNAU, Vagarai, and another under purely rainfed conditions at Cotton Research Station (CRS), TNAU, Veppanthattai and Agricultural Research Station (ARS), TNAU, Aruppukottai. Regular agricultural practices were used to control weeds, diseases, pests, and fertilizers were applied at sufficient levels to ensure that yield potential was not limited by any factor other than water. At MRS (T2 in Table 1), water stress was imposed by withholding water from 45th DAS, whereas the irrigated control plots received water at routine intervals. At CRS T3 and T7 (Table 1) and ARS T6 (Table 1), the RILs were grown purely under rainfed conditions, and there was no rain after 51 and 57 DAS at CRS during 2012 and 2018, respectively, and 58 DAS at ARS during 2018.


TABLE 1. Details on testing environments used for the phenotyping of different recombinant inbred line (RIL) generations derived from MCU5 and TCH1218.
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Standard descriptive statistical analysis to examine the significance of the difference in the investigated traits between two parents and among population and the estimation of Pearson’s correlation coefficient was done using Calculator Soup®4 and Minitab® 195, respectively.



DNA Isolation and Genotyping

Genomic DNA was extracted from the young leaves of mapping population and parents using a modified cetyltrimethylammonium bromide (CTAB) method (Shukla et al., 2021). SNP genotyping was performed using the Gene Titan Multi-channel instrument (Thermo Scientific) facility at M/s Imperial life Sciences, New Delhi, with the Cotton 50K SNP array chip. DNA samples were first processed to the amplification, fragmentation, precipitation, and re-suspension and then hybridized to the chip using the Affymetrix reagents. The arrays were scanned with the Gene Titan MC and automated allele calling, and the quality assessment of called genotypes was done with Genotyping Console™ Software (GTC) with a new Axiom Genotyping Algorithm v1 (Axiom GT1). Consequently, the raw hybridization intensity data were processed for clustering and genotype calling with Affymetrix® GTC (v4.2), and those data with Dish Quality Control (DQC) value <0.82 and call rate <0.97 were excluded from the further genotyping analysis. To finish, GTC was further processed using APT (v1.19.0) and classified those SNPs into six major classes. The raw genotyping data were again filtered by selecting only those co-dominantly segregating SNPs with <20% missing genotyping data (Hulse-Kemp et al., 2015). Subsequently, the genotyping data were transformed into a mapping data format. The probe sequences (10–20 bp overlapping to SNP) were also mapped on reference genome G. hirsutum cultivar TM-1 (ASM98774v1), and the SNPs were assigned to the particular chromosomes. The same data were used as anchoring information while preparing the input file for the mapping software while performing chromosome assignments.



Genetic Map Construction

A total of 522 polymorphic and segregating SNP markers were used to construct the genetic map using ‘IcImapping v4.0’ (Meng et al., 2015), and the genetic map distance (centiMorgan, cM) was calculated using the Kosambi mapping function. The threshold for logarithm of odds (LOD) score was fixed at five, revealing 26 linkage groups. The exact ordering of the SNPs across chromosomes was done using RECORD, and Rippling was also executed for fine-tuning the order of markers by the sum of adjacent recombination frequencies (COUNT) with a window size of five. If there were more than three consecutive adjacent markers in the genetic map with a significance level 0.001 < p < 0.05, it was taken as segregation distortion, and its distribution on the map was also analyzed (Coulton et al., 2020).



Quantitative Trait Loci Analysis for Production Traits

Composite interval mapping (CIM) with forward regression, in a window size of 10 cM and 5 background control markers at a walking speed of 2 cM, was employed for QTL analysis using Windows QTL Cartographer 2.5 (Wang et al., 2012). The threshold LOD of each trait QTL was determined with the trait threshold calculated with a permutation of 10,000, and multiple QTL peaks detected within 10 cM of each other were regarded as a single QTL. To calculate the effects of additive QTL in multiple environments, the MET functional module of QTL IciMapping v4.0 was employed by combined mapping analysis under multi-environment with 3.00 permutation tests’ LOD cut-off values.



Collinearity and Recombination Hotspot Analysis

All the SNP markers used to construct the genetic map reported in this study were aligned to the physical map of the upland cotton genome (TM-1 Genome NAU-NBI Assembly v1.1 and Annotation v1.1 database) through Basic Local Alignment Search Tool (BLAST). CIRCOS 0.66 with default parameters was employed to compare each investigated SNP marker’s genetic and physical positions collinearity. The recombination hotspot (RH) was estimated by inferring the recombination rate of investigated SNPs. If the genetic distance between adjacent SNPs was higher than 20 cM/Megabase, the genomic region between those markers was viewed as RH (Zhang J. et al., 2015).



Major and Stable Quantitative Trait Loci and Identification of Putative Candidate Genes

Quantitative trait loci co-localized at least in two trials with ≥10.0 R2 for at least one trait were depicted as major and stable QTL, and they were selected to scan for candidate genes. In general, a line with at least 10% higher variation than the parents for the target traits is considered an improved line; hence ≥10.0 R2 is depicted as a major QTL in this study. The sequences of SNP markers flanking the confidence intervals (CIs) of the QTL were aligned back to the physical sequence of the upland cotton genome database (Zhang J. et al., 2015). Based on the position of these flanking markers, all the genes within the target QTL were identified as candidate genes. Gene ontology (GO) grouping was employed to categorize the identified candidate genes, and pathways correlated to the candidate genes were also discovered using Kyoto Encyclopaedia of Genes and Genomes (KEGG) analysis (Charmpi and Ycart, 2015).




RESULTS


Phenotypic Variation for Parents and Recombinant Inbred Lines

The differences noticed for the investigated phenotypic traits between parents and the variation among the investigated RILs are provided in Table 2. As expected, the elite parent MCU5 performed well under the irrigated conditions, whereas TCH1218 had produced substantially good yield under both managed water stress and rainfed conditions by having higher values in the relative performance of investigated traits (significant at the 0.05 probability level) (Table 2). Transgressive segregation was observed in the RIL population for all the investigated traits under irrigated and water-stressed conditions. However, PH and boll weight have shown substantially skewed distribution as their skewness values were greater than +1 or lower than −1 (Table 2). All possible kinds of distribution, such as fairly symmetrical (skewness −0.5 and 0.5), moderately skewed skewness (skewness −1 and −0.5 or between 0.5 and 1), and highly skewed (skewness less than −1 or greater than 1) distribution of the traits examined in this study were noticed (Table 2). As the calculated kurtosis values for all the investigated traits were greater than zero (Table 2), it can be concluded that each trait distribution has a heavier tail (leptokurtic distribution). Substantial variations (minimum and maximum values of each trait) due to genotype differences were reported for all the investigated traits among the RILs. However, the relative proportions of variance varied from one trait to another, and there was low to moderate heritability noticed for the investigated traits (Table 2). The correlation between investigated traits measured from all the trials (T1–T8) was also evaluated (Table 3). Although not in all the trials, the majority of correlations have shown a highly significant positive correlation between yield (BN and BW) and growth parameters (PH and SYM) both under irrigated and water-stressed environments, indicating that genetic improvement BN and BW would likely be accompanied by the improvement of PH and SYM. However, significant negative correlations were also observed (Table 3), which showed that the simultaneous improvement of investigated traits could not be done for all the cotton-growing regions. In general, the correlation between the investigated traits increased dramatically under rainfed conditions (T3 and T7); however, mixed trends were noticed in one rainfed environment, T6 (Table 3). On the other hand, under managed water stress conditions (T2), a reduced level of correlation between the measured traits was noticed when compared with the traits measured from irrigated conditions (T1) (Table 3).


TABLE 2. Phenotypic variation and descriptive statistical analysis of data on yield traits obtained from RILs derived from MCU5 and TCH1218 across the environments and seasons.
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TABLE 3. Correlation coefficients among the investigated traits measured from RILs used in this study.
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Genetic Map Construction With Cotton 50K Single Nucleotide Polymorphisms Array

Affymetrix’s Axiom custom designed Cotton 50K SNP array (unpublished) was used to the SNP typing of both parents and 181 RILs. This resulted a total of 2,457 polymorphic SNPs between the two parents and those polymorphic markers were analyzed for their segregation in the mapping population. The initial attempt of binning of these 2,457 loci by excluding those SNPs with more than 20% missing data (totally there were 17 such markers) resulted in 2,440 polymorphic SNPs, which were further analyzed with χ2 test to determine if the allele frequency was deviated from the expected segregation ratio (1:1). Among the selected 2,440 polymorphic loci, 1,913 loci showed segregation distortion (p < 0.05), and only 527 loci followed the perfect Mendelian ratio. It was also noticed that among 1,913 distorted loci, 1,186 were in favor of TCH1218 alleles, and 727 loci were biased toward MCU5 alleles. Further, it has been found that among the 527 loci that were segregated in the RILs, and five were found to be duplicated.

Therefore, only 522 polymorphic SNPs were taken for the genetic mapping, out of which 504 were mapped on 26 AD linkage groups (LGs) or cotton chromosomes (as 18 SNPs were unlinked), and the resultant genetic map represented the genetic span length of 4,416 cM. The At sub-genome had 204 SNP markers covering 1,830.03 cM with an average genetic distance of 8.97 cM between adjacent loci, while the Dt sub-genome possessed 300 SNP markers that span 2,585.97 cM with an average of 8.62 cM between successive loci. Overall, the average marker distance among the 26 chromosomes was 8.76 cM (Table 4). The longest and most dense chromosome found in this study was chromosome 18 (395.48 cM) with 79 markers, and the shortest and most sparse was chromosome 02 (85.03 cM) with 2 markers (Table 4 and Figure 1). In the genetic map of chromosome 2, there were only two markers mapped, and 19 markers showing segregated distorted (SD) were removed from the map. Thus, there is a huge gap in chromosome 2. Besides chromosome 2, other small gaps were recorded in this genetic map due to the removing of SD markers. Therefore, the marker interval in each chromosome was ranged from 7.9 to 85.0 cM (Table 4 and Figure 1).


TABLE 4. Details on the distribution of markers on different cotton chromosomes and their intervals, total span length of each chromosome and average marker distance obtained from the linkage analysis of the intra-specific cross genetic map developed in this study using the RILs derived from MCU5 and TCH1218.
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FIGURE 1. Linkage map showing the relative positions of quantitative trait loci (QTL) identified in this study. QTL nomenclature is as indicated in Table 6.




TABLE 5. Collinearity analysis of the genetic map developed in the current study with a physical map of TM-1 Genome NAU-NBI Assembly v1.1 and Annotation v1.1 database.
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TABLE 6. Identification of co-localized, stable, and major QTL for the investigated traits in this study.
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High-Level Synteny, Collinearity, and Recombination Hotspot

The quality of the genetic linkage map was evaluated using parameters, such as the segregation distortion of mapped markers, gaps in the map, and collinearity between the linkage map constructed in this study and the reference physical map of TM-16. All the 504 polymorphic SNPs found in this study were aligned to the G. hirsutum var. TM-1 reference genome using BWA in Galaxy and a high level of collinearity was shown by the SNP genetic map reported in this study with the physical map of the TM-1. It was revealed that there were no chromosomal rearrangement in the mapping population with context to the parents. The CIRCOS plot further confirmed the accuracy of the genetic maps (Figure 2). All the synteny blocks of each chromosome corresponded to the physical map and no single synteny block mismatched with the corresponding chromosome. Thus, it can be inferred that there were no chromosomal rearrangements. The sequence-based reference genome of 1,027.9 Mb corresponded to our SNP based genetic map of 4,416 cM and our genetic map represented 53.13% of the total length of the sequence-based physical map (Table 5). A good collinearity was revealed by all the linkage groups with the physical reference map (Figure 2). The coverage of individual chromosome in the constructed genetic linkage map of our study ranged from 0.64 to 99.11% of the physical reference map (Table 5). Chromosome 26 was least covered whereas, chromosome 3 was comprehensively covered. Though least covered chromosomes in the genetic map would provide little information during QTL analysis, it would be useful to have such preliminary data to proceed further.
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FIGURE 2. Collinearity of the TM-1 sequence based physical map (https://www.cottongen.org/analysis/251) corresponding to SNP-based genetic map constructed in this study. Chr1–Chr26 (represented in black color segment) are chromosome number of intraspecific map developed in this study. A01–A13 and D01–D13 (represented in blue color segment) are physical map of TM-1 taken from the CottonGen public database. Inner black (genetic map of present study) and blue segment (physical map of TM-1 from CottonGen) represents the total percentage of similarity, blue color ribbon represents co-linearity among homologous chromosomes, outer double segment represents the relative percentage contribution of chromosomes being compared.




Quantitative Trait Loci for Productive Traits Under Irrigated and Water-Stress Conditions

As the variation found in the investigated traits was normally distributed (Table 2), it was predicted that multiple genes might control these traits. There was low to moderate heritability noticed for the investigated traits (Table 2). Thus, higher similarity between parents and offspring for the investigated trait was not expected making the QTL study more complex, and interesting for significant environmental influence. In such context, the identification of co-localized QTLs across the seasons and environments was the only means of solid proof for the presence of QTL linked to the investigated trait. A total of 53 QTLs for four investigated traits identified in this study, and among them, 21 and 32 were found to be At sub-genome- and Dt sub-genome-specific, respectively (Supplementary Table 1). The LOD values of all the identified QTLs ranged from 2.0 to 18.5. There were eight water stress-specific QTL further linked to different investigated traits. Though there are 8 QTL identified for PH (6 under irrigated conditions and two under water stress conditions), only two QTL had shown more than 10% phenotypic variation (Supplementary Table 1). Among them, qPH-c11-1 explained 38.41% phenotypic variation (PVE) and was detected under irrigated conditions; whereas qPH_S-c16-2 was detected under rainfed conditions had 19.39% PVE. A maximum number of 36 QTL were detected for the number of sympodial branches (SYM), and among them, 25 QTL were detected under irrigated conditions, and 11 were detected under managed water stress/rainfed conditions. In these, QTL detected on chromosome 18 (qSYM-c18-2) had maximum phenotypic variation under irrigated conditions (87.83%) with QTL LOD of 8.6 and a QTL observed on chromosome 21 (qSYM_S-c22-2) had accounted for a maximum of phenotypic variation under rainfed conditions (88.01%) for SYM with QTL LOD value of 3.6. Seven QTL were also identified for boll number (BN) in which all the QTL were found under irrigated conditions. Among, qBN-c26-1 exhibited 83.61% phenotypic variation. Only two QTL were found to be linked with boll weight (BW) under irrigated conditions, and no QTL was observed for this trait under rainfed conditions. The maximum PVE (81.34%) for this trait was reported for qBW-c05-2.

Twenty QTL had a positive additive effect for the investigated traits suggesting the independent effects of alleles on the trait (Supplementary Table 1). Several QTL were found to have a dominant positive effect (Supplementary Table 1). Among the 53 QTL, 25 QTL were derived from MCU5, which exhibited a positive additive effect, and 28 QTL were derived from TCH1218, which exhibited a negative additive effect. As expected, all the QTL detected under water stress conditions were contributed by the tolerant drought parent, TCH1218 (Supplementary Table 1) except qPH_S-c16-1, qSYM_S-c18-1, and qSYM_S-c18-2, which were contributed by drought susceptible parent, MCU5.

It was found that nine QTL that were not only co-localized for more than one investigated trait but also stable (identified at least in two seasons/locations) and major QTL with >10% PVE for at least one trait that colocalized in that region (Table 6). In addition, the maximum number of seven QTL was clustered on chromosome 22 and a minimum number of two QTL was found on chromosomes 5, 21, and 24 (Table 6 and Figure 1).

Further, joint multi-environmental QTL mapping effort to estimate the impact of QTL × Environment interaction resulted in the identification of 11 additive QTL (Table 7). Eight QTL associated with SYM were identified with LOD ranging from 3.02 to 5.70. The contribution rates of interaction among eight additive and the environment QTL ranged from 0.68 to 3.33%. Two QTL associated with PH were identified with LOD ranging from 3.13 to 3.53. The contribution rates of interaction among two additives and the environment QTLs ranged from 2.16 to 4.20%. A single QTL associated with BN was identified with LOD 4.36 and the contribution rates of interaction was 4.08% (Table 7). However, no QTL for BW was detected in this joint multi-environmental QTL analysis.


TABLE 7. Identification of Additive × Environment interaction effect QTL for the traits investigated in this study.
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Identification of Candidate Genes Within the Quantitative Trait Loci

Large array of candidate genes were identified within the QTL reported in this study (Supplementary Table 2), and they were compared and annotated with Xu et al. (2020), where meta-QTL analysis along with transcriptomic approach utilized for the identification of candidate genes related to fiber quality in upland cotton. Though there were genes specific to abiotic stress responses and productive traits, large numbers of genes identified in this study warrant the use of additional markers to fine map these QTL and identify precise genes involved for the target traits. For example, for the PH QTL under irrigated conditions, qPH-c11-1, there were 32 genes, whereas under water stress conditions, the QTL identified for PH, qPH_S-c16-2, possessed 94 candidate genes (Supplementary Table 2). Similarly, the QTL identified for a number of sympodial branches underwater-stressed environment, qSYM_S-c24-1 harbored 169 genes and QTL for BN under irrigated conditions, qBN-c26-1 contained 733 genes, and the BW QTL under irrigated conditions, qBW-c05-2 had 2,074 genes.

The GO analysis used all the identified candidate genes to identify potential biological functions and grouped under three main GO categories: biological process, molecular function, and cellular component (Supplementary Table 3; Sheet “GO”). Within the biological process category, there were 12 sub-categories, such as abiotic stress-specific, such as response to freezing, and response to biotic stimulus sub-category possessed the maximum number of 15 candidate genes. ADP binding with 21 genes was the main sub-category in the molecular function category with 14 principal sub-categories. Finally, in the cellular component category, there was one sub-category (vacuolar membrane) with 11 genes (Supplementary Table 3; Sheet “GO”). On the other hand, KEGG analysis resulted in only one category, namely, plant-pathogen interaction with four candidate genes (Supplementary Table 3; Sheet “KEGG”).




DISCUSSION

Some cotton lines have developed unique tactics to successfully handle the challenges of shifting and unexpected conditions, particularly under water stress. However, due to the intricacy of these characteristics and a lack of knowledge of the genetic processes behind these traits, introducing such drought tolerance qualities into elite cotton cultivars through conventional breeding approaches has been sluggish. We used an intraspecific linkage map generated using SNP markers to identify QTL connected to the productive attributes under water stress in this work. RILs developed from a cross between MCU5 (a well-known commercial cultivar in South India) and a good combiner, TCH1218, were tested in the field under irrigated, managed water stress, and rainfed conditions to identify QTL conferring productive traits. The RILs used in this study are useful and valuable asset for the QTL mapping of productive traits under water-limited environments. The individuals of RILs exhibited almost all possible kinds of variations for the productive traits under water stress (Table 2).

It was noticed that water stress invariably reduced the productive trait expression in all the trials and the impact of drought included the wilting and drooping of leaves and reduced boll set and ultimately worsened the yield. Similar kinds of the impact of water stress in cotton have already been reported (Saranga et al., 2004; Zheng et al., 2016). The broad-sense heritability for the investigated traits was low to moderate (Table 2), and it indicated that the drought tolerance in cotton is greatly influenced by multiple genes and strongly affected by the environmental conditions. The impact of environmental conditions on the productive traits has already been reported in cotton (Jia et al., 2014). Though those low to moderate heritability may not accurately predict QTL, it may specify the fact that the investigated planting materials experienced relatively uniform treatments in all the trials. Furthermore, individual RILs in this work demonstrated a wide variety of reactions to the features under consideration (Table 2), and it was discovered that such responses are reasonably constant between trials. This study, in addition to having the advantage of screening the RILs under real field stress conditions with appropriate replications, also provides an example of how to carry out the experiment with less expenditure and more realistically when compared with artificial screening for drought tolerance in cotton.

This would be more useful in this genomics era, as genotyping costs are increasingly reduced, but phenotyping costs are increased tremendously when advanced and complicated infrastructure is developed for drought resistance screening. Thus, this study has shown that the replicated field screening using permanent mapping populations, such as RILs, under natural water stress conditions in multiple target environments provide valuable information for accurate QTL mapping in crop plants, such as cotton (Boopathi, 2020). Further, the positive correlation reported in this study among the examined traits specified that productive traits can be improved by selecting the agronomical traits, such as appropriate PH and the number of sympodial branches.


Single Nucleotide Polymorphisms for Linkage Map Development

The lack of large numbers and the segregation distortion of polymorphic markers are the main leading cause for the availability of a limited number of high-density linkage maps in cotton (Zhang T. et al., 2015). As a result, cotton genetic maps with SSR or AFLP markers often shows large gaps, poor marker density, and low marker coverage, whereas SNPs have shown their utility in constructing a high-dense genetic map as they are distributed throughout the genome (Cai et al., 2017; Liu et al., 2018). Among various strategies used in SNP genotyping (such as, genotyping by sequencing and whole-genome resequencing), SNP arrays have been shown to be simple and useful in the development of dense genetic maps in cotton (Li et al., 2016; Tan et al., 2018; Kumar et al., 2019). For example, in the present study 2,457 polymorphic markers between the parents of an intraspecific cross of upland cotton were identified using Cotton SNP50K array.

Progenies resulting from various cotton cross combinations frequently have unequal allelic distribution (Shao et al., 2014). Because of marker and population types, preferred fertilization, gametic combinations, genetic drift, and environmental variables, segregation distortion can vary across and within species (Shen et al., 2007). Despite the fact that a considerable number of polymorphic markers were found in this study, a large proportion of them (1,953, or 79.48% of total polymorphic loci identified between the parents) were removed due to segregation distortion. As a result, the number of loci in this study that can be adequately mapped has been drastically decreased. Cotton has also shown a low degree of mapping effectiveness for discovered polymorphic markers (Lacape et al., 2010; Yu et al., 2013). On the other hand, the constructed genetic map in present study did not have any segregation distortion region.

Thus, after a stringent screening of missing data, segregation distortion, and similar loci, a total of 504 markers were mapped only on 26 chromosomes. As shown in Table 4, the highest number of markers (300 SNPs) was distributed on Dt sub-genome when compared with At sub-genome (204 SNPs). It was inferred that the genetic map constructed in this effort had highest collinearity with the physical map (all the 504 polymorphic SNPs were aligned perfectly; Figure 2) and had covered 53.13% of the physical map (TM-1 Genome NAU-NBI Assembly v1.1 and Annotation v1.1 database; Table 5), which highlighted that there was no chromosomal rearrangement in the intraspecific genetic map constructed in this study.



Quantitative Trait Loci for Productive Traits Under Irrigated and Water Stress Conditions

Several small effect QTL are involved in confirming the drought tolerance in cotton, and each loci represents hundreds of genes, which are the genetic basis for expressing an extensive array of water stress responses in the form of morpho-physiological traits (Abdelraheem et al., 2021). As only a few studies have focused on the QTL mapping of drought tolerance in cotton (reviewed in Mahmood et al., 2020), the molecular breeding of cotton for the genetic improvement of water stress tolerance is considered as a challenging task. Further, such QTL have large intervals (Mahmood et al., 2020; Abdelraheem et al., 2021).

This study found large intervals in the identified QTL, mainly attributed to the poor polymorphism rate detected between the two parents used in this study. Further, due to the segregation distortion, the number of mappable markers was reduced drastically from 2,457 to 504, which resulted in due to the segregation distortion. This drastic reduction of mappable markers resulted in gaps in the genetic map constructed in this study, reporting in G. hirsutum (Wang et al., 2006; Wu et al., 2009; Sun et al., 2012) and even in interspecific crosses of Gossypium spp. (He et al., 2007; Lacape et al., 2010).

Though there are different strategies (such as, genotyping by sequencing) to increase the efficiency of genetic mapping and QTL analysis through fine mapping, it would be desirable to employ high-density SNP chips as it enables speedy and automated detection of a high rate of polymorphisms across cotton accessions within a short span of time. Therefore, the development of new SNP chips by using an additional set of SNPs, detected on the water-stress responsive candidate genes identified in this study, would further enhance the efficiency of cotton molecular breeding for abiotic stress resistance.

Compared with the published reports on QTL linked to the drought tolerance and fiber yield and quality traits (Mahmood et al., 2020), a relatively low number of QTL were detected in this study. It indicated that the traits examined in this study were under strong genotype by environment (GxE) interaction and low heritability. Despite this, nine common QTL were detected across the seasons and locations, which pointed out that the collected phenotypic data are reliable even though there were GxE interactions. Further, a significant correlation among those traits and a substantial amount of heritability and additive effect estimates for most of the QTL identified in this study showed that the selection of investigated traits for drought tolerance improvement in cotton under filed water stress conditions would be more efficient. Similar evidence for selecting productive traits under abiotic stress environments in cotton has already been reported (Abdelraheem et al., 2018, 2021).

Surprisingly, both parents contributed to the additive effects of water stress tolerance alleles (Table 6). This demonstrated that even the inferior parent (MCU5) might contribute to the establishment of drought tolerance, a feature that has previously been demonstrated (Paterson et al., 2003; Ulloa et al., 2005; Shen et al., 2007). It is imperative to identify the consensus and hot spot QTL across the testing environments (as shown below), which will facilitate the introgression of causal genomic regions that impart at least a minimum increase in the productivity under water stress. Though this study had identified several QTL (Supplementary Table 1), only those QTL that have shown their potential in molecular breeding have been selected (Table 6) for further analysis. This study had identified a total of 11 QTL in joint multi-environmental analysis. Compared with individual analysis (Supplementary Table 1), the joint multi-environmental analysis (Table 7) identified a smaller number of QTL due to both QTL additive and QTL-environment interaction effects. However, the former analysis estimates the only additive effect of QTL but not the environmental influence. Thus, this effort has helped to get additional information on the influence of the environment on the expression of QTL under different water-limited environments.



Hotspot Quantitative Trait Loci That Colocalized for Multiple Traits and Candidate Genes

Further, this study attempted to identify hotspot QTL (which is defined here as a cotton genomic region), where QTL were discovered for more than one trait that was investigated across the seasons and locations expressing with more than 10% phenotypic variations (in this study) and genetic backgrounds (elsewhere) were colocalized in the same genomic segment. Nine hotspot QTL were identified in this study that were located on chromosomes 5, 7, 9, 11, 15, 18, 21, 22, 24, and 26 (Table 6). Among them, a region on chromosome 22 flanked by AX-182254626–AX-182264770 with a span length of 89.4 cM, is co-localized for a maximum number of major and stable QTL (7) linked to the number of sympodial branches both under irrigated and water stress conditions (Figure 1). This region was specifically detected for fruit branch node number by Hulse-Kemp et al. (2015). Another notable region was on chromosome 18 that span a length of 61.4 cM flanked by the SNPs, AX-182256182 and AX-182255051. This region was associated with five QTL linked to the number of sympodial branches both under irrigated and water-stressed conditions in this study. Similarly, a QTL cluster was found on chromosome 5 for BW and BN in this study and similar kind of correlation of this chromosomal region with several productive traits has been reported earlier (Abdelraheem et al., 2018).

Except for chromosomes 5 and 26, almost all of the hotspots discovered in this study were connected to the number of sympodial branches. Cotton bolls can form at the nodes of sympodia that develop from the monopodia, as well as at the main or secondary vegetative axis sites. Orderly development of bolls on sympodia has long been favored (McClelland, 1916), and plant design with 0% monopodial growth would be more ideal, favoring efficient mechanical harvesting and improving ultimate yield. Since only major, stable, and consistent QTL were reported in this study, it is likely that all of the QTL listed in Table 6 could be potential assets for consensus mapping across genetic backgrounds for their validation and identification of most useful QTL hotspots, map-based cloning, and MAS for productive traits in upland cotton with high predictability. Among the three PH QTL chosen in this investigation (Table 6), a QTL on chromosome 11, qPH-c11-1, has demonstrated the most phenotypic variance (38.41%), and this area has been proven to host PH QTL under irrigated (Jia et al., 2016) and salt stress environments (Abdelraheem et al., 2021). Optimum plant height in cotton is the most desirable trait in the terms of mechanical harvesting, besides its direct relation with biomass that influences the final yield (Shang et al., 2015).

It would be an elaborated list to identify candidate genes for the QTL reported in this study, as it has been estimated that ∼4,500 cM of G. hirsutum genome consisted of 70,478 predicted protein-coding genes (Zhang T. et al., 2015). Similarly, the large array of candidate genes was found in this study (Supplementary Table 2). Despite this extensive list, identifying candidate genes in the target hotspot QTL can open up new avenues in understanding the molecular basis of drought tolerance in cotton.

For example, qSYM-c22-1, a QTL on chromosome 22 flanked by AX-182254626 and AX-182258142, was found to be co-localized for the number of sympodial branches both under irrigated and water-stressed conditions, and it harbors 1,046 genes (Supplementary Table 2). Among them, the notables are GDSL esterases/lipases, involved in the regulation of plant development by the synthesis of secondary metabolites in response to the biotic and abiotic stresses (Chepyshko et al., 2012), zinc finger protein CONSTANS, regulating flowering under normal and stress conditions (Putterill et al., 1995), abscisic acid receptor PYL8, expressed in response to dark-induced leaf senescence (Lee et al., 2015), choline mono oxygenase, conferring abiotic stress tolerance by synthesizing glycine betaine (Bao et al., 2011), potassium transporter 2, copper transport protein ATX1, and peroxidase 52, contributing significantly for abiotic stress resistance (Zhang et al., 2021) and several network of reactive oxygen species (ROS) genes, those have played critical role in both abiotic stress response and fiber development (Xu et al., 2019). Similar kinds of candidate genes were identified for another hotspot QTL (Supplementary Table 2). Thus, this study provides a promising lead to precise the QTL mapping consisting of functional SNPs derived from those candidate genes identified in the target QTL by developing a new SNP chip.




CONCLUSION

Identifying major and stable QTL for productive characteristics in water-stressed conditions is a precondition for developing an effective cotton molecular breeding program. This work found such QTL using intraspecific RILs, which allowed them to be examined in multiple seasons and circumstances. Collecting replicated phenotypic data for successful QTL mapping requires intraspecific RILs, which allowed them to be evaluated in different seasons and situations. Though this study contributed preliminary information on candidate genes that unravel the molecular mechanism underlying cotton productivity under water stress, fine-mapping those QTL using additional SNPs derived from those candidate genes would be required to validate and employ them in MAS for the genetic improvement of cotton with improved productivity under water-stressed environments.
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Global plant breeding activities are reliant on the available genetic variation held in extant varieties and germplasm collections. Throughout the mid- to late 1900s, germplasm collecting efforts were prioritized for breeding programs to archive precious material before it disappeared and led to the development of the numerous large germplasm resources now available in different countries. In recent decades, however, the maintenance and particularly the expansion of these germplasm resources have come under threat, and there has been a significant decline in investment in further collecting expeditions, an increase in global biosecurity restrictions, and restrictions placed on the open exchange of some commercial germplasm between breeders. The large size of most genebank collections, as well as constraints surrounding the availability and reliability of accurate germplasm passport data and physical or genetic characterization of the accessions in collections, limits germplasm utilization by plant breeders. To overcome these constraints, core collections, defined as a representative subset of the total germplasm collection, have gained popularity. Core collections aim to increase germplasm utilization by containing highly characterized germplasm that attempts to capture the majority of the variation in a whole collection. With the recent availability of many new genetic tools, the potential to unlock the value of these resources can now be realized. The Commonwealth Scientific and Industrial Research Organisation (CSIRO) cotton breeding program supplies 100% of the cotton cultivars grown in Australia. The program is reliant on the use of plant genetic resources for the development of improved cotton varieties to address emerging challenges in pest and disease resistance as well as the global changes occurring in the climate. Currently, the CSIRO germplasm collection is actively maintained but underutilized by plant breeders. This review presents an overview of the Australian cotton germplasm resources and discusses the appropriateness of a core collection for cotton breeding programs.

Keywords: core collection, germplasm management, cotton, Gossypium, breeding


INTRODUCTION

By 2050, the world population is estimated to reach 9.1 billion people, and an increase of 70% in agricultural production is needed to feed and clothe the world (FAO, 2009; Tester and Langridge, 2010; Llewellyn, 2018). Land and water availability, climate change, and evolving pest and disease virulence are significant factors that add pressure to already intensive agricultural production systems. Plant breeding activities will be a critical avenue in addressing these challenges. The selection of traits for future climates such as abiotic and biotic stress tolerance, water use efficiency, and adaptation to new farming environments and systems could develop climate-resilient plant varieties. Target traits could be introduced from the naturally occurring diversity within a crop species, by utilizing the secondary and tertiary gene pools (Maxted et al., 2016) or through induced variation (Holme et al., 2019).

Plant genetic resources (PGR) constitute the foundation of sustainable agriculture and global food security and stability (Bernard et al., 2020). While the need for conservation and use is apparent, the lack of funding is severely impacting conservation efforts across the globe (Anđelković et al., 2020). Inadequate evaluation and characterization of germplasm held in genebanks are key challenges contributing to the underutilization of material and negatively impact future opportunities and funding efforts (Bernard et al., 2020). PGRs are the link between agriculture, environment and trade, so conservation efforts require cooperation from different sectors (Anđelković et al., 2020).

Since the 1970s, the conservation of PGRs has become a large-scale independent activity detached from crop improvement efforts. The germplasm held in genebanks is utilized by plant breeding organizations, often globally, and breeding programs are reliant on the genetic diversity that is available (Rajasekharan, 2015). Elite crop cultivars are generally bred from a narrow genetic base and targeted to high-input-intensive agricultural production, decreasing their ability to adapt to changes in the environment. Efforts need to be increased and directed to utilize germplasm from the genebanks for future climate-resilient breeding targets.

Globally, approximately 7.4 million accessions are preserved in over 1750 genebanks (Upahyaya, 2015), with fiber crops constituting ~104,000 accessions in the collection (FAO, 2010). Fiber crops hold importance in terms of raw materials for the textile industry as well as other industries including building materials, cosmetics, medicine, and biopolymers. Total fiber production is predicted to increase from 50 million tonnes/year in 1999 to 130 million tonnes/year by 2050 (European Commission, 2015). Fiber crops are dominated by cotton (European Commission, 2015), and Brazil, China, India, Russia, the United States of America (USA), and Uzbekistan are the countries that contribute the greatest to cotton production. Although Australia only produces around 3% of the world’s cotton, it is a significant player in the global trade of cotton, usually ranking as the third or fourth largest exporter (Khan et al., 2020; Cotton Australia, 2022). Australian cultivars are generally superior to those from many other countries in both seed and fiber qualities (Kilby et al., 2013; Gapare et al., 2017). Approximately, 1% of the global cotton accessions are held in Australian germplasm stocks (Campbell et al., 2010; Abdurakhmonov, 2014).

Cultivated cotton encompasses four species from the cotton genus, Gossypium; G. arboreum L. (Desi cotton), G. herbaceum L. (Levant or Arabian cotton), G. barbadense L. (Pima, Egyptian or Sea Island cotton), and G. hirsutum L. (Upland cotton; Wendel et al., 2009; Constable et al., 2015). Globally, G. hirsutum is the dominant species used in cotton production systems, making up around 95% of global cotton production (May and Lege, 1999; Zhang et al., 2008). However, the varieties released represent only a small portion of the total variation in the cotton gene pool (Wendel et al., 1992; Shim et al., 2018). This is largely due to the negative effects of linkage drag, deleterious alleles, and the breakdown of co-adapted gene complexes that can be introduced from wild germplasm (Acquaah, 2009) and breeders on the whole shy away from incorporating very unadapted germplasm into their breeding programs except in dire need.

Cotton breeding activities around the world have developed varieties with adaptation to new environments and modern management systems. Despite the past success, the full potential of future Australian varieties is constrained by imminent adverse climates influenced by climate change, changing biotic and abiotic stresses, and legislation and commercial developments that constrains resources used in cotton production (e.g., water, and fertilizers). The continued development of productive cultivars will rely heavily on exploiting the available variation present in conserved Gossypium species germplasm.

This paper aims to build on previous reviews on the purpose and relative benefits and challenges of germplasm collections (Fu, 2017; Díez et al., 2018; Walters et al., 2018; Wambugu et al., 2018; Westengen et al., 2018; Gotor et al., 2019; Hanson and Ellis, 2020). The outcome of the review will allow researchers to make an informed decision on the applicability of core collections for their situation. Such informed decisions are vital for plant breeding efforts, and germplasm collections as an effective core collection can provide a workable solution that ensures trait diversity can be harnessed in cultivar development programs.



CORE COLLECTIONS

A plant germplasm collection is defined as a collection of seeds or breeding material, typically to conserve genetic diversity, but to also act as a source of material to address future challenges in agriculture (van Hintum et al., 2000). Germplasm banks generally hold a wide range of targeted cultivated species and wild relatives. Globally, the key germplasm resources for cotton are based in China (Jia et al., 2014), India (Narayanan et al., 2014), Pakistan (Rahmat et al., 2014), France (Dessauw et al., 2004), Uzbekistan (Sanamyan et al., 2014), Australia (Stiller and Wilson, 2014), and the United States (Percy et al., 2014; Zeng, 2014).

Although genebanks around the world have had great successes in collecting germplasm to conserve crop genetic diversity, the scale of success is often limited by inefficient data and germplasm management. The germplasm collections often become so large that maintenance of the conserved germplasm becomes difficult both from lack of resources and accumulated human errors in processing and handling, and potential contamination during seed regeneration cycles (Chen et al., 2016). In addition, when the data associated with germplasm lacks detail and the germplasm is under-characterized and under-evaluated, the germplasm is generally underutilized by breeders (Egan et al., 2019a,b, 2020). The ever-increasing gain that is needed from modern cultivars across all major crops suggests that the genetic variation available through germplasm banks will be even more critical for future breeding activities.

One method to tackle the management of large germplasm collections was suggested by Frankel (1984), through the development of a core collection. It was proposed that a pruned down collection would increase the management efficiency of the accessions and be more attractive to breeders. A core collection is defined as, “a limited set of accessions representing, with a minimum of repetitiveness, the genetic diversity of a crop species and its wild relatives.” The accessions that did not make it into the collection would not be discarded but would be managed in a “reserve collection.” The accessions chosen for the core collection should be genetically, ecologically, and geographically distinct from each other to maximize the diversity represented in the collection (Brown, 1995).

From the definition by Frankel (1984), several operational definitions have followed. For an individual genebank, van Hintum et al. (2000) proposed a core collection “consists of a limited number of accessions from an existing collection, chosen to represent the genetic spectrum in the whole collection”; this is termed the core subset of the collection, or is commonly referred to as a diversity panel. In comparison, a species-specific collection is made up of entries chosen to represent the majority of the genetic diversity of the target species and its wild relatives. It is a comprehensive collection and is often multi-organizational and international. Core collections now exist in chickpea, mungbean (Schafleitner et al., 2015), peanut (Holbrook et al., 1993; Jiang et al., 2014), apple (Liang et al., 2015), safflower (Dwivedi et al., 2005), cowpea (Mahalakshmi et al., 2007), pearl millet (Bhattacharjee et al., 2007), Australian bermudagrass (Jewell et al., 2012), common bean (Kuzay et al., 2020), annual Medicago (Diwan et al., 1994), capsicum (Zewdie et al., 2004), and eggplant (Miyatake et al., 2019). The most notable core collection is the International Barley Core Collection of some 1,600 accessions from around the world (van Hintum et al., 2000).

The development of “subset collections” and mini-core collections has also increased in recent years in response to germplasm management resource limitations (Pande et al., 2006; Sharma et al., 2010, 2012a,b). A subset collection is defined as a core collection for a specific breeding target and would be appropriate for an emergency situation, i.e., a disease decimates a crop, and a source of resistance is urgently needed to initiate a new breeding activity (Mahuku et al., 2003; Silvar et al., 2010). The concept of a mini-core collection is often attractive as the core collections are frequently still too large for the available resources to deeply characterize all of the accessions. Whilst a core collection is generally in the order of 10% of the size of the whole germplasm collection, a mini-core collection aims to subsample the core collection to develop a smaller collection (10% of a core collection) that captures most of the beneficial variation within the crop (Sharma et al., 2012a; Upadhyaya et al., 2013). Mini-core collections have been developed for chickpea (Upadhyaya and Ortiz, 2001; Pande et al., 2006), sorghum (Sharma et al., 2010), rice (Li et al., 2010), durum wheat (Etminan et al., 2017), mungbean (Sokolkova et al., 2020), cowpea (Fatokun et al., 2018), flax (Diederichsen et al., 2013), and finger millet (Upadhyaya et al., 2010).

In cultivated cotton, there are currently few core collections that exist globally (Xu et al., 2006; Mei et al., 2012; Wang et al., 2013; Ma et al., 2018). However, in Australia, there are as yet no core or mini-core collections for cotton.



CURRENT GERMPLASM UTILIZATION WITHIN AUSTRALIAN COTTON GERMPLASM COLLECTIONS

Historically, Australian plant breeders across a range of crops acquired and maintained their own germplasm collections. However, in the early 1980s, the Commonwealth and State governments established a series of genetic resource centers to conserve national germplasm collections. The Australian Tropical Crops and Forages Genetic Resource Centre (ATCF) based in Queensland was the center that included cotton, although that collection has now been transferred to the Australian Grains Genebank in Horsham, Victoria, as part of a national consolidation effort. Currently, the only other two cotton-focused collections in Australia reside at the Commonwealth Scientific and Industrial Research Organisation (CSIRO) Agriculture and Food in Narrabri, New South Wales and Canberra, Australian Capital Territory.

The CSIRO main germplasm collection at Narrabri is maintained and funded by the active industry breeding program and includes about 2000 accessions. The CSIRO collection in Canberra is largely dedicated to the long-term cold storage of indigenous Australian species that have been collected through germplasm explorations over the last few decades, although nearly all are also entered in the US National Cotton Germplasm Collection. The majority of accessions held in Narrabri are cultivated tetraploid cottons, predominantly cultivars and germplasm stocks of G. hirsutum and some G. barbadense, with a small number of undomesticated or landrace stocks. The next largest group of accessions belong to the cultivated diploid cottons, with the majority being G. arboreum and a smaller number of G. herbaceum. A significant number of accessions of the Australian species are also held, particularly G. australe L., G. sturtianum L., G. nelsonii L., and G. bickii L. However, these are the result of individual germplasm explorations, so it is unknown what genetic variability exists between the accessions. Small numbers of accessions of most of the other Gossypium species are also held (Stiller and Wilson, 2014).

The majority of the successes in utilizing germplasm resources globally have been through the identification of important traits within the cultivated tetraploid species, the primary germplasm pool. From a breeding perspective, it is relatively straightforward to transfer traits from any of the main tetraploid species to G. hirsutum, the target of most commercial cotton breeding programs. Significant improvements in fiber quality have been realized through the introgression of traits from G. barbadense into G. hirsutum (Niles and Feaster, 1984; Meredith, 1991). In Australia, the most significant successes have been around improvements in disease resistance, particularly against Bacterial Blight, Fusarium Wilt, Verticillium Wilt, and Cotton Bunchy Top, mostly derived from other G. hirsutum cultivars.

The cultivated diploid cotton species, the secondary germplasm pool, are also of interest to cotton breeders as a source of novel traits. However, the challenges associated with ploidy differences make successful utilization difficult and a long-term exercise (often more than 20 years). Over the previous few decades, there have been numerous reports of attempts to transfer useful traits from these species (Stewart and Hsu, 1978; Brubaker et al., 1999; Liu et al., 2015a), but documented successes in terms of commercial cultivar releases are limited. However, one prominent example is the introgression of genes from G. arboreum and G. thurberi into Upland cotton to improve fiber strength (Culp and Harrell, 1974). In more recent times, the focus has shifted to pest and disease resistance and water and heat tolerance traits from the secondary gene pool (Constable, 1998; Singh et al., 2007; Azhar et al., 2009; Cottee et al., 2010, 2014; Trapero et al., 2016; Li et al., 2020; Wilson et al., 2021). This is also relevant to the Australian context where significant resources have been focused on using diploid species to improve resistance to Fusarium wilt and Verticillium wilt, as well as pests such as mites and whitefly.

The tertiary gene pool, including the many indigenous Australian Gossypium species, has also held great interest. The characterization of these diploid species has been reasonably well documented (Brown and Brubaker, 2000; Brubaker and Brown, 2003; Becerra Lopez-Lavalle et al., 2011) along with techniques for the development of fertile triple hybrids (Brubaker et al., 1999). Despite extensive research, there are no documented cases of the successful development of a cultivar utilizing these tertiary gene pool resources mainly due to the lack of any recombination of the diploid derived chromosomes with those of tetraploid cotton. However, considerable interest in this area remains and the continued development of advanced breeding techniques such as gene editing may eventually facilitate success in this area.

Historically, genuine germplasm exchange was practiced widely across breeding programs to support genetic gain on a global scale. However, cultivar development in many major field crops, especially corn, soybean, and cotton, is now heavily dominated by multinational corporations who generally adopt the approach of restricting access to their germplasm through various intellectual property protection strategies such as patents and exclusive licensing arrangements. This approach is understandable and has the potential to raise investment in cultivar development as realized economic returns can be reinvested back into research. The downside is an overall reduction in the movement of germplasm between programs and geographies, resulting in some genetic gains not being available to the global breeding community. As many cotton cultivars are only released with genetically modified traits, the germplasm exchange procedure is further complicated. The restricted movement of germplasm may also result in an overall slowing of genetic gains over time if individual programs become “isolated” and their overall genetic variability is reduced. Thus, it is an imperative that germplasm exchange continues. While there is no simple solution to this, one approach is for breeding programs to partner with these corporate programs or license in germplasm from other programs.

Another potential impediment to the utilization and expansion of germplasm collections as well as germplasm exchange between institutions is the Nagoya Protocol, part of the United Nations Convention on Biological Diversity (CBD). The Protocol is a multilateral international treaty with the purpose of ensuring “fair and equitable sharing of benefits arising out of the utilization of genetic resources,” which covers all organisms, including wild accessions of cotton and its relatives, wherever they are found. Researchers collecting new germplasm from the wild will have to enter into “access and benefit sharing” arrangements with the host country prior to their collection expeditions. These arrangements set out who might profit, and how, from the organisms being used, and stipulate how to distribute the benefits fairly, for example, through co-authorship of publications, or more importantly sharing of profits from products such as newly bred crops or new medicines. Although Australia signed and ratified the CBD in 1993, it is not a signatory to the Nagoya Protocol which was added in 2010 as it already had existing National and State and Territory laws consistent with the Protocol that regulate benefit sharing from any new collections of Australian indigenous biota, including Gossypium species. There is still some uncertainty around the interpretation of the Nagoya Protocol in relation to historical collections assembled from before the CBD (Sherman and Henry, 2020), so going forward some care will be needed by breeders in using wild germplasm in breeding, regardless of its origins, unless they can demonstrate Nagoya compliance or at least compliance with local national laws on access and benefit sharing.



THE DEVELOPMENT OF A CORE COLLECTION

Since the proposal of a core collection, there have been many techniques and sampling methodologies developed. Creating a core collection can be simple or complex and is heavily influenced by resource allocation and information available. Therefore, often a preliminary core collection is developed, that is larger than intended, and then characterized at a deeper level and subset. In general, five generic steps are followed (Figure 1; van Hintum et al., 2000).

[image: Figure 1]

FIGURE 1. Graphic representation of how a core collection of cotton germplasm could be developed from entire germplasm stocks.


Step 1: Definition of the material that should be represented; this is termed the domain of the core collection and can range from related species, wild-types, ecotypes, landraces, previous breeding lines or a specific focus area of the diversity of a species. The definition is subjective to the available material, what constitutes a suitable set of material for core development, and the objectives behind the establishment of a core collection.

Step 2: Decide on the size of the core collection. Generally, most core collections are 5–20% of the size of the collection from which they were derived, although can be much smaller if the main collection is very large. A sampling strategy should define both a sampling method and an allocation method, and various sampling strategies and methods have been utilized to develop core collections (Franco-Duran et al., 2019). Based on the neutral allele model, a core collection of 10% of the total collection is likely to contain at least 70% of the variation of the collection, with an ideal collection size of no more than 3,000 accessions (Brown, 1989a,b).

Step 3: Division of the domain into categories. This is a methodical process and begins by dividing the material based on broad themes and further characterizing the groups. At every division, the groups should be constructed to maximize variation between the groups.

Step 4: Decide on the number of entries in the groups of the core collection. The number of entries of the core collection is heavily influenced by the aim of the core collection, i.e., the breeding targets. The allocation of germplasm across the defined groups is critical to maintaining diversity, and three generic steps have been proposed to determine the number of entries per group: (1) allocate entries in some proportion according to the relative numbers of accessions that occur within each group; (2) if enough material has been characterized with genetic markers, comparisons of marker diversity within the groups and basing the allocation of numbers based on maximizing allelic diversity or richness within each group; (3) subjectively consider the breeders needs and other informal knowledge about the accessions within the groups, i.e., passport data, availability to the collection curator.

Step 5: Choose the specific entries that will be maintained in the core. The final process of choosing which actual accessions should be included in the groups, maximize diversity, and serve the purpose of the core collection. However, breeders also need to consider the quality of the documentation of the entries, seed availability, and the role of the accessions in their breeding programs (van Hintum et al., 2000).



COTTON CORE COLLECTIONS AS A RESOURCE TO DISCOVER NEW SOURCES OF VARIATION FOR BIOTIC AND ABIOTIC STRESS TOLERANCE

Plants are sessile organisms and thus are exposed to environmental conditions and biotic stressors that are detrimental to their growth and development. Improving germplasm to meet abiotic and biotic breeding targets is a long-term process and can involve extended time and resources for successful introgression into elite material. However, there are many examples where plant breeders have effectively utilized well-characterized germplasm from a germplasm center or core collection to introgress tolerance/resistance to abiotic and biotic stresses in crop species (Upadhyaya et al., 2011; Prasanna, 2012; Shivhare and Lata, 2017; Singh et al., 2018; van Zonneveld et al., 2020; Sharma et al., 2021). Climate-proofing future cotton varieties will heavily involve the incorporation of traits and sources of resistance to biotic and abiotic stresses.


Biotic Resistance

One of the most important roles for a core collection is when a new disease, or novel variant, threatens the industry and necessitates the rapid establishment of a breeding project to confer host plant resistance. However, biotic stresses are complex due to the high interaction of the pest or disease with the plant, the environment, and evolving pest and disease virulence. Currently, the diseases of Fusarium wilt, Black Root Rot, and Verticillium wilt, and the increase in secondary pests with the introduction of genetically modified cotton resistant to the major Lepidopteran pests are the greatest biotic threats to the Australian cotton industry. A good example of the utilization of germplasm to address a rising disease threat is our breeding for Fusarium wilt resistance in cotton.

Fusarium wilt is caused by the pathogen Fusarium oxysporum f sp. vasinfectum and was first recognized in Australia in 1993 (Kochman, 1995) when most of the commercially grown cultivars were highly susceptible. Production losses of up to 100% were reported from fields with high levels of inoculum. It is thought that the indigenous and genetically unique Australian Fusarium wilt (Wang et al., 2004) pathogen became prominent in response to wide-scale planting of highly susceptible cotton cultivars and then spread to nearly all cotton-growing regions via infected soil, flood waters, or on cotton trash. An initial screen from the main CSIRO germplasm collection of G. hirsutum genotypes from the United States, South America, Africa, Asia, and Europe revealed that most were susceptible, but a few genotypes showed field survival up to 50% higher than the best extant Australian cultivars. Over the next years, over 200 genotypes from the collection were targeted for evaluation based on material from the countries/regions/programs that showed promise in the early screening. One line from India MCU-5 (Lopez-Lavalle et al., 2012) possessed significantly higher levels of resistance and became the initial source of resistance in a breeding process with moderately resistant local elite varieties. The introgression of MCU-5 germplasm ultimately resulted in the release of Sicot F-1 in 2004, which had at least twice the resistance to Fusarium wilt of the best cultivar in 1994 (Allen et al., 2004).

Screening our germplasm collection has also identified genotypes for breeding purposes with increased resistance to Cotton Bunchy Top disease (Ellis et al., 2016) and Bacterial Blight (Rungis et al., 2002), and more recently Verticillium wilt.



Abiotic Resistance

The major abiotic stressors affecting the Australian cotton industry include temperature extremes, water availability, salinity/sodicity, mineral toxicity, and UV radiation. Ultimately all abiotic stressors adversely alter morphological, biochemical, and physiological plant mechanisms, resulting in reduced plant growth and productivity, preventing crops from reaching their genetic yield potential. Water stress is the major environmental factor influencing crop productivity, where approximately 40% of the global land area is affected by drought (Trenberth et al., 2014). Thus, significant research has been dedicated to the development of drought-tolerant cotton germplasm and due to its complexity is an interesting case study for the development of core collections.

Like most core collections, passport data (such as the climate of origin and/or target environments of breeding lines) provide a good basis for the initial development of a drought-tolerant cotton mini-core collection. In addition, landrace accessions and cotton wild relatives are essential for the inclusion as they may have drought traits that have been lost from cultivated varieties due to selection pressure for yield potential under optimal conditions (Dempewolf et al., 2017). The yield performance of germplasm under controlled field conditions provides additional confidence in the development of a drought-focused core collection. Under water-limited conditions, the genetic potential of a genotype may not be expressed, which limits the ability to resolve statistical genotype differences. This is particularly important in variable rainfall environments and can be mitigated through the implementation of a managed stress environment (MSE) protocol. An MSE protocol ensures water is applied to “rainfed” germplasm trials when crop yield is likely to fall below the threshold for resolving genetic differences with confidence (Conaty et al., 2018). An MSE protocol has been used to identify germplasm for our drought tolerance research using a germplasm panel that could be utilized as a mini-core collection. In addition, germplasm evaluations are conducted in multiple rainfed and irrigated environments, allowing for paired comparisons and the development of drought resistance indices used in selection, e.g., Fischer and Maurer (1978) and Mwadzingeni et al. (2017).

Several institutions have developed core collections in other crop species with increased tolerance to abiotic stresses: chickpea (Upadhyaya et al., 2013), sorghum (Upadhyaya et al., 2009), barley (Muñoz-Amatriaín et al., 2014), bermudagrass (Anderson, 2005), and peanut (Upadhyaya et al., 2014). These activities have had promising results and should encourage similar efforts in cotton.



Variation in the Cotton Genome

Before the advent of molecular genetics, plants were assessed on their diversity in morphological and phenotypic traits as well as their pedigree and geographical distribution. Viewed molecularly, cotton diversity is the variation of the genes within each species. Recent advances in technology have resulted in ever-decreasing costs of high-throughput sequencing that has enabled the assembly of allopolyploid cotton reference genome sequences in a restricted set of “standard” genetic lines (Li et al., 2015; Liu et al., 2015b). These standard lines provide only a snapshot of cotton genome structure and so it is only recently with the rise of third-generation sequencing (long-read sequencing), that the true diversity within each species can be viewed through the completion of pan-genome sequences (Bayer et al., 2020). Pan-genomes represent the genomic diversity of a species that includes core genes, found in all individuals, as well as variable genes, which are present–absent in some individuals and are likely the result of local adaptations. A simple comparison of two G. hirsutum cultivars TM-1 (the genetic standard for G. hirsutum) and zhongmiansuo24, a commercial cultivar (Yang et al., 2019) revealed extensive gene order and gene structural diversity, and in more extensive comparisons in other crop species, there has been large variable gene content (15–40% gene presence and absence variation) between individuals. Although pan-genomes are still in their infancy for many crop species, a pan-genome approach should enable an informed choice for the selection of core collection accessions based on both gene sequence and gene presence/absence diversity between individuals or accessions. For disease-resistant plants, for example, NOD-like receptor (including disease resistance like genes) pan-genome diversity (Barragan and Weigel, 2020) could be used to prioritize lines for a core collection. Molecular surveys of diversity, therefore, could enable the selection of core lines that encompass species diversity without the requirement for extensive phenotype analysis.




THE CHALLENGES OF DEVELOPING A CORE COLLECTION

Although core collections have the potential to address the underutilization of germplasm that is a frequent challenge for genebanks, there are concerns from breeders about certain aspects of the development stage. Three key areas highlighted by Brown and Spillane (1999) are the evaluation criteria used, completeness of data, and the disposal of germplasm not in the core collection. First, the choice of traits to be incorporated into the core collection needs to be flexible. Many breeders approach genebank curators with specific traits in mind that they want to incorporate into their program, and if the core collection does not contain the desired traits then germplasm utilization will remain stagnant (Egan et al., 2019a). The collection also needs to have the ability to pivot direction if new breeding targets and trends emerge (Brown and Spillane, 1999). Second, the core collection may lack crucial accessions if it was formed using incomplete information (Brown, 1995). If the collection was developed using misleading or incomplete information, then it could lead to a false assumption that the core collection is a broader sample than it actually is Brown and Spillane (1999). Finally, there are concerns about the potential disposal of accessions that are not included in the core. The intention of a core collection is not to replace the main collection but to increase its utilization, so curators should make every effort to maintain underutilized accessions in longer-term storage as part of the main collection, perhaps with more restricted access by users, or to transfer them to other institutions with greater resources rather than dispose of any accessions due to resource constraints (Brown, 1989b; Brown and Spillane, 1999). Therefore, there is a stronger case to develop a core collection to utilize some of the germplasm rather than have none of it used at all. Overall, when a germplasm center decides to develop a core collection, the risk to the whole collection is low, at least for the major crops (Hamon et al., 1995).

While the concept of identifying germplasm that is resistant to abiotic or biotic stressors to include in the core collection is hopeful, there are significant challenges associated with identifying said germplasm. The two major challenges are: (1) identifying a source of resistance to the stress and (2) developing an effective screening method to characterize the level of resistance. The development of a core collection for resistance to an abiotic or biotic stress is limited by the variation available in germplasm. In some circumstances, particularly for biotic stresses, there may not be any resistant germplasm in either the main or core collection and the pest or pathogen will be better controlled by management strategies. Therefore, a wide screen of the germplasm available using an appropriate phenotyping method is critical before deciding if a core collection is an effective solution. Once a source of resistance is identified, a high-throughput screening assay that is reflective of field resistance needs to be developed. However, this is often a lengthy process and is complicated by several factors. First, the susceptibility of plants to the stress varies with respect to timing, duration, and intensity and often under field conditions, plants encounter specific abiotic and biotic stresses in combination with other stressors. Second, controlled environment and pot-based experiments are generally not well correlated with field performance. Finally, resistance to abiotic and biotic stressors is often polygenic, including a complex of gene networks involved in stress sensing, signal transduction, and expression of stress-responsive genes. Therefore, the development of core collections to assess a wide range of germplasm rapidly and effectively for abiotic and biotic stress resistance can be an ambitious goal.

While core collections for drought tolerance have been assembled, gains in limited water and rainfed cotton productivity have largely been incremental and reflective of improvements in yield potential under non-stressed conditions. Thus, future genetic gain in abiotic stress resistance will require a combination of traditional plant breeding and new breeding methods such as genomic selection, as well as the integration of panomics (Weckwerth et al., 2020), novel field-based phenomics (White et al., 2012; Zhao et al., 2019), and the application of machine learning and artificial intelligence to breeding for complex plant traits (Niazian and Niedbała, 2020; Nabwire et al., 2021). However, these methods are currently prohibitively expensive and/or will require a core collection of diverse germplasm to efficiently assess whether they will be effective in cotton breeding.

The major bottleneck for the development of core collections remains the required level of investment. Developing and maintaining a germplasm collection is time-consuming and expensive, and there is a clear reluctance to investment due to the large cost of germplasm maintenance and the continual characterization of germplasm for numerous traits. Adding to the expense is the high likelihood that novel resistance traits will often lie in related cotton species, rather than older varieties or landraces, and characterizing and introgressing resistance from those more distant sources is a lengthy and costly process. To encourage funds to be allocated to germplasm centers, the development of a core collection must show a clear return on investment and have an applied and impactful outcome to commercial breeding programs.



WILL CORE COLLECTIONS PROVIDE BENEFIT TO AUSTRALIAN COTTON BREEDING ACTIVITIES?

The challenges facing the Australian cotton industry include increasing production costs, pests, and diseases, and new environmental conditions due to climate change. While these challenges are both numerous and diverse, a core collection would only be useful to the CSIRO breeding program if it was a single collection that contained deeply characterized accessions for multiple traits. This is because the fundamental focus of the breeding program is the production of commercial cotton varieties, not germplasm banking. Thus, the investment required for the core collection must match the desired outcome and provide impact in terms of cultivar development. However, it should be acknowledged that the approach used for trait screening and ultimately cultivar development over the last few decades by CSIRO has utilized the central principles involved in developing a core collection. The screening and characterization of approximately 200 diverse accessions for Fusarium wilt resistance (see “Biotic Resistance,” above) are a good example of how the principles of developing a core collection can be employed in breeding.

Although yield will always be the main priority for the CSIRO cotton breeding program, the core collection would not directly target high-yielding accessions. Rather, the traits targeted would include those with less complex genetic backgrounds, such as biotic stress resistance and the fiber quality parameters of length, strength, and elongation. It is an ambitious goal that abiotic stress tolerance would be included as a characterization parameter due to the complexities in phenotyping for that type of tolerance. It is probable that the categories across the core collection would contain an unbalanced number of accessions as target traits may only be present in low frequencies throughout our entire germplasm collection. Conversely, for traits that are common, the highest performing accessions would be selected for inclusion in the core collection. Importantly, adequate representation from related cotton species must be included, historically sources of host plant resistance to biotic stressors have been identified in landrace and crop wild relatives in the CSIRO cotton breeding program (Allen et al., 2004; Miyazaki et al., 2012; Wilson et al., 2021). We conclude that CSIRO should pursue the development of a core collection through a greater characterization of our main collection at both a molecular and phenotypic level and augmenting it where necessary with new material from global collections to fill gaps and ensure a high level of genetic diversity across several traits types of interest, but of a size that we can economically maintain through regular regeneration of our stocks.



CONCLUSION

Conserving germplasm is, in the long term, the most efficient and inexpensive method of genetic conservation for agriculturally important plants. However, the conservation of germplasm quickly becomes unmanageable, and accessions will be underutilized if a cost-effective management system is not implemented. Core collections are one strategy to increase the utilization of germplasm and have moved from a period of experimentation to one of increasing popularity and endorsement.

The development of core collections presents great opportunities for cotton and provides a resource use-efficient strategy enabling the identification of the most accessible source for a given trait (Brown, 1989b). Core collections that represent the majority of the diversity available in cotton would demonstrate significant value for germplasm conservation and breeding activities. Future-proofing the global cotton industry will rely heavily on the introgression of germplasm for novel traits, particularly focused on resistance to abiotic and biotic stresses.

Nevertheless, the significant challenges of developing a core collection must be clearly acknowledged. To be of real value, the core collection should target traits specific to that required by the industry that a breeding program is supporting. This will be different for different countries, regions, and production systems. Significant investment from the program would need to be allocated to develop and maintain the core collection. Therefore, the target traits must be a continuing important breeding goal to the relevant industry. Due to the vastly different cotton production systems across the globe, it is unlikely that a single global cotton core collection would provide merit to all breeding programs; rather, a country- and trait-specific core collection model would be more appropriate.

Finally, to fully exploit the potential that core collections can bring to a breeding program, coordinated efforts between the private and public sectors are required. The goal of these efforts is to ensure that meaningful germplasm access and exchange can occur, resulting in core collections that better represent the diversity of the focus traits of that specific core collection. However, it must be acknowledged that germplasm protection is fundamental for all commercial breeding programs. Therefore, access to the full range of germplasm is unlikely. This can in part be mitigated through commercial agreements providing access to recently released cultivars, and private sector breeding programs releasing commercially obsolete germplasm to publicly available germplasm libraries.
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More frequent droughts and an increased pressure on water resources, combined with social licence to operate, will inevitably decrease water resources available for fully irrigated cotton production. Therefore, the long-term future of the cotton industry will require more drought tolerant varieties that can perform well when grown in rainfed cropping regions often exposed to intermittent drought. A trait that limits transpiration (TRLim) under an increased vapour pressure deficit (VPD) may increase crop yield in drier atmospheric conditions and potentially conserve soil water to support crop growth later in the growing season. However, this trait has not been tested or identified in cotton production systems. This study tested the hypotheses that (1) genetic variability to the TRLim VPD trait exists amongst 10 genotypes in the Australian cotton breeding programme; (2) genotypes with a TRLim VPD trait use less water in high VPD environments and (3) variation in yield responses of cotton genotypes is linked with the VPD environment and water availability during the peak flowering period. This study combined glasshouse and field experiments to assess plant transpiration and crop yield responses of predominantly locally bred cotton genotypes to a range of atmospheric VPD under Australian climatic conditions. Results indicated that genetic variation to the limiting transpiration VPD trait exists within cotton genotypes in the Australian breeding programme, with five genotypes identified as expressing the TRLim VPD trait. A modelling study suggests that this trait may not necessarily result in overall reduced plant water use due to greater transpiration rates at lower VPD environments negating the water conservation in high VPD environments. However, our study showed that the yield response of cotton genotypes is linked with both VPD environment and water availability during the peak flowering period. Yield performance of the TRLim genotype was improved at some high VPD environments but is unlikely to out-perform a genotype with a lower yield potential. Improved understanding of integrated plant- and crop-level genotypic responses to the VPD environments will enhance germplasm development to benefit cotton production in both rainfed and semi-irrigated cotton systems, thereby meeting the agricultural challenges of the twenty-first Century.

Keywords: abiotic stress, crop/stress physiology, dryland, limited rate transpiration, rainfed, vapor pressure deficit


INTRODUCTION

Water deficits are a significant limitation to cotton production, where historically greater cotton yields have reflected access to irrigation water and in-season rainfall (Conaty et al., 2018). Recent prolonged droughts have placed increasing pressure on water resources for irrigated agriculture. This pressure, combined with social licence to operate, will presumably only decrease irrigation water available for cotton production and is similarly occurring across global cotton production regions (Hearn and Fitt, 1992; Hearn, 1994). Therefore, the long-term future of the cotton industry and its potential expansion into additional rainfed summer cropping regions will require the identification of drought tolerant varieties (Conaty et al., 2018). These varieties will be beneficial to cotton production in rainfed systems and could also impact production in limited-irrigation production environments.

Plants respond to changes in water availability in both their aerial and soil environments. The driving force of transpiration rate is the gradient in vapour pressure between the dry atmosphere and the wet interior of leaves, commonly referred to as the vapour pressure deficit (VPD). VPD is defined as the difference between the amount of moisture in the air at a given temperature and the amount of moisture the air can hold at the same temperature when it is saturated; thus, combining the effects of temperature and relative humidity. A high VPD indicates a hotter and drier environment, whilst a low VPD results from a cooler and more humid environment. Numerous studies have demonstrated that the stomata of cotton are highly responsive to changes in VPD (Yong et al., 1997; Devi and Reddy, 2018; Shekoofa et al., 2021), and VPD has been identified as a critical factor influencing transpiration and stomatal conductance in crops including cotton (Broughton et al., 2021) and maize (Yang et al., 2012).

Several adaptive strategies have evolved in plants to cope with drought stress. One of the strategies is to limit transpiration rate under high VPD environments (TRLim VPD), where plants may partially close their stomata to conserve soil water. The limitation of transpiration is one of the first responses observed in a plant under limited soil water conditions (drought) or high VPD conditions, before turgor loss or cavitation restricting water flow through the xylem, which is observed after prolonged or severe drought. Whilst limiting transpiration in these situations reduces photosynthetic performance, it is an adaptive strategy that helping to avoid lethal desiccation. Water is conserved for use when conditions are more favourable. This results in a more conservative crop growth rate, where soil water is not rapidly consumed, and thus if conservation of stored soil moisture occurs early in the growing season, there may be more water available later in the season to sustain plant physiological activity under dry conditions (Shekoofa et al., 2015). In addition, water conserved at high VPD conditions can also be used when environmental conditions ensure more efficient carbon assimilation with respect to crop water use. However, it is important to acknowledge that limited transpiration will also result in a decrease in photosynthetic rate, reducing yields compared with fully irrigated systems. Likewise, if no late-season water deficit develops, there would be no benefit from the conserved soil water, and a decrease in yield would be expected.

Genotypic variability has been observed for the TRLim VPD trait in response to high VPD in several crop species, including maize (Yang et al., 2012; Shekoofa et al., 2016b), sorghum (Gholipoor et al., 2010), soybean (Fletcher et al., 2007), peanut (Shekoofa et al., 2014) and pearl millet (Kholová et al., 2016). More recently, the trait has also been reported in cotton (Devi and Reddy, 2018). However, there have been limited studies examining variation of transpiration responses to VPD amongst Australian cotton genotypes and environments. Australia’s modern irrigated cotton industry developed in the 1960s in northern NSW and southern Queensland. The expansion of the industry was initially based on varieties from the United States; however, domestic breeding efforts led to the development of varieties more suited to the Australian environment (Constable et al., 2001; Liu et al., 2013). Presently, the Australian cotton industry extends from Central Queensland to Southern NSW, from subtropical to Mediterranean environments, so cotton is grown across locations of varied atmospheric demands. Recently, the industry has also started to expand into the wet-dry tropics of Northern Australia where broad acre cropping is being developed. Therefore, it is important to assess cotton germplasm for limiting transpiration traits in the context of the various Australian and global breeding target environments as well as in the context of projected future environments.

In this study, it was hypothesised that genetic variability to the TRLim VPD trait in response to atmospheric VPD exists within cotton germplasm. The aim of this study was (1) to identify the presence of the trait in cotton germplasm, as well as the degree that transpiration is limited in response to VPD and (2) to understand the implications of these transpiration responses for water use and yield of cotton grown in different VPD environments. We tested the hypotheses that (1) genetic variability to the TRLim VPD trait exists amongst 10 genotypes in the Australian cotton breeding programme, (2) genotypes with a TRLim VPD trait use less water in high VPD environments and (3) variation in yield responses of cotton genotypes is linked with the VPD environment and water availability during the peak flowering period. Our study integrated glasshouse experiments to measure plant-level transpiration of 10 genotypes in different VPD environments, modelling to estimate crop water-use of these genotypes in environmental conditions in the field in Narrabri, Australia, and tests against available yield data from multiple years and locations of two cotton genotypes with contrasting transpiration traits (TRLinear and TRLim). This study is important because the development of cultivars that can remain productive despite periods of water stress will be integral for cotton production in future and water limited environments. The integration of glasshouse and field studies, assessing genetic variability of cotton to the TRLim VPD trait, will determine if this water conservation trait is suitable for deployment in cotton breeding programmes.



MATERIALS AND METHODS

Two glasshouse experiments were conducted in Narrabri, NSW during the 2019/2020 and 2020/2021 cotton seasons to assess the transpiration response of 10 different cotton genotypes to altered VPD conditions. Further details are described below.


Genotype Selection

The germplasm used in this study is outlined in Table 1. Broadly, germplasm was selected on the basis of known yield performance, particularly under rainfed conditions, or previously published studies based on agronomic water use (Stiller et al., 2005) and/or the presence/absence of the limiting transpiration trait in response to atmospheric VPD (Devi and Reddy, 2018). Two genotypes, CS 50 and Siokra L23, in our study were identical to genotypes studied by Devi and Reddy (2018). Due to limited germplasm access as well as restrictions in Australia around growing Ingard® material that contains the single Cry1Ac protein, closely related material was selected as a substitute. Sicot 41 is closely related to FiberMax 9180 and DeltaPEARL is closely related to DP555 BG RR.



TABLE 1. Genotypes used in this study, including details on origin, release year and target environment.
[image: Table1]



Growth Conditions

During each experiment, 100 plants (10 plants for each genotype) were grown at the University of Sydney’s Plant Breeding Institute at Narrabri (−30.271, 149.806) in temperature and humidity-controlled glasshouse facilities with natural light conditions (14 h d−1 of PPFD >2,000 mmol m−2 s−1). Eight seeds of each genotype were planted into 5 L pots filled with a 9:1 potting mix (Premium Potting Mix, Searles, Kilcoy QLD, Australia) and vermiculite mix (Debco Pty. Ltd., Tyabb Vic, Australia) on 9 December 2019 and 7 December 2020. To improve the nutrient status of the potting mix, 10 g of MULTIgro® (Incitec Pivot Fertilisers, Melbourne Australia) basal fertiliser was dissolved into the potting mix before planting. MULTIgro contains the nutrients N, P, K, S and Ca at 13.1%, 4.5%, 7.2%, 15.4% and 2.4%, respectively. Once seedlings had reached the three-leaf stage, pots were thinned to one plant per pot and a 1-cm layer of coarse perlite (Debco Pty. Ltd., Tyabb Vic, Australia) was placed on the surface of each pot. Prior to the initiation of VPD treatments, plants were grown at 32/18°C day/night. Plants were watered daily by hand to ensure non-limiting soil water conditions.



VPD Treatments and Transpiration Calculations

When plants had reached first square [initiation of squares (floral buds); 35 days after planting (DAP)], two pots of each genotype were distributed across five separate glasshouse chambers and all pots were watered to field capacity and allowed to free drain overnight. The following morning, the surface of each pot was covered in aluminium foil to avoid soil surface evaporation during the measurement period.

Air temperature and relative humidity were adjusted to obtain five different VPD environments (target 2–6 kPa) across two consecutive days in each experiment (Supplementary Figure 1). The experimental design was a randomised complete block with five replicates. It was laid out as a 5 × 10 factorial design with five VPD levels (target 2–6 kPa) and 10 genotypes, with two pseudo-reps of each genotype in each VPD chamber. VPD treatments were replicated in time, where on the basis of a randomised design each chamber was exposed to each target VPD conditions once in each experiment, ensuring that the same VPD level was not assessed more than once in a given chamber or in more than one chamber at the same time. Once the chamber settings reached the desired VPD, the surface of pots were watered to field capacity, and the plants were allowed to acclimate to conditions for 1 h period before the initial pot weights were measured. Plants were then exposed to the set VPD for a further 1 h treatment period. Pots were reweighed to calculate the amount of water (g) used by the plant in the 1 h treatment period. Once plants in a chamber were exposed to a VPD treatment, the chamber settings were altered to generate the next target VPD level. This was done in a randomised complete block design, where each chamber was exposed to each target VPD treatment over a 2-day period (i.e., 36 and 37 DAP), with measurements occurring between 10 am and 5 pm. The measurements had to occur over 2 days to measure all VPD conditions in each chamber within daylight hours. Air temperature and relative humidity at canopy level inside each chamber were monitored a TinyTag data logger (model TGU 4017 Gemini Data Logger Ltd., West Sussex, United Kingdom). Despite all efforts to maintain temperature and humidity at the desired level, the facility’s ability to maintain temperature and humidity at the desired level was not always possible, particularly at high temperatures and high humidity.

Temperature and relative humidity across both experiments ranged from 29 to 48°C and 19%–75%, respectively. The range of VPD treatments imposed was between 1.4 and 7.2 kPa. The variation in VPD was primarily driven by altering temperature (Supplementary Figure 1).

Above ground biomass for each plant was harvested 38 DAP. Individual plant green leaf area was measured using the Li-COR LA-3100 leaf area meter (Li-COR Biosciences, Lincoln, NE, United States). The transpiration rate of each plant was calculated as the ratio of transpiration per leaf area and expressed as mg H2O m−2 s−1.



Statistical Analysis


Transpiration Response to VPD of Different Cotton Genotypes

The presence of a breakpoint in a regression model of a given genotype’s transpiration vs. average VPD for the 1 h treatment period was assessed using the ‘segmented’ package (Muggeo, 2020) in R 4.0.1 (R Core Team, 2020). If the slopes were not significantly different (p < 0.05) using segmental linear regression, a simple linear regression was applied to all the data. Where genotypes expressed a two-segment response, the breakpoint regression analysis provides the VPD breakpoint (X0) between the two linear segments, as well as the slope of each segment and the standard error of each parameter of the regression model.



Modelling the Effect of VPD on Crop Water Use

Using the VPD-transpiration relationships developed in this study (Table 2), the daily transpiration of each genotype was calculated from sunrise to sunset (6 am to 8 pm; AEDT), expressed as g H2O m−2 day−1. VPD data were obtained for the Myall Vale weather station at the Australian Cotton Research Institute in Narrabri. Four days that represented the various VPD conditions throughout the peak flowering period were selected: extreme VPD day where maximum VPD = 6.0 kPa (17 January 2019); high VPD day where maximum VPD = 4.4 kPa (27 January 2021); moderate VPD day where maximum VPD = 3.2 kPa (21 January 2021); and low VPD day where maximum VPD =1.0 kPa (6 February 2021; Table 3). These VPD conditions reflected actual environmental conditions in the field, demonstrating the VPD extremes encountered during peak flowering. Genstat version 19 was used to perform a two-sample t-test to analyse daily water use of TRLinear and TRLim transpiration response at each VPD environment. Significance was determined using 5% level of probability.



TABLE 2. Breakpoint, slope, and r2 results from regression analyses of the transpiration response of 10 cotton genotypes to VPD.
[image: Table2]



TABLE 3. Environmental conditions of 4 days with representative VPD signals.
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Effects of Water and VPD Environments During Peak Flowering on Cotton Lint Yield

Yield data from historic dryland and managed stress environment (MSE) experiments (Conaty et al., 2018) conducted as part of the CSIRO cotton breeding programme at Bellata, Darling Downs, and Narrabri from 2006 to 2020 were obtained for four genotypes: CSX2027 (n = 36), CSX8521 (n = 35), Sicot 80BRF (n = 44), and Sicot 746B3F (n = 44), where n = the number of data points available. Each of these cultivars were selected because yield data was available across several years and locations. Weather data were used to calculate total rainfall and the mean maximum VPD during the peak flowering period in each year. Peak flowering was defined as between 1,000- and 1,450-day degrees. This study was limited to the peak flowering window because although an indeterminate plant, cotton is most sensitive to water stress during the peak flowering window (Grimes, 1970; Hearn and Constable, 1984). Genstat version 19 was used to fit a Generalised Linear Model to determine the effects of water and VPD environments at peak flowering on final lint yield. To test the model effects, data were analysed by a successive forward stepwise regression. A generalised linear regression analysis was conducted, where the response variate was fitted to a model based on the remaining parameters of interest as well as all significant interactions between these parameters. The regression analysis was then used to calculate the relationship between yield and water availability during peak flower at a given VPD for two of the four genotypes: CSX2027 and Sicot 80BRF. The study was limited to these two genotypes as the dataset for the other two genotypes contained limited yield data across seasons with differing VPD and availability of water during peak flowering. However, the generalised linear model analysed four genotypes (two TRLinear and two TRLim).





RESULTS


Transpiration Response to VPD of Different Cotton Genotypes

The 10 genotypes screened displayed a range of transpiration responses to VPD (Table 2; Figure 1; Supplementary Figure 2). Half of the genotypes were characterised by the two-segmental analysis with a break point (XO; considered to be TRLim), whilst the remaining genotypes exhibited a linear increase in transpiration in response to VPD whilst under well-watered conditions. Genotypes that were identified as TRLinear included CSX2027, CS 50, RC-89, Siokra L23 and CSX8521. Genotypes that were identified as expressing the TRLim trait included Sicot 41, CSX5422, Sicot 80BRF, Sicot 746B3F and DeltaPEARL. The r2 for the two-segmented regressions ranged from 0.45 to 0.57, with the breakpoints ranging from 4.3 ± 0.5 to 6.6 ± 2.3 kPa. The secondary slope of these regressions ranged from −38.72 to 2.54 mg H2O m−2 s−1. The initial slope of the genotypes with a two-segmented response ranged from 12.17 to 17.39 mg H2O m−2 s−1. These slopes were greater than those genotypes that did not express a two-segmented response in transpiration to VPD (p = 0.017), where slopes ranged from 9.64 to 12.77 mg H2O m−2 s−1 and r2 of the linear regressions ranging from 0.42 to 0.60.

[image: Figure 1]

FIGURE 1. Transpiration response of four cotton genotypes to vapour pressure deficit (VPD); (A) CSX2027, (B) RC-89, (C) Sicot 80BRF, and (D) Sicot 746B3F. Data from experiment 1 (Exp 1) is shown by black symbols and experiment 2 (Exp 2) shown by white symbols. Regression lines are shown by the black solid lines.




Modelled Water Use of Cotton Genotypes at Different VPD Environments

Genotypic variability in the transpiration response affected the way water was used throughout the day. Despite having a linear transpiration response (TRLinear), RC-89 had a lower slope (9.6) that resulted in lower transpiration rates in high VPD environments, with a transpiration rate of up to 103 mg m−2 s−1 during a 6 kPa day (Figure 2). In contrast, of the varieties that displayed a TRLinear response, CSX2027 had a steeper slope that resulted in higher transpiration rates of up to 126 mg m−2 s−1 during a 6 kPa day. Transpiration responses of TRLim genotypes depended on the breakpoints as to the shape of the response curve. Genotypes that had a lower VPD breakpoint had flatter plateau in their transpiration rate where transpiration was limited during high VPD environments (e.g., Sicot 80BRF) compared with genotypes that had higher VPD breakpoints (e.g., Sicot 746B3F). For example, Sicot 80BRF demonstrated a distinct plateau with a maximum transpiration rate of 106 mg m−2 s−1 during the 6 kPa day. Despite our data showing that Sicot 746B3F has a VPD breakpoint of 6.64 kPa, a TRLim response would not have been initiated in the environmental conditions observed in our desktop study, resulting in a maximum transpiration rate of 111 mg m−2 s−1 during the 6 kPa day.

[image: Figure 2]

FIGURE 2. Four cotton genotypes (A) CSX2027, (B) RC-89, (C) Sicot 80BRF, and (D) Sicot 746B3F, with differing transpiration responses to representative VPD conditions in Narrabri NSW from sunrise to sunset (6 am to 8 pm; AEDT).


Averaged across all five genotypes within each transpiration response trait, TRLim had 17% lower daily transpiration than TRLinear in low VPD environments (VPD =1.0 kPa; p = 0.007), but there were no significant differences in daily transpiration in high VPD environments (VPD = 4.4 kPa and VPD = 6.0 kPa; p > 0.05; Figure 3; Table 4). Although statistical differences were not observed, the TRLinear genotype CSX2027 consistently had the greatest daily transpiration rate in each VPD environment. The TRLim genotypes, DeltaPEARL had the lowest daily transpiration at low VPD (35 g m−2 day−1, VPD = 1.0 kPa), but amongst the highest transpiration rates in high VPD environments (72 and 80 g m−2 day−1, VPD = 4.4 kPa and VPD = 6.0 kPa, respectively), despite a transpiration breakpoint at 4.52 kPa. In comparison, TRLim genotype Sicot 746B3F is amongst the lowest daily transpiration at each VPD environment, despite a transpiration breakpoint at 6.64 kPa.

[image: Figure 3]

FIGURE 3. Daily transpiration (g m−2 day−1, from sunrise until sunset) of 10 cotton genotypes for 4 days representing differing VPD conditions in Narrabri, Australia, during peak flowering. (A) Max VPD = 1.0 kPa (6 February 2021), (B) Max VPD = 3.2 kPa (21 January 2021), (C) Max VPD = 4.4 kPa (27 January 2021), and (D) Max VPD = 6.0 kPa (17 January 2019). VPD environments range from VPD < 1 kPa (light grey), 1–3 kPa (hashed grey), 3–4 kPa (dark grey), and 4–6 kPa (black). The red dashed line separates TRLinear and TRLim genotypes.




TABLE 4. Two-sample t-test results for daily water use of cotton with differing transpiration response at each VPD environment.
[image: Table4]



Effects of Water and VPD Environments During Peak Flowering on Lint Yield

The generalised linear model used to assess the effects on lint yield of four cotton genotypes indicated that available water during peak flowering accounted for 27.7% of the variation (Table 5). The cumulative addition of mean VPDMax during peak flowering (+13.0%), water × VPDMax (+24.3%), and VPDMax × genotype (+1.9%) accounted for a total of 66.7% of the variation in lint yield. Therefore, the best fitting model for predicting lint yield was Water + VPDMax + Water × VPDMax + VPDMax × Genotype.



TABLE 5. Effect of water and VPD environment during peak flowering on lint yield of four cotton genotypes (CSX2027, CSX8521, Sicot 80BRF, and Sicot 746B3F) grown across Australian cotton regions from 2006 to 2020.
[image: Table5]

The relationship between atmospheric (VPD) and soil (water availability during peak flower) environments and their association with cotton yield of two genotypes with differing TRLim VPD traits (CSX2027 = TRLinear and Sicot 80BRF = TRLim) are shown in Figure 4. When there is more water available during peak flowering and at lower VPD environments (i.e., VPD = 2 kPa), CSX2027 had greater yields than Sicot 80BRF. As suggested by the intercept of the regression lines, at moderate to high VPD (i.e., VPD = 3 kPa and VPD = 4 kPa) the two cultivars had equivalent yields at low water availability, but the TRLinear variety’s yield (CSX2027) was higher when water availability was increased across all VPD ranges, with exception of where VPD = 5 kPa. At extremely high VPD (i.e., VPD = 5 kPa), yield response to available water during peak flower was very similar in both CSX2027 and Sicot 80BRF.

[image: Figure 4]

FIGURE 4. The observed relationship between water during peak flower (mm) and yield (kg ha−1) for CSX2027 and Sicot 80BRF as influenced by atmospheric VPD. CSX2027 is represented by circles and Sicot 80BRF is represented by triangles. Shaded data points (black = CSX2027, red = Sicot 80BRF) represent the relevant VPD in each panel; (A) VPD = 2 kPa, (B) VPD = 3 kPa, (C) VPD = 4 kPa, and (D) VPD = 5 kPa. Regression lines for each VPD are shown (black = CSX2027, red = Sicot 80BRF).





DISCUSSION


Cotton Genotypes Have Differing Transpiration Responses to VPD Environments

Our study showed variation amongst 10 cotton genotypes assessed for their transpiration response to higher VPDs, thereby supporting our first hypothesis that there is genetic variability to the TRLim VPD trait in germplasm present in the Australian cotton breeding programme. Five of the genotypes that we studied limited their transpiration rate in high VPD environments (between 4.3 kPa and 6.6 kPa) thereby possessing a TRLim VPD trait whereas the other five genotypes continued to increase their transpiration rate in high VPD environments, depicting a TRLinear VPD response. The observed breakpoint response was likely caused by stomatal closure to prevent water loss under high evaporative demand. Similarly, Devi and Reddy (2018) also found genotypic differences in cotton transpiration response to VPD, with some genotypes also limiting transpiration in high VPD environments. Common genotypes between the two studies included CS 50 and Siokra L23, with DeltaPEARL and Sicot 41 included in our study as closely related germplasm to DP555 BG RR and FiberMax 9180, respectively (Table 1). Our data closely aligned with Devi and Reddy (2018), whereby both CS 50 and Siokra L23 did not limit transpiration at high VPD. In comparison, DeltaPEARL and DP555 BG RR, and Sicot 41 and FiberMax 9180 all demonstrated a limiting transpiration rate. A consistent and stable transpiration response amongst these genotypes in these two studies suggests potential for incorporation of these transpiration limiting traits in a breeding programme to improve germplasm better suited to high VPD environments.



How Do Environmental Conditions Affect the TRLim VPD Trait?

All VPD breakpoints in our study occurred between 4.3 and 6.6 kPa compared with a VPD breakpoint around 2 kPa reported by Devi and Reddy (2018). The VPD environment during our study ranged from 1.4 to 7.2 kPa compared with a much smaller range from 0.9 to 3.3 kPa in the study by Devi and Reddy (2018). The difference in the VPD breakpoints may be the result of environmental conditions and plant adaptation, which indicates that the expression of the trait may interact with the testing environment. For example, Devi and Reddy (2018) conducted their experiments in growth chambers under lower light conditions (16 h d−1 photosynthetic photon flux density (PPFD) of 800 mmol m−2 s−1) whilst our experiments were conducted under natural summer light conditions (14 h d−1 of PPFD >2000 mmol m−2 s−1). As cotton is highly responsive to light environment, it is possible that the low light experimental conditions used in the Devi and Reddy (2018) experiments may have lowered the observed TRLim VPD breakpoints. However, VPD breakpoints for other species are also typically lower than what we observed in our study. For example, transpiration control occurred between 1.39 and 2.50 kPa in Agrostis stolonifera (Shekoofa et al., 2016a) in a study that demonstrated limited transpiration responses in high VPD environments can also be induced chemically. This could be partially due to the lower VPD environments that many plant species grow, and are therefore, tested in.

High VPD most commonly occurs in high temperature environments (Supplementary Figure 1), and therefore it is important to understand if the TRLim VPD trait in cotton withstands high temperatures. Recent research has identified some dynamic expression and adaptation of the TRLim VPD trait with respect to thermal and temporal environments, particularly under high temperatures (Shekoofa et al., 2021). In a chamber study, Shekoofa et al. (2016b) showed that five maize hybrids that expressed the TRLim trait at 32°C did not express the TRLim responses at 38°C. This has also been shown in cotton, where some genotypes lost the TRLim trait at 38°C (Shekoofa et al., 2021). The loss of the VPD breakpoint at higher temperatures indicates an increase in hydraulic conductance at high temperatures (Choudhary et al., 2014). High temperature and VPD responses in plants are complex, with stomata constantly adjusting to changes in VPD, leaf water potential, and leaf temperature to control transpiration rates. Devi and Reddy (2018) showed variation amongst 17 cotton genotypes tested for their transpiration response to increasing VPD under 32°C. In contrast, the maximum temperatures in our study reached 48°C, enabling us to achieve a broader range of VPD environments that has already been seen in field conditions, and may continue to be seen in the future. Whilst a greater range of VPDs were achieved by taking this approach, it must be acknowledged that considering the above studies conducted by Shekoofa et al. (2016b, 2021) the associations observed between VPD and transpiration in our study may be influenced by the altering of temperature when generating VPDs. However, we believe that this approach better reflects the likely environment experienced in cotton production where increases in VPD are largely driven by changes in both temperature and humidity, not just one parameter. However, it is important to note that both physical and biochemical limitations are also likely to occur under extremely high temperature conditions. Further research is required to understand if these, or other, factors alter the expression of the TRLim VPD water conservation trait in the genotypes of cotton in our study, and thus whether the heritability of the TRLim VPD trait will enable it to be incorporated into a breeding programme.

The environment in which the germplasm originated, and the selection pressures of this environment, may have influenced the presence and the degree of expression of the TRLim VPD trait in germplasm resources. Although bred in Australia, the pedigree of DeltaPEARL was strongly influenced by germplasm from Scott, Mississippi, United States (Delta and Pine Land Co.). Specifically, DeltaPEARL was developed from a controlled cross of DP 5816, which was bred in Mississippi, and Sicala 34, which was bred in Australia. Scott, MS is characterised by a humid subtropical climate with maximum daily temperatures averaging 33.6°C and rainfall averaging 96 mm in the month of July, when peak flowering would be expected in this region. This breeding environment may have influenced the lower VPD breakpoint observed in the DeltaPEARL genotype in our study. In contrast, varieties such as Sicot 41, Sicot 80BRF and Sicot 746B3F have been bred in Australia and tend to better suit Australian environments which are typically hotter and drier (Liu et al., 2013), potentially influencing the slightly higher VPD breakpoints seen in our study. Therefore, it is important to test responses to a broad range of VPD environments that are likely to occur in a production system.



Does the TRLim VPD Trait Conserve Water?

As well as understanding if there are VPD breakpoints and where they may occur, we also investigated how the transpiration responses differed. The initial slope of the genotypes with a two-segmented response ranged from 12.17 to 17.39 mg H2O m−2 s−1. These slopes were greater than those genotypes that did not express a two-segmented response of transpiration to VPD (p = 0.017), where slopes ranged from 9.64 to 12.77 mg H2O m−2 s−1. Thus, although genotypes may limit their transpiration in high VPD environments, our data shows that TRLim cotton can transpire significantly more water at lower VPD conditions. This may be an important factor when selecting genotypes suited to limited soil water environments and may be investigated in future studies, and specifically with consideration to field environments.

Temperature and humidity, and thus VPD, changes both throughout the day as shown in Figure 2, and throughout the growing season. Therefore, plants are constantly responding to changing VPD environments. Additionally, crops grown throughout different production areas are likely to experience different environmental conditions (Gonias et al., 2012), which is important to consider when expanding an industry into new regions. A key theory of TRLim behaviour is that at midday under high VPD conditions, there is conservation of soil water, which would be particularly beneficial in rainfed and partially irrigated cotton systems. However, our modelled data (Figures 2, 3; Table 4) suggests that although genotypes with the TRLim VPD trait limit their water use in high VPD environments, a greater initial rate of transpiration in lower VPD environments (i.e., slope 1 ranging from 12.17–17.39 for TRLim genotypes compared with slope 1 ranging from 9.64–12.77 for TRLinear genotypes; Table 2) could negate the potential water conservation in high VPD environments, thereby disproving our second hypothesis that genotypes with a TRLim VPD trait use less water in high VPD environments. Thus, higher rates of transpiration earlier in the day could negate water conservation in high VPD environments. Alternatively, higher rates of transpiration earlier in the day could ensure greater productivity during a period of lower atmospheric demand for water resources by the plant, subsequently making them more agronomically water use efficient. However, this should be confirmed with additional field studies as rooting dynamics could also be an important factor determining varieties suited to water limited production.



How VPD Environments and Water Availability During Peak Flower Affect Yield of Different Cotton Genotypes

In a modelled study, Sinclair et al. (2005) found a 9–13% improvement in Australian sorghum production when transpiration rate was limited in high VPD environments. This was attributed to higher yields predominately in dry, low-yielding years in which growers were typically more economically vulnerable. However, this assumes that the transpiration rate of TRLim genotypes was not significantly greater than TRLinear genotypes in low VPD environments, as seen in our study. Thus, it is important to consider what effects a limited water trait and potential differences in water use have on yield.

Our data showed that available water during peak flowering was the primary driver of yield, accounting for 27.7% of the variation in cotton yield (Table 5). Sequentially adding mean VPDMax during peak flowering accounted for a further 13.0% of the variation. Further including the interactive terms Water × VPDMax and VPDMax × Genotype significantly improved the cotton yield model, accounting for 66.7% of the variation in cotton yield. Therefore, genotype interactions with the VPD environment were small, but significant predictors of yield, supporting our third hypothesis that variation in yield responses of cotton genotypes is linked with the VPD environment and water availability during peak flowering period.

The effects of VPD environments and available water during peak flower on the yield of genotypes with differing TRLim VPD traits is shown by our comparison of two genotypes, CSX2027 and Sicot 80BRF (Figure 4). Our data show that the yield of the TRLinear genotype (CSX2027) was much greater than the yield of the TRLim genotype (Sicot 80BRF) at lower VPD environments and especially when there is more available water during peak flower. Additionally, CSX2027 also had more stable yield across water availability under low VPD environments than Sicot 80BRF. However, in higher VPD environments (VPD > 3 kPa), the yield of Sicot 80BRF was comparable to yield for CSX2027, particularly when there was low water availability during peak flower. Our data also suggests that ultimately variety performance, either with or without the limiting transpiration trait, is limited by the yield potential of the variety. CSX2027 has a higher yield potential than Sicot 80BRF, simply because it was developed 6 years later from parents with improved performance characteristics. It is likely that these differences in yield potential would have altered the outcome of the regression model. Additionally, whilst this regression model was developed from an extensive field experimental data set encompassing multiple seasons (n = 18) and testing sites (n = 7), this study is limited by the number genotypes used in this study, and the genotypes differing genetic backgrounds. Although it is likely that studies using Near Isogenic Lines (NILs) are not possible, as the TRLim VPD phenotype is a complex (polygenic) trait, this must be acknowledged when interpreting the observed relationship between yield performance and VPD environment with respect to TRLim VPD trait presence/absence. For growers to adopt cultivars that exhibit the TRLim VPD trait, the germplasm must have a yield potential that enables it to take advantage of in-crop rainfall events. For example, although transpiration rates were lower in RC-89, yield potential is also lower than the other genotypes studied, are therefore RC-89 is a less desirable than other higher-performing cultivars. Therefore, further studies need to determine if the TRLim VPD trait is inherently associated with specific performance limitations, or if breeding and selection can exploit this trait in germplasm with high yield potential. In addition, it is also necessary to consider the implications of overall morphology on water use and ultimately water use efficiency. Even though a genotype may have a greater rate of transpiration at the leaf-level, if it has a smaller habit or reduced leaf area, overall crop-level water use may be less compared with other genotypes, which was not accounted for in our analysis at the field scale.

It is important to note that our glasshouse study investigated the transpiration responses of well-watered cotton plants. Therefore, future research should test transpiration responses under water-limited conditions. Additionally, transpiration responses to interactive atmospheric and soil water deficits have not been explored in Australian germplasm and should be the focus of future research. This is important as water limited production traits are the target breeding environment for these water conservation traits. Lobell et al. (2014) found that despite cultivar improvements in maize, the sensitivity of maize yields to soil water deficits associated with higher VPD has increased. However, that is likely due to increased sowing density rather than genotypic factors. Although sowing density is managed to maximise the amount of water available to the crops, particularly in rainfed cotton systems, there may be genetic resilience in Australian germplasm to withstand combined atmospheric and soil water deficits that could be explored.

Finally, although these studies provide important insight into TRLim VPD traits, we must acknowledge that these experiments cannot be directly used for breeding because the experimental complexity does not allow for breeding and selection beyond the identification of parents for crossing. Thus, after determining the value of the trait, secondary or associated traits will need to be identified to enable selection of breeding material expressing the TRLim VPD trait, and further integration into a breeding programme.




CONCLUSION

This study identified genetic variation to the limiting transpiration VPD trait within cotton genotypes in the CSIRO cotton breeding programme. Five genotypes were identified as expressing the TRLim VPD trait, where transpiration was limited from 4.3 to 6.6 kPa, depending on genotype. However, our modelling study indicates that the TRLim VPD trait may not necessarily reduce overall plant water use due to greater transpiration rates in lower VPD environments negating the water conservation in high VPD environments. Although this study demonstrated that G × E × M variables accounted for the 66.7% of the variation in cotton yield, yield performance between transpiration responses in high VPD environments were comparable. Yield performance of the TRLim genotype was improved in some high VPD environments but is unlikely to out-perform a genotype with lower yield potential. Therefore, although it may be possible for a TRLim VPD trait to improve cotton yield in projected future hotter, drier climatic conditions, overall crop water requirements may be the same. These findings may have important implications for the use of this trait in breeding programmes. As G × E × M interactions are associated with this trait, these concepts should be assessed in the field with greater datasets. Importantly, these studies will ascertain the potential value of the trait to cotton breeding as well as its heritability. Improved understanding of integrated plant- and crop-level genotypic responses to VPD environments, particularly under interactive atmospheric and soil water deficits, will enhance our understanding of germplasm responses to water deficits. This knowledge will benefit cotton breeding and production in both rainfed and semi-irrigated cotton systems, thereby meeting the agricultural challenges of the twenty-first Century.
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The Commonwealth Scientific and Industrial Research Organisation (CSIRO) cotton breeding program is the sole breeding effort for cotton in Australia, developing high performing cultivars for the local industry which is worth∼AU$3 billion per annum. The program is supported by Cotton Breeding Australia, a Joint Venture between CSIRO and the program’s commercial partner, Cotton Seed Distributors Ltd. (CSD). While the Australian industry is the focus, CSIRO cultivars have global impact in North America, South America, and Europe. The program is unique compared with many other public and commercial breeding programs because it focuses on diverse and integrated research with commercial outcomes. It represents the full research pipeline, supporting extensive long-term fundamental molecular research; native and genetically modified (GM) trait development; germplasm enhancement focused on yield and fiber quality improvements; integration of third-party GM traits; all culminating in the release of new commercial cultivars. This review presents evidence of past breeding successes and outlines current breeding efforts, in the areas of yield and fiber quality improvement, as well as the development of germplasm that is resistant to pests, diseases and abiotic stressors. The success of the program is based on the development of superior germplasm largely through field phenotyping, together with strong commercial partnerships with CSD and Bayer CropScience. These relationships assist in having a shared focus and ensuring commercial impact is maintained, while also providing access to markets, traits, and technology. The historical successes, current foci and future requirements of the CSIRO cotton breeding program have been used to develop a framework designed to augment our breeding system for the future. This will focus on utilizing emerging technologies from the genome to phenome, as well as a panomics approach with data management and integration to develop, test and incorporate new technologies into a breeding program. In addition to streamlining the breeding pipeline for increased genetic gain, this technology will increase the speed of trait and marker identification for use in genome editing, genomic selection and molecular assisted breeding, ultimately producing novel germplasm that will meet the coming challenges of the 21st Century.

Keywords: cotton, plant breeding, genomic selection (GS), gene editing, phenomics, GM traits, panomics, gene based breeding


INTRODUCTION


Background and History of the Commonwealth Scientific and Industrial Research Organisation Cotton Breeding Program

Although cotton has been grown in Australia since the late 1700’s, the modern Australian cotton industry was established in the early 1960’s when high-input irrigated cotton growing commenced in three States: New South Wales, Queensland, and Western Australia. The Western Australian industry, situated on the Ord River in the tropical north of the State, ceased production in 1974 due to the development of insecticide-resistant pests (Hearn, 1975). Production in the two eastern States has increased since 1960 from near-zero to its peak of over five million bales in 2012. The environment of the primary production areas of the eastern States ranges from sub-tropical to temperate/Mediterranean climates (i.e., from latitudes of –22° to –36°). Recently, production has begun to expand back into tropical regions (–18° to –14°) (Figure 1). The 10-year average amount of cotton produced annually is around 3.4 million bales (772,000 tons of lint) with the variability usually associated with availability of irrigation water.
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FIGURE 1. The Australian cotton growing regions extend from latitudes of –36° (Murray Valley) to –22° (Central Queensland). Source: Cotton Australia Ltd.


United States cultivars were exclusively grown during the 1960’s and 1970’s (Low, 1974). During this period, breeding programs were established by CSIRO at Griffith (–36°) in southern NSW, New South Wales Department of Primary Industry (NSW DPI) at Narrabri (–30°) in northern NSW, Qld Department of Primary Industry (Qld DPI) at Biloela (–22°) in central Queensland and CSIRO at Kununurra on the Ord River (–15°) in Western Australia. These widely separated programs had different goals: the Griffith program, situated at the southernmost cotton growing region, was focused on very early maturity; NSW DPI’s on Verticillium wilt tolerance; Qld DPI’s on resistance to bollworms via raising gossypol level; while under tropical far northern Australian conditions, CSIRO sought to capitalize on apparent high levels of heterosis occurring between African and American Upland cultivar crosses (Thomson, 1971). After the failure of the industry in the Ord River and difficulties in establishing the industry in Southern NSW, CSIRO established the CSIRO Cotton Research Unit at Narrabri in 1972. The Griffith and Ord River programs were transferred to Narrabri and shortly thereafter both the NSW DPI and Qld DPI programs were closed. The primary focus of this new breeding program was developing full-season cultivars for the main Australian cotton growing areas, together with improving fiber quality attributes, particularly fiber strength and disease resistance. Cotton Research and Development Corporation (CRDC) was a major investor in the CSIRO Plant Breeding Program from 1990 to 2007, investing $46 million on behalf of growers.

CSIRO and CSD have been working together developing and commercializing cotton cultivars since 1971 and have jointly released over 116 cultivars during this period. In 2007, Cotton Breeding Australia (CBA) was formed as a joint venture between CSIRO and CSD. It is a targeted research fund which facilitates the research and development of future cotton cultivars for Australian growers. It is focused on the future needs and challenges for cotton production in Australia and since 2007 has invested over $146.47 million (as of June 2021) toward these research activities. The management structure for CBA consists of a Management Committee and a Scientific Committee. The Management Committee, with both CSIRO and CSD members, are responsible for the overall management, operation, and performance of the activities. The Scientific Committee, with both CSD and CSIRO members, as well as nominees from the Australian cotton industry bodies – Cotton Research and Development Corporation and Cotton Australia, collectively oversee the research activities and keep the Management Committee informed. The current program structure and operations provide the framework for the research and development as well as commercial cultivar delivery.



Current Structure of Program

The strategies used in the CSIRO breeding program have continued to evolve over the years but have generally followed classical plant breeding methods based on field phenotypic selection. Although the Australian cotton industry exclusively grows cultivars with genetically modified (GM) traits for pest and weed management, significant resources are dedicated to the conventional germplasm enhancement program. This is where the improvements in yield, fiber quality, host plant resistance and regional adaptation are developed. The result is essentially a conventional breeding program in parallel to a GM trait introgression and breeding program (Figure 2). Selection of parents for hybridisation is a very important stage and while the introduction of diverse germplasm is always of high priority, it is more important to have high performing, well adapted parents. Originally germplasm from many sources were used and some of most successful parents were from Arizona, Mississippi, Texas, New Mexico, and Russia. Most parents used today are proprietary germplasm, but lines are continually introduced to our program from other breeding programs.
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FIGURE 2. The breeding process used by the Commonwealth Scientific and Industrial Research Organisation (CSIRO) and Cotton Seed Distributors Ltd. (CSD) to develop conventional germplasm and introgress required GM traits, leading to cultivar commercialization. This is a simplified exemplar figure but captures the basic steps in the process. P1 and P2, Parent 1 and Parent 2; F, Filial generation; conv., conventional; RP, recurrent parent; GM, genetically modified; BC, back cross.


In the conventional breeding process, single plant selection commences at the F4 stage and large populations are evaluated (∼500 individuals). Characteristics with high heritability such as morphology (e.g., leaf shape, hair) and disease resistance [mainly bacterial blight (BB)] are used to initially screen the population. Visual selection culls few lines at this stage and large numbers of plants are individually harvested and ginned. Selection occurs for lint percentage and the fiber of the selected plants is evaluated for quality on a Spinlab High Volume Instrument (HVI) (Uster Technologies, AG, Uster, Switzerland). Selection is carried out for strength, length, length uniformity, extension and micronaire. In the following season a single progeny row is grown from each selected plant. Selection is based on disease resistance, leaf shape, hair, and plant type, as well as machine harvested yield, lint percent and fiber quality.

In the following years the lines progress through a series of replicated trials, beginning with one or two sites. In all cases row and column designs are used and analysis carried out using mixed models to adjust yields for spatial effects (Liu S. M. et al., 2015). To reduce the effects of genotype-to-genotype competition, trials use three or four row plots with the center rows harvested (Luckett et al., 1992). From preliminary trials, data is collected on morphology, disease resistance, plant habit, yield, and fiber quality. In more advanced trials similar data is collected but at up to five or six sites. These sites are chosen to cover the target production systems and growing regions. Aggressive selection for yield in segregating populations in environments with high potential yield is an important component of the breeding process. Most sites are located on commercial farms and the support of cotton growers is a significant component of the breeding program. This strategy captures current crop management practices used across the industry that the cultivars are developed for.

The process of developing cultivars containing GM traits follows from the identification of high performing conventional lines (Figure 2). The GM traits are incorporated using a standard backcrossing (BC) process (e.g., Priyadarshan, 2019). The number of BCs used is dependent upon the donor parent’s performance for agronomic characteristics, but two to four are common. From the conclusion of the BC process, an approach similar to the conventional breeding process is taken i.e., large populations of single plants, followed by progeny row and replicated testing to identify the best performing lines from within a backcrossed population. Other techniques such as marker assisted backcrossing (MABC) (e.g., Frisch and Melchinger, 2005) have been considered but not currently used. While MABC certainly has the potential to improve the efficiency of trait introgression, our aim is to develop the best possible performing line, not necessarily one identical to the recurrent parent. For this reason, we invest significant resources in selection for agronomic traits after the BC process is completed. This has often proved successful with a 2–4% yield increase over the recurrent parent (Stiller, 2022, personal communication, 11 February).

The final stage is handover of breeder seed to CSD for nursery seed increase, large scale pre-commercial testing and final cultivar release (Figure 2). Although it is ultimately the responsibility of the seed producer/seller to ensure that the products they sell to growers are fit for purpose and compliant with relevant consumer and regulatory laws, some responsibilities extend back into the breeding program to ensure that the Breeder Seed provided is of the highest quality. Such a requirement has always existed for non-GM (native) traits, especially visible traits like leaf type (okra vs. normal leaf) and has required some manual culling of “off-types” during the breeding pipeline, but the shift in Australia to GM cultivars has added new emphasis on Quality Assurance (QA) and Quality Control (QC). The aim is to avert any reputational or even legal or financial damage that could result from unapproved GM traits being unintentionally released to our seed partner and then to growers or released GM cultivars failing to live up to contractually specified purity or efficacy standards or compliance with international regulatory frameworks.

To manage these risks our breeding program has established a set of operational procedures to maximize genetic purity and minimize GM trait contamination. These procedures are also matched by CSD, to ensure commercial seed remains of high purity during the few years of seed increase prior to sale. During both conventional breeding and GM trait introgression, for example, every plant used in crossing is sampled and genotyped for a range of GM and native traits for which we have molecular markers (discussed in other sections) and then again at the F2 generation. This process is designed to select homozygous individuals for traits of interest and identify potential errors in the genotypes of the crossing parents. In all subsequent steps of increase and selection, random sampling is carried out to ensure purity, especially at the time of the hand-over of Breeder Seed (often F6 or F7) to CSD. Our procedures have ensured strict germplasm stewardship. As advanced lines must still be grown in the field to generate sufficient seed, they are unavoidably exposed to pollen from commercial crops growing nearby so some material can still fail purity testing. Those lines are either discarded or go back into a cycle of cleaning (every plant in the plot is genotyped and any off types removed) before subsequent seed increase. These QA and QC procedures are a considerable investment, but implementation is essential to ensure the entire cultivar development process meets commercial and legal obligations.




YIELD PROGRESS

The Australian cotton industry continues to be of envy in the cotton world for its ongoing yield progress and maintenance of the highest yield (Constable and Bange, 2015). In the early 1960’s, when modern cotton production commenced in Australia, industry average yields were less than 1000 kg lint ha–1 for fully irrigated crops. Currently, this figure has more than doubled to just under 2600 kg lint ha–1 (Figure 3; Thomson, 1979; Constable and Bange, 2015). Rainfed cotton production area is variable and highly dependent on seasonal conditions and commodity prices, ranging from 5 to 30% of the total area. Yields are also variable, largely influenced by in-crop rainfall. Nevertheless, the average yield of rainfed produced cotton has also increased (Constable and Bange, 2015).


[image: image]

FIGURE 3. Average Australian irrigated cotton industry yield (kg [lint] ha–1) from 1962 to 2021. Source: The Australian Cottongrower Cotton Yearbook.


Yield progress is due to the persistent efforts of the Australian cotton industry around research and extension of new technologies. The technologies comprise improved cultivars, better crop management strategies with respect to disease, pest and weed control, irrigation and fertilizer application, crop rotation, tillage and the adoption of GMO traits for pest and weed control (Constable, 1998, 2004; Constable et al., 2011; Constable and Bange, 2015). Of these, the release and adoption of new cultivars has been the primary driver (Constable et al., 2001; Liu et al., 2013; Rochester and Constable, 2015; Conaty and Constable, 2020).

Harvestable yield is the ultimate measure of cultivar performance. When grown under similar crop management practices and target environments, yield progress can therefore be assumed to be a result of the contribution of a new cultivar (genetics), management and their interaction. An analysis of long-term breeding trial datasets of conventional cotton in the period of 1980 to 2009, the role of 23 mainstream cultivars released from the CSIRO cotton breeding program were assessed for yield increase. Yield gain was reported to range from 7.0 to 18.3 kg lint per ha per year, with the highest gain recorded in the latest 15-year period. By testing a set of the same conventional cultivars released from 1973 to 2006, Rochester and Constable (2015) reported yield increase of 28.8 kg lint per ha per year. Constable et al. (2011) reported yield gain of 26 kg lint per ha per year since 1963 until 2010, concluding similar yield gain was maintained when entering the GM era from 1996.

Liu et al. (2013) used yield estimates from a 30-year data set of ten CSIRO cultivars, splitting the dataset into early (1980–1994) and late 15-year periods (1995–2009). Analysis by linear mixed model demonstrated that in terms of yield progress, genetic improvement contributed the largest (48%), followed by management and the interaction of genetics × management, each contributing almost equally (24% vs. 28%, respectively). The findings are consistent with early similar work of which 45% of the contribution was due to cultivar while the remainder is from improved crop management, with 25% from soil and irrigation, 20% from insect control and 10% from disease management (Constable, 2004). This evidence not only confirms the importance of improved cultivars for yield increase, but also the importance of exploiting the synergistic response of cultivars to improved management practices by focusing breeding efforts on yield gains in modern cotton production systems.

More recently, Conaty and Constable (2021) assessed the yield progress of 10 cultivars significant to the CSIRO cotton breeding program, released between 1968 and 2012. With the aim of identifying opportunities for future yield progress, the primary physiological determinants of lint yield: total dry matter and harvest index; as well as the secondary determinates of reproductive dry matter allocation, lint percentage, boll size, boll number, light interception, carbon assimilation, leaf area index and light extinction coefficient were also assessed. Yield progress was measured at 16.1 kg lint ha–1 y–1 and it was identified that selection pressure resulted in improvements in total dry matter (TDM), harvest index (HI), lint percentage and carbon assimilation. While gains were made in these four parameters, further analysis identified that improvements in lint yield were largely driven by altering HI through increasing lint percentage. Future yield progress cannot be made through further increases in lint percentage as further partitioning of carbon to lint comes at the expense of resource supply to seed, ultimately resulting in a reduction in seed weight which may result in reduced crop establishment and seedling vigor. Thus, avenues for future gains in lint yield will require the concurrent maintenance of HI while producing larger plants with more fruiting branches that capture more incident radiation with increased efficiency.


Genetically Modified Approaches to Yield Enhancement

Over the last 20 years CSIRO has invested heavily in crop genomic capabilities including in cotton. CSIRO pioneered the development of printed cDNA glass microarrays to allow genome-wide gene expression analysis in cotton (Wu et al., 2006) and were early adopters of Next Generation RNA sequencing technologies in cotton. These genomic tools, combined with some unique germplasm resources, were instrumental in discovery and analysis of some of the key transcription factors (GhMYB25, GhMYB25-Like and GhHD-1) that regulate early events in the formation of the fiber initials on the surface of the seed (Machado et al., 2009; Walford et al., 2011, 2012). Reducing the expression of these regulatory factors using RNA interference (RNAi) in transgenic cotton demonstrated that GhMYB25-Like was critical for proper fiber initiation (reduced expression resulting in a fibreless seed phenotype). The other two factors were likely to be downstream of GhMYB25-Like and are needed for regulation of the timing and elongation of fiber initials (as well as being involved in leaf and stem trichome development). Interestingly, Scanning Electron Microscopy indicated that over-expression of any of these three transcription factors in transgenic cotton, led to an increase in the number of epidermal cells on the seed that initiated as fibers on glasshouse grown plants, and in some cases to hairier plants due to a greater production of leaf and stem trichomes. It was hypothesized that the greater proportion of initiated fibers might translate into greater numbers of mature fibers per seed, a significant component of overall fiber yield.

Crosses were initiated to bring together different combinations of the transgenes over-expressing the three identified transcription factors and the single and multiple homozygous transgene combination lines were tested in the field over two seasons (Liu S. M. et al., 2020). The results were both promising and disappointing; there were a small number of individual lines with single or double combinations of transgenes that outperformed their controls by up to 20%, but this was never consistent by transgene or combination. There also appeared to be a fine balance needed in gene expression as triple gene combinations were significantly worse than their non-transgenic controls. None of the lines with enhanced yield outperformed locally adapted cultivars as they were introduced into the genetic background of a transformable but unadapted cultivar from the U.S. They would require extensive backcrossing into elite Australian lines prior to evaluation and it would be difficult to prove that any improved performance was a consequence of transgene expression and not due to somaclonal variation from tissue culture, or just reassortment of native alleles in the different backgrounds. Ideally, transgenes should be re-evaluated in an adapted Australian cultivar directly.




FIBER QUALITY PROGRESS

During the first two decades of the modern Australian cotton industry, the fiber produced had relatively poor strength and length. In the early 1980’s, the industry made the decision to switch completely to higher fiber strength cultivars while concurrently improving fiber length. This was designed to facilitate global marketing, as most of the Australian crop was and still is, exported. The breeding program has continued that standard, with each successive new cultivar aimed at maintaining or improving fiber properties. This strategy has proved very successful (Figure 4), with Australian export cotton now enjoying a reputation for excellent fiber properties, approaching the high-quality types such as San Joaquin Valley (SJV) from California. This progress has been due to intensive selection for all fiber quality traits from as early as the SPS breeding stage using HVI properties (Figure 2).
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FIGURE 4. (A) The proportion of the Australian cotton crop where fiber length exceeded 29.4 mm (37 32nds of an inch) as a function of harvest year. Note the rapid increase in fiber length (8.5% yr–1 increase) between 2006 and 2010 as breeding efforts were focused to improve length and the maintenance of fiber length since 2010; (B) The proportion of the Australian cotton crop where fiber strength exceeded 29.4 cN Tex–1 (30 g Tex–1) as a function of harvest year. Note, data represents ∼90% Australian cotton crop. Source: Australian Cotton Shippers Association.


It is widely accepted that cotton fiber yield and quality are negatively associated, with the most significant association between strength and yield (Al-Jibouri et al., 1958; Meredith and Bridge, 1971; Clement et al., 2012). As such, significant research has been dedicated to understanding these associations and developing breeding strategies to break these associations. Clement et al. (2012) confirmed that in the CSIRO cotton breeding program a negative association still exists between fiber quality and yield. It was concluded that these negative associations are not due to photosynthetic capacity (Clement et al., 2013) and that the breaking of this linkage is one possible component of the progress that has been made in decreasing this association (Clement et al., 2012). Strategies were developed to identify parents as well as early generation selection for identifying better combinations of fiber quality and yield potential. Briefly these strategies focus on selecting locally adapted high strength parents to ensure improvements in both yield and strength, as well as other quality traits (Koebernick et al., 2019), and selecting a higher proportion of high yielding test lines (top ∼30%) in early generation testing (i.e., progeny row stage, see Figure 2) relative to fiber quality selections (top ∼10%) (Clement et al., 2015). This is followed by selecting the best yield and fiber quality combinations in subsequent replicated testing. These strategies are now routinely deployed in the CSIRO cotton breeding program, and additional strategies are under development.



DISEASE RESISTANCE

Disease is responsible for significant and widespread losses to cotton production in Australia. Reducing the impact of major pests and diseases through host plant resistance represents an effective way to realize the true yield potential of elite cultivars. Resistant germplasm is the most effective long-term means for minimizing yield losses and the deleterious environmental impacts of using other chemical control measures. Australia has had a long and successful history of tackling important diseases through the breeding of cultivars with increased genetic resistance.


Bacterial Blight

In the early years of the modern cotton industry, BB of cotton caused by a bacterium Xanthomonas citri subsp. malvacearum (Xcm) was the most destructive and widespread disease, with around 20% of all bolls affected (Allen and West, 1987). A combined effort of seed production protocols to ensure blight-free planting seed and the breeding of cultivars that were immune to blight, controlled the disease to such an extent that is no longer found in Australian production systems. The single dominant BB resistance gene (Rungis et al., 2002) that is routinely bred into all Australian cultivars has been found to be strong, durable, and effective against all known races of BB found in Australia.



Cotton Bunchy Top

Cotton bunchy top (CBT) disease is an aphid transmitted Polerovirus disease that results in severely stunted plant growth, that was first recorded in the late 1990s when a severe outbreak occurred resulting in heavy economic losses. Initially nearly all Australian cotton cultivars were identified as susceptible to the disease, with the only available control the use of insecticide against the vector the cotton aphid (Aphis gossypii). Molecular analysis of resistance cultivars identified the dominant resistance gene to a small interval (Ellis et al., 2016) resulting in the development of marker-assisted selection of CBT resistance with the first resistant cultivar (Sicot 620) released in 2019.



Verticillium Wilt

Verticillium wilt (VW) caused by Verticillium dahliae has been an important disease in Australia for many years, and unlike many countries which only have the virulent defoliating pathotype, Australia has both highly virulent non-defoliating and defoliating pathotypes (Schnathorst and Evans, 1971; Chapman et al., 2016). The first CSIRO cultivar with significant resistance to this fungal pathogen was Sicala V-1 in 1991, which showed greatly reduced levels of infection, less severe symptoms, and higher yields. The majority of cultivars now grown commercially have relatively strong resistance to non-defoliating VW, but significant losses can still occur in seasonal conditions that favor the disease. Breeding for higher levels of resistance to non-defoliating and defoliating pathotypes is a major focus for ongoing research. Advancements in screening and selecting for VW resistance have been facilitated by both bioassay and field screening. Often, large-scale bioassay screening identifies resistance, and the genotypes are field tested in the next cotton season. The development of resistant populations is heavily reliant on multi-site disease nurseries to expose the populations to different isolates of VW. However, the two pathotypes of VW are treated as two separate breeding targets.



Fusarium Wilt

Fusarium wilt (FW) caused by Fusarium oxysporum f. sp. vasinfectum was identified in Australian cotton in the early 1990s (Kochman, 1995). The Australian isolate is indigenous (Kim et al., 2005) and differs from those found in other countries in that it is associated with alkaline clay soils and is virulent in the absence of nematodes (Colyer, 2003). The extreme virulence and persistence of this pathogen and its ability to be readily transported in soil, water or trash was a major concern to the industry as most commercially grown cultivars at the time were highly susceptible with production losses of virtually 100% reported in some fields. New cultivars with increased FW resistance were developed based on a systematic analysis of the levels of resistance within the CSIRO germplasm collection that included over 200 genotypes. In 2004 the cultivar Sicot F-1, with twice the resistance of the benchmark cultivar in 1994, was released. Consistent progress in breeding for improved FW resistance has continued, with initial sources of resistance derived from Indian and Chinese G. hirsutum parents, and more recently from G. hirsutum and G. barbadense landrace cottons. Although the impact of FW on yield has been significantly reduced, in seasons that favor the disease or in fields that have a high level of inoculum, the most resistant cultivar may still only have 10% of plants uninfected. Thus, FW remains a significant breeding challenge.



Black Root Rot

Black root rot (BRR) caused by Berkleyomyces rouxiae was first reported in Australian cotton in 1990 (Allen, 1990) and is considered a significant threat, especially in regions with shorter production seasons. Diseased cotton plants show stunted or slow growth early in the season compared to uninfected plants, causing delayed flowering or maturity that can result in up to a 46% decrease in seed cotton yield (Nehl et al., 2004). In addition to the direct effect of BRR infection, lesions caused by the fungus may facilitate infection by other cotton seedling pathogens. BRR resistance has not been found in any G. hirsutum or G. barbadense germplasm, so breeding for resistance must access secondary germplasm sources such as diploid cotton species. Resistance to BRR has been identified in G. arboreum (Figure 5) and the inheritance of resistance to BRR was evaluated in an F6 recombinant inbred population and shows a single semi-dominant locus conferring resistance that was fine mapped to a region on chromosome 1, containing ten genes including five putative resistance-like genes (Wilson et al., 2021). Although the use of secondary germplasm sources is a long and difficult process, even with modern molecular tools, field evaluations of germplasm with these sources of BRR resistance are currently undertaken.
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FIGURE 5. Parental phenotypes of the (A) BRR infected and susceptible YZ; and (B) the BRR infected and resistant BM13H infected seedlings 25 days after germination in soil with BRR spores. Bars = 2 cm. Adapted from Wilson et al. (2021) and is licensed under CC BY 4.0.





HOST PLANT RESISTANCE TO INSECTS AND ARTHROPODS

Cotton is vulnerable to a number of pests that impact fiber quality and yield (Matthews, 1989). Despite the success of integrated pest management (IPM) practices (Wilson et al., 2018), chemical control is still needed for the effective control of cotton pests. The implementation of GM cultivars for pest control has been successful throughout the industry. This success has been facilitated by constant monitoring of resistance development in the target insects and planting non-GM cotton to allow for the dilution of resistant alleles (Downes et al., 2017). However, pests not controlled by the GM traits have usually emerged as problems, requiring the development and use of resistant germplasm to target these newly emerging pests in order to maintain yields and reduce the quantity and number of chemicals applied to the crop (Trapero et al., 2016). The CSIRO cotton breeding program has seen success in host plant resistance (HPR) to insects and arthropods, targeting two-spotted spider mites and silverleaf whitefly (SLW) (Egan and Stiller, 2022).


Silverleaf Whitefly

Silverleaf whitefly is an important pest to cotton (Miyazaki et al., 2013) found across all major cotton regions in Australia (Hall et al., 2012). SLW excrete sugars that cause honeydew contamination on the lint and result in a downgrade of quality and price received by the grower (Venugopal Rao et al., 1989; Hequet and Abidi, 2002). The control of SLW is expensive and difficult and will be reliant on HPR traits to be controlled. The okra leaf shape has been shown to provide morphological resistance to SLW. Cotton genotypes that are okra-leafed host fewer SLW than normal-leafed genotypes, as the okra leaf shape provides a less desirable environment due to the more open canopy (Butler et al., 1988; Chu et al., 2002). In addition to the okra-leaf trait, glabrous (no leaf hair) has also been identified as a constitutive morphological trait conferring resistance to SLW. Cotton genotypes with very smooth (glabrous) leaves harbor less SLW than moderately hairy leaves (Butter and Vir, 1989; Butler et al., 1991). Breeding efforts are now focused on incorporating both the okra leaf shape and the glabrous trait into elite backgrounds (Miyazaki et al., 2013).



Two-Spotted Spider Mite

Two-spotted spider mite (Tetranychus urticae Koch) (TSSM) is a secondary pest of cotton (Miyazaki et al., 2012). TSSM are a sucking pest and ultimately reduce the photosynthetic capacity of the leaves by sucking out the contents of the mesophyll cells (Figure 6). Reduced yield and fiber quality are often observed from TSSM infestations (Wilson, 1993). Although TSSM is considered a secondary pest of cotton, the introduction of GM cotton cultivars has seen the prevalence and incidence increase across the industry (Wilson et al., 1998). The chemical control of TSSM is relatively expensive and can select for resistance in the mite populations. Exploiting host plant resistance traits to TSSM is a current breeding target for the program and novel germplasm with resistance is now part of the commercial breeding pipeline (Miyazaki et al., 2012, 2015). Our breeding efforts show that the incorporated TSSM resistance has remained high across consecutive backcross generations when compared to commercial controls (Figure 4).


[image: image]

FIGURE 6. (A) Susceptible (Sicot 714B3F recurrent parent) and (B) resistant two-spotted spider mite cotton germplasm from the CSIRO cotton breeding program (Photos: Lucy Egan). (C) Progress of breeding mite resistant germplasm showing that as backcross (BC) generation number increases mite resistance scores have remained lower than the susceptible recurrent parent, Sicot 714B3F, and relatively stable. Data from C. Trapero, used with permission.
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FIGURE 7. Network architecture of the HairNet deep learning model to score cotton leaf hairiness. HairNet consists of four main parts. First a leaf surface images are passed through a Data Augmentation module (A) that augments each image by applying a variety of image processing techniques. Processed images are then passed to a Feature Extraction Network (B) that extracts discriminative visual features from the image representation. Extracted visual features are then passed to a simple Classification Neural Network (C) that assigns each input image to a specific leaf hairiness score. Raw scores are then processed by the Leaf Hairiness Scoring module (D) which generates three accuracy metrics for scoring cotton leaf hairiness. Adapted from Rolland et al. (2022) and is licensed under CC BY 4.0.





ABIOTIC STRESS RESISTANCE

Abiotic stressors are the primary cause of crop loss worldwide (Boyer, 1982), and despite the challenge of their genetic complexity and interactions with the environment are a foci of plant breeding efforts (Gilliham et al., 2017).


Water Stress Tolerance

The future of the cotton industry and its potential to expand into additional rainfed summer cropping regions, requires the identification and development of cultivars that can remain productive despite periods of water stress. The initial focus of the CSIRO rainfed cotton breeding program was to target cultivar yield potential by undertaking early generation breeding and selection under fully irrigated conditions and evaluating advanced germplasm under rainfed conditions. However, in the mid-1990s a renewed focus on direct breeding and selection under water limited conditions was initiated. While this focus concluded that selection under dryland conditions would be beneficial and significant cultivar × water interactions occurred, this interaction varied with site; suggesting considerable environmental interactions in terms of rainfed performance with respect to amount and timing of rainfall (Stiller et al., 2004). It was also determined that under the variable rainfall environment that characterizes the Australian rainfed cotton production system, the phenotypic plasticity of later maturing cultivars provides a yield advantage (Stiller et al., 2004). As such, after a period of incorporating selection under rainfed environments, the program has again moved away from early and mid-generation evaluations and selection under rainfed conditions. However, due to the highly variable rainfall environment in the Australian cotton growing regions, the CSIRO cotton breeding program now employs a Managed Stress Environment protocol. This protocol applies irrigation water to rainfed breeding experiments in very dry years to better match our breeding environment with our testing environment (Conaty et al., 2018).

In addition to breeding and selecting for yield under water limited conditions, the CSIRO cotton breeding program has also invested research into identifying physiological traits conferring water stress tolerance and water use efficiency. Studies investigating leaf level gas exchange parameters and carbon isotope discrimination (Δ) concluded that these physiological traits are limited due to lower heritability than yield when measured under the same environmental conditions (Stiller et al., 2005). The use of canopy temperature from fixed infra-red sensors, a tractor-based phenotyping platform and from unmanned aerial vehicles (UAV) for the identification of water stress tolerant germplasm concluded that the measurement was not useful in a commercial cotton breeding program. This decision was based on issues with scalability, the inability to resolve genotype differences and lower heritability than yield. The pragmatic approach of testing technologies and discontinuing these where no commercial benefit can be realized is highlighted by research undertaken with respect to Δ and canopy temperature. Presently, more fundamental research is progressing to understand water conservation traits by the response of cotton water use (transpiration) to atmospheric (vapor pressure deficit, VPD) and soil water availability (fraction of transpirable soil water, FTSW). While Broughton and Conaty (2022) showed that there is genetic variation to the limiting transpiration at VPD trait, yield performance under limited water conditions is not improved in cultivars with the limiting transpiration trait at high VPD environments. Future research will explore the effect of the FTSW on transpiration and crop performance under limited water scenarios, as well as linking these traits and their physiology with the transcriptome and metabolome. This will then be used to identify a list of candidate genes that underpin water conservation traits that may be used to improve prediction accuracy of a rainfed genomic selection (GS) model.



Heat Stress Tolerance

Despite cotton’s origin in warm, semiarid climates, efforts to maintain and improve cotton yields are expected to be hampered by high temperature stress (Bange et al., 2016). Subsequently, improving cotton’s thermotolerance has become an objective of the CSIRO cotton breeding program. Historically, research efforts were undertaken to screen diverse genotypes for heat tolerance, taking a multi-level approach from yield through to plant architecture, leaf-level gas exchange and cellular membrane integrity and biochemistry (Cottee et al., 2010). This research also developed a controlled environment screen which was scalable to the identification of parents for controlled crossing, but not useful in segregating breeding populations (Cottee et al., 2012). The molecular changes associated with the physiological performance and heat tolerance of cotton cultivars was also identified, with the aim of using this information to aid breeding for improved performance in warm and hot field environments (Cottee et al., 2013). More recently, Jaconis et al. (2021) refined a triphenyl tetrazolium chloride (TTC) based enzyme viability test following high-temperature stress to be used to identify vegetative heat tolerance phenotypes. Current research is assessing the potential gains in thermotolerance through concurrent selection of superior phenotypes based on this assay and yield performance in hot environments. Additional studies have also investigated the effect of high temperatures on pollen viability. These studies concluded that while pollen viability is affected by high temperatures (>39.5°C) and that there is genotypic variability in pollen thermotolerance, this genotypic variability has a limited effect on fruit retention as high fruit retention rates can be maintained at very low pollen viability. Furthermore, as cotton is indeterminate and produces many more flowers and pollen than required, in a breeding target environment characterized by short-term heat waves, pollen thermotolerance provides little advantage. It is concluded that carbon availability is the likely limitation on fruit retention under high temperature stress.



Sodium Tolerance

Soil sodicity is one of the major soil constraints in Australian cotton production causing yield reduction of up to 20% (Rochester, 2010). The CSIRO cotton breeding program has developed research approaches to deliver sodicity tolerant cotton. Observations of differences in leaf Na concentration and K/Na ratio between G. hirsutum and G. barbadense germplasm led to the hypothesis that a leaf Na exclusion trait would secure better nutrition status of plants, and subsequently better nutrient use efficiency in sodic soils (Rathert, 1982; Liu S. et al., 2020). Liu S. et al. (2015) demonstrated the importance of a few QTLs with large effects controlling leaf Na concentrations and the K/Na ratio, despite their heritability being moderate. Leaf K and P concentrations were also negatively associated with leaf Na concentration. Breeding efforts have aimed to reduce leaf Na concentration by introducing a low leaf Na trait of G. barbadense into elite cultivars via backcrossing. Several high performing breeding lines with low leaf Na concentration were developed with outstanding yield and fiber quality properties (Liu S. et al., 2020). These results also support the neutrality of low leaf Na trait on agronomic performance but likely beneficial effect on nutrient use efficiency of K and P. The low leaf Na concentration was found to be associated with high Na in roots, therefore, the trait can drive Na redistribution so that more Na is sequestered in roots while maintaining low Na in leaf and plant canopy. Breeding efforts transferring the low leaf Na trait in elite cotton germplasm is ongoing.




THE FUTURE IS NOW!

Plant breeders alike are faced with the challenge of producing new cultivars that will perform under future production systems. While gains have and continue to be made through traditional plant breeding principles and techniques, modern breeding technologies continue to be developed and adopted in breeding programs. As such, commercial plant breeding operations require, and are ripe for transformative change. It is expected that when combined with traditional plant breeding, these novel techniques and importantly their integration, will improve selection accuracies and enable increases in the rate of genetic gain. Through the integration of GS, gene editing, phenomics and GM traits for yield enhancement with our existing largely traditional, field-based phenotypic breeding program, the CSIRO cotton breeding program is focusing its efforts on transforming our breeding program to harness these technologies and meet the challenges of the 21st Century.


Genomic Selection

Molecular markers are an essential tool for mapping, cloning and introgression of genes underlying agronomic traits. The efficacy of map-based gene identification and cloning depends on the resolution of genetic maps constructed using genome-wide markers (Zhu et al., 2017). We have initiated genome-wide identification of single nucleotide polymorphisms (SNPs) in cotton using transcriptomic data and complexity reduced DNA sequences before a whole genome cotton sequence was available (Zhu et al., 2014). A portion of the identified SNPs were used in generation of CottonSNP63K (Hulse-Kemp et al., 2015). We have used this SNP chip and whole genome resequencing in mapping and cloning of several cotton genes responsible for important agronomic traits, including disease resistance, as well as in genome-wide association studies and genomic prediction (Zhu et al., 2015, 2018, 2020; Ellis et al., 2016; Gapare et al., 2017; Liu X. et al., 2020; Wilson et al., 2021). Diagnostic SNP markers for multiple traits are now routinely used in the CSIRO’s cotton breeding program.

Genomic selection (GS) was proposed as a molecular based breeding strategy utilizing quantitative genetic methods to assist breeding (Meuwissen et al., 2001). At its core, GS requires a training population of thousands of plants with both genotype and phenotype data. Based on the training population, a high dimensional regression model (Wang et al., 2018) is used to study the genotype and phenotype relationship. Then on a test population with only genotype data available, the models built using the training population were used to predict the genomic-estimated breeding values (GEBV) of the target traits. One assumption behind GS is that the genome-wide marker set used in the study should be able to be in close linkage disequilibrium with quantitative trait loci (QTL), so that the accuracy prediction accuracies of breeding values can be acquired without knowing the exact position of QTL. Because of the advances in next generation DNA sequencing techniques, acquiring a high-density marker set has become feasible and cheaper than phenotyping, which promotes GS to be applied in various crop species including wheat (Poland et al., 2012; He et al., 2016) and rice (Spindel et al., 2015).

The application of GS on cotton is still under development. Only a few pilot studies have been focused on demonstrating that genomic prediction models can provide accurate prediction to fiber qualities based on experimental crosses (Islam et al., 2020; Liu Y.-H. et al., 2020). In CSIRO, we have conducted two studies using real breeding materials collected from the CSIRO cotton breeding program. Gapare et al. (2018) evaluated performance of five Bayesian regression models on a small historical data set of 215 breeding lines with phenotypes collected over multiple locations. They found that the prediction models provided good prediction accuracy for fiber length. Li et al. (2022) conducted genomic prediction analysis on a full range of fiber quality traits and yield related traits based on a larger data set of 1385 breeding lines. They concluded that (i) the prediction accuracies were in line with the heritability of the traits, (ii) inclusion of the pedigree information into the genomic prediction models helped improve the prediction accuracies, and (iii) the importance of training population design. They also highlighted the potential challenges of modeling of multiple year and trial data, and the importance of integrating environmental data such as meteorological data into the prediction models (Crossa et al., 2021).

The routine deployment of GS into the CSIRO cotton breeding program will require additional research. We will target the implementation of GS to the single plant selection (SPS) stage of the breeding pipeline (Figure 2). We believe that this will optimize the outcome of selection and minimize the use of resources by targeting a stage in the breeding pipeline where phenotype accuracy is lowest and genetic variability highest, ultimately providing the most impact to GS. The prediction accuracies of the genomic prediction models on different traits need to be carefully evaluated, and compared to their counterparts in phenotypic selection, to determine a list of traits where the GS might be preferable over the conventional phenotyping approach. Another important element in the deployment of GS is training population optimization. Evidence has shown that using material in the training population that is closely related to material in the test population could lead to better predictive performance.

Further development of our GS model aims to incorporate high-resolution climate data as additional co-factors to enhance the model’s predictive power, as well as evaluating novel methods for modeling gene–environmental interactions. Another interesting direction is to adopt a multiple trait predictive model (Cheng et al., 2018) to simultaneously analyze multiple correlated phenotyping data. An additional aspect of future work incorporating co-factors to enhance genomic prediction accuracies is omics-guided genomic selection (OGGS) or gene-based breeding (GBB) (Zhang et al., 2020). OGGS for breeding specific traits holds the potential to tie deep-domain knowledge and understanding of cotton fiber development to accelerate precision breeding. For crops like maize, such approaches are helping advancing breeding of complex traits (Schrag et al., 2018; Azodi et al., 2019). In cotton, specific focus of targeted GBB has also progressed in accuracy of prediction (Liu Y.-H. et al., 2020). In this approach a list of differentially expressed genes (DEG) were compiled that related to fiber length, and about 200 SNPs were detected. This bi-parental population study revealed high prediction accuracies (up to 0.8) for fiber length. At CSIRO we are exploring the feasibility of OGGS and GBB with a focus on specific traits, including use of gene-networks that provide insights into key controlling clusters of genes that work together to create the unique cell walls of cotton fiber (MacMillan et al., 2017).

Extracting DNA material from plants at the earliest stage possible is not a new concept. It has been demonstrated that accessing embryo tissue within a plant seed was achievable and could generate DNA quantity and quality compatible with downstream analysis in maize (Papazova et al., 2005) or barley (von Post et al., 2003). The current development of such techniques in the CSIRO cotton breeding program is focused on feasibility and scalability. It is important for the technique developed to be non-destructive and to allow for plant growth and development after DNA extraction from the embryo. Zheng et al. (2015) demonstrated that this can be achieved in cotton and ensured high viability of cotton seeds. For this technique to be operable in a high throughput setting such as cotton genomic selection, it should be paired with genotyping and provide opportunity for automation. Plant seed comes in a diversity of shapes and forms, the technical aspect of the methodology is being designed, calibrated, and tested for cotton seed. Automation of the process, via DArT laboratory robotics (Diversity Arrays Technology, Bruce, ACT, Australia), enables the reproducibly and quality required for reliable next generation sequencing analysis scale. Current results shows that automated cotton seed drilling can produce quality DNA on a scale required for the deployment of GS and trait introgression.



Gene Editing

Gene editing is a genetic engineering technology that allows targeted deletions, insertions, and other sequence alterations to be made at specific locations in the genome (Paterson et al., 2012; Li et al., 2014; Chen et al., 2020). As the editing machinery is either not integrated or can be segregated away from the alterations, plants produced using gene editing in many jurisdictions are considered equivalent to natural or induced mutations, so are non-GM and are not regulated (although this varies from country to country). Provided the target gene is known, this allows precise gene knockouts or even amino acid substitutions in an enzyme, for example, to change enzyme kinetics or substrate specificity and alter the biochemical makeup of a plant. Changes in plant gene regulatory sequence can also alter expression levels or tissue specific expression of any particular gene, so the possibilities for remodeling the genetic architecture of crops are endless. OGGS and GBB prediction-based methodologies are likely to provide potential targets for gene editing. In a breeding context, it may be possible to edit multiple favorable alleles for different agronomic traits directly in elite material. It may also be possible to re-engineer an endogenous disease resistance gene in a commercial cultivar to be identical to an alternate form found in a wild relative with resistance. This process would circumvent the long and involved process of trait introgression for disease resistance.

We are applying gene editing in several ways in cotton, both to identify the underlying genes conferring resistance to several pests and pathogens (to allow for more robust protection of our Intellectual Property through patents and to aid marker assisted selection – see section “Host plant resistance to insects and arthropods”) but also to generate new disease resistance traits by modifying the natural resistance mechanisms already present in cotton. For instance, using gene editing, we have generated a library of mutants with mutation(s) in individual isoforms of the miR482 family, which are predicted to regulate ∼15% of cotton nucleotide binding leucine-rich repeat receptors (Shen E. et al., 2020). These are currently under evaluation for novel combinations that confer resistance to our key cotton pathogens. The practical implementation of gene editing would be applied to the CSIRO cotton breeding program either at the end of the breeding process in elite cultivars, or alternatively at the start of the breeding process in germplasm identified as parents.

As gene editing requires knowledge of the target gene, knowledge of gene pathways leading to desirable phenotypes of the traits of interest are vital when deploying gene editing. The CSIRO cotton breeding program has invested in understanding these genetic pathways in a range of cotton fiber development studies. This includes cellulosic structural properties such as cellulose microfibril crystalline and paracrystalline fractions (Martinez-Sanz et al., 2017). Driving fiber development is an extensive set of genes, many of which are cell wall related. Transcript analysis of fiber through development, between species and of different tissue types (Tuttle et al., 2015; MacMillan et al., 2017) is providing a rich mine of information not only about the genes but the pathways and networks involved in controlling cotton fiber quality properties. Mining such cotton fiber gene-networks provides insight into key controlling clusters of genes that work together to create the unique cell walls of cotton fiber. This information will be used in the development of fiber improvement strategies, not only gene editing, but also GS and GM.



Phenomics

The success of the CSIRO cotton breeding program can in part be attributed to its ability to accurately collect and analyze large quantities of specific phenotype data obtained under commercially relevant cultivation and management conditions, at the scale required by a commercial breeding program. The phenotype data that the program collects is currently centered around fiber yield, commercially important fiber quality parameters and disease resistance. The selection of lines based on these phenotypes has served the breeding program well. However, some phenotypes such as disease resistance are based only on qualitative assessments and fiber quality is restricted to the physical characteristics of the fiber rather than its composition, which may limit the ability to genetically predict fiber traits. Seed fiber yield, the most important trait, is only a single value that is the outcome of a integration of a complex web of parameters (Conaty and Constable, 2020), which precludes facile genetic prediction. Therefore, we see the need for the measurement of additional “novel” phenotypes through crop phenomics that can quantify a range of traits that have previously been either too difficult to quantify, or to obtain at scale (Atkinson et al., 2018; Crossa et al., 2021). One promising avenue is the use of hyperspectral/multispectral/thermal/digital cameras to capture data from many environments and stages of crop development. This data can be used to measure additional commercially relevant agronomic traits of interest, either at scale, accuracy or cost that traditional phenotyping is unable to achieve, enabling new breeding strategies to target these new traits of interest. These complex traits include crop water use, crop biomass development and photosynthetic capacity and yield components. These traits have all been identified as pathways to future yield progress in the CSIRO cotton breeding program and the addition of these new phenotypes will provide for a more fine-tuned selection of individuals in the breeding process.

The major application of these new phenomics tools to the breeding process is through the use of multi-trait analyses which improve the prediction accuracies of genomic estimated breeding values when the genetic and residual correlations are considered in the modeling process (Crossa et al., 2021). Because these genomic models take multiple traits and environments into consideration, along with interactions, they may be used to identify and exploit the correlations between different variables and for the differentiation of various effects. The integration of multi-trait genomic models with environment data and their interactions are likely to improve the accuracy of genomic prediction models and enable more specific breeding strategies for defined environment landscapes. These models can also be applied to the prediction of genotype performance in untested environments based on traits measured in alternative tested environments, and the prediction of costly or difficult to measure traits across all environments of interest (Crossa et al., 2021).

The successful deployment of GS in a commercial breeding program will be underpinned by an overhaul of the scale and accuracy of phenotypic data being captured and analyzed (Bhat et al., 2016). Over the past decade, computer vision and machine learning have developed and approaches such as deep learning have revolutionized the amount of data which can be processed, going far beyond what humans can meaningfully understand (Krizhevsky et al., 2012; LeCun et al., 2015; Chai et al., 2021). The number of studies using deep learning to extract valuable information from crops and horticulture imagery or image-like data (e.g., LiDAR) is rapidly expanding, in particular around crop classification, weeds or disease detection, and fruit counting (for review, see Kamilaris and Prenafeta-Boldú, 2018). Recent examples also include several studies quantifying stomata in different species, and state-of-the-art cereals biomass prediction from LiDAR data (Fetter et al., 2019; Zhu et al., 2021; Pan et al., 2022).

In cotton, deep learning has already been applied to detecting seedlings (Jiang et al., 2019), flowers (Jiang et al., 2020), bolls (Xu et al., 2021), leaf lesions (Caldeira et al., 2021; Liang, 2021), segmenting roots in soil (Shen C. et al., 2020), and identifying seeds from different cultivars (Zhu et al., 2019; Wu et al., 2021). Whilst these studies are encouraging and highlight some of the cotton traits and characteristics which can benefit from deep learning approaches, the accuracy and scale of the methodologies developed so far are not compatible with, and practical enough for, a commercial breeding effort. In an effort to build solutions designed to be used in a large breeding program, we have recently developed HairNet (Rolland and Farazi, 2021; Rolland et al., 2021, 2022). HairNet is a deep learning computer vision tool which replaces the visual scoring by expert breeders of cotton leaf hairiness, a trait linked to fiber yield, economical value, and insect resistance (Figure 4). When scoring a mixed population of glasshouse and field plants, HairNet reaches an accuracy of 89% with one image per leaf, or 95% with several images per leaf (Rolland et al., 2022). This accuracy can be pushed to 100% when scoring leaves of glasshouse-grown plants only (Rolland et al., 2022). The high accuracy of HairNet across environments and seasons demonstrates the value of a method which is operator- and weather-independent, and which produces imagery that can be revisited through time or for other purposes. Further efforts are needed to broaden the scope of phenotypes being captured in the field and at scale, to inform GS and breeding decisions. The CSIRO cotton breeding program is currently focusing on quantifying soil-borne diseases in the field, with yield and radiation-use efficiency identified as additional high-value targets.



Genetically Modified Traits for Yield Enhancement

The success of GM traits for herbicide and insect management in cotton is well established. While we expect continued progress in this area, GM traits for enhanced productivity have been difficult to achieve. One example of a successful commercial launch of this technology is Bayer’s DroughtGard hybrid corn expressing a bacterial stress tolerance gene (Adee et al., 2016). However, this GM trait is not a silver bullet and only helps mitigate some of the yield losses experienced by farmers during droughts. An example being pursued in cotton is to identify target genes for GM that could improve carbon fixation under heat stress. As photosynthetic carbon assimilation underpins crop yield (Long et al., 2015; Sharwood, 2017), improving photosynthetic capacity has been highlighted as an area of interest for cotton breeding and development (Conaty and Constable, 2020). A key focus in the field of crop photosynthetic thermotolerance is Rubisco, the enzyme responsible for catalyzing the carboxylation or carbon fixation reactions of photosynthesis. Screening is currently underway in the cotton breeding program to identify potential candidates for photosynthetic improvement among the cotton cultivars and wild species of Gossypium. This long-term research is currently screening for superior Rubisco catalytic properties including increased catalytic speed, improved affinity for CO2 and an elevated specificity for CO2 as opposed to O2 (Sharwood and Bange, 2019), as well as identifying Rubisco activases with greater resilience at high temperatures. To date, wild species with origins in hot, dry climates have been identified with improved photosynthetic properties under heat stress. Further research is underway to determine photosynthetic traits that confer heat and drought tolerance to photosynthetic processes. Opportunities may also exist to identify germplasm with traits that improve mesophyll conductance. However, mesophyll conductance is a difficult to measure, complex trait controlled by many genes and environmental factors (Evans, 2021; Lei et al., 2021). Due to the incompatibility between cotton cultivars and many distantly related Gossypium species, photosynthetic trait transfer is likely to rely on synthetic biology approaches, of which are being investigated (Sargent et al., 2022).




MEETING THE CHALLENGES OF THE 21ST CENTURY

Farmers are arguably the primary customers of all commercial plant breeding programs. Therefore, the challenges facing plant breeding programs are directly aligned with those challenges faced by producers. Put simply, plant breeding must assist farmers to maintain profitability in the face of rising costs of production, climate change and diminishing land availability, as well as altered social license and expectations.

Historically, substantial progress has been made in cotton breeding using traditional breeding techniques, which have continued to evolve as once novel techniques (e.g., marker assisted selection and GM traits) became routine. While we expect continued progress using these tried and proven techniques, to meet the challenges facing cotton breeding in the 21st Century, there is an imperative to deploy new technologies to assist in accelerating the progress of plant breeding. To ensure research impact is achieved, these technologies must be incorporated into traditional phenotypic breeding programs, enabling an increase in “data-driven breeding” capability. We believe that our largely traditional phenotypic breeding program will be enhanced with the addition of modern data-driven breeding techniques that harness the value of complex datasets through integration using algorithmic approaches.

With the rise of new breeding technologies and massive, complex datasets encompassing genetics, season-long quantification of the plant and its environment, some of the “art” of plant breeding is likely to be replaced by forms of artificial intelligence. The CSIRO approach to future cotton breeding is to use algorithmic approaches to integrate and prioritize the diverse streams of our research portfolio into the breeding process, that we call “Pathfinder” (Figure 8). Performance-based prediction algorithms and genotype data are the keystone of Pathfinder as they allow both the prediction of important traits via genetic estimated values, as well as the ability to determine which phenotypes and environmental variables are important to the prediction accuracy of the algorithm. Data from different plant phenotypes or environmental variables that improve prediction accuracy are prioritized over those that have minor or negative effects. Progress can be monitored by both changes in genetic gain and prediction accuracy for different traits over time. The remaining art of the breeder is in selecting both parents for crosses and progeny to find the right optimal settings for different traits to meet specific environments and market opportunities and to perform the necessary validation of the selected lines under commercial field and management environments.


[image: image]

FIGURE 8. Pathfinder: A conceptual framework for how the CSIRO cotton breeding program aims to meet the challenges of the 21st Century. The traditional breeding operations of (1) Parent selection; (2) Crossing; (3) Evaluation and selection; (4) Cultivar release (all highlighted in green) form the foundation of the program. The CSIRO cotton breeding program will augment this traditional breeding process through the deployment of the new breeding technologies of genomic selection, genetically modified traits, and gene editing (highlighted in blue). Complex datasets encompassing genomics (including omics-guided genomic selection, OGGS, and gene-based breeding, GBB), season-long quantification of the plant (i.e., phenomics, including computer vision and machine learning, CV/ML, based phenomics, and panomics) and its environment will be integrated into genomic selection using algorithmic approaches.


Finally, it must be acknowledged that breeding technologies alone will not solve the challenges facing cotton breeding in the 21st Century. If these challenges are to be met, breeding programs must develop/maintain strong commercial relationships, a business development focus, long-term vision, and a willingness to test and adopt advantageous new technology combined with an equal willingness to drop technologies that provide no/minimal impact. The amalgam of these characteristics will ensure the challenges facing plant breeders in the 21st Century will be overcome.
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Marker-assisted selection (MAS) helps to shorten breeding time as well as reduce breeding resources and efforts. In our MAS program, we have targeted one of previously reported LD-blocks with its simple sequence repeat (SSR) marker(s), putatively associated with, at least, four different fibre quality QTLs such as fibre length, strength, micronaire and uniformity. In order to transfer targeted QTLs from a donor genotype to a cultivar of choice, we selected G. hirsutum donor genotypes L-141 and LN-1, possessing a fibre quality trait-associated LD-block from the chromosome 7/16. We crossed the donor lines with local elite G. hirsutum cultivars ‘Andijan-35’ and ‘Mekhnat’ as recipients. As a result, two segregating populations on LD-block of interest containing fibre QTLs were developed through backcrossing (BC) of F1 hybrids with their relative recipients (used as recurrent parents) up to five generations. In each BC and segregating BC1-5F1 populations, a transfer of targeted LD-block/QTLs was monitored using a highly polymorphic SSR marker, BNL1604 genotype. The homozygous cultivar genotypes with superior fibre quality and agronomic traits, bearing a targeted LD-block of interest, were individually selected from self-pollinated BC5F1 (BC5F2–5) population plants using the early-season PCR screening analysis of BNL1604 marker locus and the end-of-season fibre quality parameters. Only improved hybrids with superior fibre quality compared to original recipient parent were used for the next cycle of breeding. We successfully developed two novel MAS-derived cotton cultivars (named as ‘Ravnaq-1’ and ‘Ravnaq-2’) of BC5F5 generations. Both novel MAS cultivars possessed stronger and longer fibre as well as improved fibre uniformity and micronaire compared to the original recurrent parents, ‘Andijan-35’ and ‘Mekhnat’. Our efforts demonstrated a precise transfer of the same LD-block with, at least, four superior fibre QTLs in the two independent MAS breeding experiments exploiting different parental genotypes. Results exemplify the feasibility of MAS in cotton breeding.

Keywords: QTL, SSR markers, traits, fibre, Gossypium hirsutum, marker-assisted selection


INTRODUCTION

The main goal of breeding programs is to mobilize genes from a donor genotype into an elite cultivar parent. Although traditional breeding methods showed efficiency in transferring a single gene/trait, it has limitations in the targeted-mobilization of multiple genes, regulating the complex quantitative traits (Abdurakhmonov et al., 2011). In particular, breeding of cotton cultivars with superior fibre quality is conventionally challenging because of multigenic regulation of quantitative trait loci (QTLs) for fibre quality as well as the existence of negative correlation among fibre quality traits, largely affected by a linkage drag (Lewis, 1962; Abdurakhmonov et al., 2008, 2009; Ijaz et al., 2019). In addition, the development of new cultivars using traditional selection methods is costly as well as time and resource-consuming task (Kushanov et al., 2021). To overcome these, DNA-based molecular markers are used in genetics and plant breeding to transfer traits of interest in a targeted manner, which is referred to as molecular breeding or marker-assisted selection (MAS; Abdurakhmonov, 2002; Collard and Mackill, 2008; Kushanov et al., 2021).

The molecular markers, based on the differences in the genetic material (DNA) sequence and closely located by a trait of interest, have evolved because of availability genetic sequence data. Molecular markers vary on types of genetic structure of DNA sequence and detection methods used to generate and record the polymorphisms between genotypes of interest (Collard et al., 2005; Amiteye., 2021). DNA markers associated with genomic regions of interest allow breeders to select plants early stage of plant growth based on a marker genotype rather than a phenotype that may get expressed later in plant vegetation. In particular, DNA markers are very useful and convenient for major QTLs, which are challenging task, if assessed by phenotypic evaluations during the course of breeding process. Therefore, DNA-based molecular markers and QTL-mapping results have become useful to find genome composition of interest (Tanksley et al., 1989). Usually, the targeted chromosomal segments of donor parents carry also undesirable traits along with a trait of interest. Because of power of trait-marker linkage association and linkage disequilibrium (LD) decay characteristics of neighbouring DNA markers over the genetic distance, DNA markers are the best instrumental for removing ‘undesired’ chunk of genetic material (linkage drag) coming from donor plant genome (Abdurakhmonov et al., 2008). In this case, DNA markers assist to minimize time to remove undesirable traits from F(n) generations after introducing QTL of interest into the recipient by a sexual crossing. Moreover, wild crops relatives have largely untapped source of desirable traits desirable alleles even with less expressed phenotypes (Migicovsky and Myles, 2017). Those can be identified by DNA markers and mobilized into elite germplasm to create new cultivars with superior phenotypes.

The huge number of QTL-mapping and genome-wide association studies in various cotton species and diverse sets of Upland cotton germplasms (He et al., 2007; Abdurakhmonov et al., 2008, 2009; Zeng et al., 2009; Zhang et al., 2012; Cai et al., 2014; Fang et al., 2014) have provided a portfolio of DNA markers, tightly linked with agronomically important cotton traits (Kushanov et al., 2021). Many QTLs for cotton fibre quality traits were identified for the last two decades through the mapping or association analyses of DNA markers in different populations or germplasm accessions in multiple environments (Sun et al., 2012; Liang et al., 2013; Fang et al., 2014; Shao et al., 2014; Zhiyuan et al., 2014; Said et al., 2015; Ma et al., 2019). However, a low level of functionality of many of these QTLs in different environments or breeding populations (Hugie et al., 2016) reduces their value in practical breeding (Fang et al., 2014). Loci that are detected in multiple environments are called stable and repeatable QTLs; therefore, they are favoured as reliable genetic loci for the MAS programs (Fang, 2018; Paudel et al., 2020). In this context, association studies, exploiting a large number of genotypes with simultaneous analyses of multiple alleles and majority of recombination events of genomic regions conditioning trait of interest, has become a powerful tool to mine stable QTLs for cotton breeding (Abdurakhmonov et al., 2008).

Sequencing efforts of several cotton genomes (diploid A and D, tetraploid AD; Pan et al., 2020) has provided a strong basis for accurate mapping of important QTLs useful for MAS programs. Moreover, genetic mapping in multiple populations using a large number of new generation molecular markers has led to reduce large gaps conventionally caused by the lack of polymorphism in certain complex genomic regions, helping to increase the number of mapped loci, confirm marker order, and increase marker coverage in cotton genome (Ulloa et al., 2017).

The competition for synthetic fibres, the variability of productivity from year to year, and the existence of new requirements for fibre quality due to technological developments in the textile industry continuously demand for novel cotton cultivars with superior fibre quality, fulfilling the industry requirements. The main fibre quality traits include fibre length (FL), fibre strength (FS), fibre uniformity (FU), fibre elongation (FE), and micronaire (FM) value. These are the most important characteristics that affect yarn quality (Yang et al., 2016). The application of MAS for the breeding of fibre quality traits along with yield potential is pivotal in cotton breeding (Li et al., 2016) although there is limited success of molecular breeding of fibre quality traits. To apply MAS tools for the improvement of fibre quality traits of commercially used Upland cotton of Uzbekistan, in this study, we exploited donor genotypes and fibre quality associated LD-block that was mapped using Simple Sequence Repeat (SSR) markers in our previous LD-based association study (Abdurakhmonov et al., 2009). As the result, two novel Upland cotton cultivars have been developed using MAS in a short period, with high fibre quality and agronomic potential. Our results should be helpful to accelerate cotton breeding programs, rapidly and precisely improving coarse fibred Upland cotton cultivars of Uzbekistan and timely responding the demand of national textile industry.



MATERIALS AND METHODS


Plant Materials

Twenty-six donor germplasm accessions bearing LD-block/QTLs of interest were identified in associated mapping studies of Upland cotton germplasm in our previous studies (Abdurakhmonov et al., 2008, 2009). For our MAS program, we have chosen L-141 and L-N1 lines as unique donor parental lines, bearing QTLs for the four important fibre quality traits such as FL, FS, FU, and FM. The local commercial G. hirsutum cotton cultivars ‘Andijan-35’ and ‘Mekhnat’, genetically polymorphic to the donor, were used as recipient parents. These are local cultivars, widely grown by farmers in Uzbekistan, but have coarse fibre compared to the donor parents. In addition, the G. hirsutum elite cultivar ‘Namangan-77’, widely used as a breeding standard in Uzbekistan (Abdukarimov et al., 2003), were used as the control genotype for comparisons of fibre quality improvement. The ‘Namangan-77’ cultivar was also used as the negative control (BC hybrid - lack of QTL allele) for the course of MAS breeding process.

Sexual crosses were performed between ‘Andijan-35’ × L-141 and ‘Mekhnat’ × L-N1. Further, F1 hybrids were backcrossed up to BC5 generations, creating segregating populations on targeted QTL regions. In each BC and segregating BC1-5F1 populations, the transfer of targeted LD-block/QTLs was monitored using the early-season PCR screening of SSR marker (see below section) and the end-of-season fibre quality parameters. Only improved hybrids with superior fibre quality compared to original recipient parent were used for the next cycle of breeding. Subsequently, BC5F1 genotypes of interest were self-pollinated and BC5F2 generation plant populations have been developed. Homozygous cultivar genotypes with advanced for fibre quality, morphological and agronomical traits and bearing a targeted QTL/LD-block of interest were individually selected from BC5F5 population plants based on marker state and trait improvement as described above. More than hundred genotypes, carrying homozygous QTLs, were planted separately in ten meters’ rows as separate families. Breeding was performed based on homozygous state of SSR marker genotype, fibre quality and yield to obtain new ‘Ravnaq-1′ and ‘Ravnaq-2′ cotton cultivars.



Plant Growth and Analysis of Fibre Quality Traits

The seeds of ‘Ravnaq-1’ and ‘Ravnaq-2’ were planted in one location with three replicates in a 90 × 15 × 1 plot scheme along with parental donor genotypes and control cotton cultivar ‘Namangan-77’ in three filed conditions with three replications during 2018 to 2020 years/seasons. Opened bolls from each replicate of all genotypes were individually harvested to analyse agronomic traits as harvesting materials. The traits such as 100 seed weight, and lint percentage were manually analysed in laboratory condition. The major fibre quality traits including FL, FS, FU and FM were measured using the High Volume Instrument (HVI; Uster Technologies, Inc., Knoxville, United States). Fibre quality traits of ‘Ravnaq-1’ and ‘Ravnaq-2’ cotton cultivars with their parent and control genotypes were studied over three years in three biological replications.



SSR Marker Selection, Genomic DNA Isolation and PCR-Screening

We tested several SSR markers from our association study (Abdurakhmonov et al., 2009) in the donor and recipient parental genotypes (Figure 1; Table 1) and have chosen one of highly polymorphic SSR marker - BNL1604 (Figure 1) to use as a molecular tool to monitor the transfer of LD-block associated with fibre QTLs of our interest.
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FIGURE 1. Agarose gel electropherogram of SSR markers in parental and hybrids. Parental genotypes (1 and 2), F1 hybrid (3) and BC generation hybrid (4).




TABLE 1. Putative information on pairwise linkage, map distance, and QTL association of SSR markers in the targeted LD-block.
[image: Table1]

Leaf tissues were collected from all samples, and genomic DNAs were isolated from the frozen leaf tissues using the modified method of Dellaporta et al. (1983). Further, DNA concentrations were diluted in working solution (25 ng/μl) and stored in a refrigerator at −20°C. Amplification reactions were performed in 50 μl volumes containing 4.5 μl 10 × PCR buffer with 1.5 mM MgCl2, 1 μl BSA, 0.5 μl 25 mM of a dATP, dGTP, dTTP, and dCTP mix, 2.5 μl 50 ng/μl of microsatellite marker specific BNL1604 primers pairs (Supplementary Table 1) associated with fibre strength and fibre length, 1 μl of 25 ng/μl template DNA and 0.5 U Taq DNA polymerase (Sigma-Aldrich Chemie GmbH, Eschenstraße, Taufkirchen, Germany).

Amplifications were carried out with an initial denaturation at 94°C for 3 min followed by 45 cycles of 94°C for 20 s, 55°C for 30 s, and 72°C for 50 s. A final 5 min extension at 72°C was then performed. The procedures of PCR cycles were modified intentionally according to amplicon sizes (Abdurakhmonov et al., 2009). For determining PCR product sizes, 3.5% high-resolution agarose (Affymetrix, Inc., Cleveland, Ohio, United States) gel electrophoresis was carried out in 0.5 × TBE buffer. Gels were stained with ethidium bromide. In addition, the samples were run on ABI 3130XL Capillary electrophoresis (Life technologies, Carlsbad, CA, United States) to know the polymorphism between Recurrent and Donor parents, as well as F1 hybrid and ‘Ravnaq’ cultivars using fluorescent labelled BNL1604 (PET)—SSR marker (Figure 2). Microsatellite marker genotyping method (recipient genotype—a donor genotype—b and heterosis genotype—h) developed by Reddy et al. (2001) was implemented.
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FIGURE 2. PCR amplicon separation for BNL1604 marker bands. ABI 3130XL Capillary electrophoresis results showing polymorphism between recurrent (with 121/137 amplicon) and donor [with 102/121 amplicon parents, F1 hybrid (102/121/137 amplicon)] and ‘Ravnaq’ cultivar (with 102/121 amplicon) for BNL1604–SSR marker PCR amplicons.




Statistical Analysis

The variance and statistical analyses (Pearson’s Correlation, ANOVA, Two-Sample T-Test) were performed using the NCSS 2003 package software. The Kruskal–Wallis Multiple-Comparison Z-Value Test was performed to better identify the effects of the QTL allele introgressed by the MAS method. The HVI data obtained on fibre quality traits were analysed statistically according to the Pearson Correlation. The three-year data of fibre length and fibre strength characteristics obtained from each replication were analysed using the ANOVA and a comparative diagram was drawn in GraphPad Prism 8.01 (GraphPad Software, San Diego, CA, United States). Chi-square value (χ2) and broad sense heritability (H2) based on variations of FL and FS were analysed according to Petersen (1994) and Abdurakhmonov et al. (2005), respectively.




RESULTS AND DISCUSSION

As highlighted above, our previous LD-based association mapping study (Abdurakhmonov et al., 2009) have revealed several important SSR markers, which were in pairwise linkage disequilibrium state on the homoeologous chromosomes 7 (At-genome) and 16 (Dt-genome) of the allotetraploid cotton genome. These markers were putatively linked to the important QTLs (Table 1) in various experimental mapping populations. The genetic position of SSR markers associated with, at least, four important fibre quality QTLs (FL, ST, FM and FU) was 8–8.3 cM in chromosome 7 or 0.7–11.9 cM in chromosome 16, which were in a range of the estimated genome-wide LD-decay (LD-block) for cotton (Abdurakhmonov et al., 2008, 2009). This suggested an opportunity to mobilize this LD-block of interest through MAS using SSR marker of choice(s).

Most of fibre QTL-associated SSRs in this LD-block have amplified polymorphic SSR marker bands between donor lines bearing QTL and local cultivars or their hybrids, which were not easily distinguishable (Figure 1) on the commonly used agarose gel electrophoresis. Therefore, we have selected a highly visible polymorphic BNL1604 marker, among others, for our MAS program as the marker of choice to mobilize the targeted LD-block of our interest. Here, it is important to mention that BNL1604 marker showed statistically significant pairwise LD (r2 > 0.1; p < 0.0001) with other fibre quality associated SSR markers in the targeted LD-block of our interest (Table 1). In parental genotypes used for MAS, the BNL1604 SSR primer pairs have amplified three different polymorphic bands of 137 bp, 121 bp, and 101/102 bp. Its 101/102 bp marker band was highly distinguishable polymorphic amplicon between donor (L-141 and L-N1 lines) and recipient (‘Andijan-35’ and ‘Mekhnat’) genotypes (Figures 1, 2).

BNL1604, with 25-times repeated AG dinucleotide motive (AG25) and chosen as a marker of choice to carry MAS in this study, was developed by Brookhaven National Laboratory (BNL)1 in 2000. This SSR locus was widely used for genetic mapping studies (Table 1; Supplementary Table 2) to identify important QTLs in many different cotton species. Marker bands of this SSR was mapped in homoeologous chromosomes 7 and 16 and revealed a putative genetic linkage with FS, FL (Tan et al., 2015; Fang et al., 2021), FM, and FU. In addition, its association with agronomic traits such as lint percentage (LP), fruit branches and wilt resistance (Zhang et al., 2015) were reported in the literature (Supplementary Table 2). Interestingly, in most of the studies, BNL1604 primer pairs amplified two loci with 100/101 bp and 115/116 bp lengths. In our study (Abdurakhmonov et al., 2009), we observed seven marker bands of 101, 116, 120, 132, 134, 140, and 142 bp in G. hirsutum cultivar germplasm accessions. It is worth mentioning that several independent studies have reported somewhat unconcordant results on the size of amplicon bands and their chromosomal locations of BNL1604. For example, Guo et al. (2007) and Zhao et al. (2012) have mapped BNL1604_115 to the chromosome 7, while Wu et al. (2009) observed only BNL1604_116 locus and have located it to the chromosome 16. BNL1604_100 was located to the chromosome 16 (Guo et al., 2007; He et al., 2008; Zhao et al., 2012) while Gutiérrez et al. (2009) located BNL1604_101 to the chromosome 7 (Table 1). Our in-silico PCR analysis, using reference allotetraploid cotton genome, has clearly revealed that BNL1604_102 marker is on chromosome A07 with the DNA position of 89,031,336–89,031,437 (102 bp; data not shown).

To mobilize the LD-block of our interest into the widely-grown Uzbek cotton cultivars, we crossed G. hirsutum donor genotypes L-141 and LN-1 possessing fibre quality QTLs on the chromosome 7/16, with local elite G. hirsutum cultivars ‘Andijan-35’ and ‘Mekhnat’ as recipients. F1 hybrids were backcrossed with their relative recipient genotypes (as recurrent parents) up to five generations to develop segregating populations on targeted QTLs. In each BC and segregating BC1-5F1 populations, segregation of BNL1604 genotype was within range of 1:1 ratio (χ2 ≥ 0.4, p ≥ 0.2; Table 2) of homozygous as recipient versus heterozygous as F1 hybrid genotypes. For example, in the BC5F1 [(‘Andijan-35’ × L-141) × ‘Andijan-35’] and BC5F1 [(‘Mekhnat’ × L-N1) × ‘Mekhnat’] hybrid populations with 188 and 164 plants, the heterozygous versus homozygous marker loci ratios was 96:92 and 78:86, respectively (Figure 3; Table 2). Only improved hybrids with superior fibre quality compared to original recipient parent were used for the next cycle of breeding based on end-of-season fibre quality measurements.



TABLE 2. The major fibre quality traits and genotyping of all MAS generations.
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FIGURE 3. The electropherogram of BNL1604 marker in the BC5F1 (A) and BC5F2 (B) hybrid plants.


Further, to get the homozygous cultivar genotypes, bearing the targeted LD-block/QTLs of interest, heterozygous BC5F1 plants in each combination were self-pollinated, resulting in BC5F2 segregating population for BNL1604 marker loci. In the BC5F2 [(‘Andijan-35’ × L-141) × ‘Andijan-35’] and BC5F2 [(‘Mekhnat’ × L-N1) × ‘Mekhnat’] combinations, 235 and 191 sample DNAs were screened by PCR. The results indicated the ration of 58:116:61 (1:2:1; χ2 = 0.115, p < 0.944) segregation in the combination of BC5F2 [(‘Andijan-35’ × L-141) × ‘Andijan-35’]. In that, 58 plants were homozygous (a) like the recipient parent, 116 samples were heterozygous (h) like the F1 hybrid and 61 samples were homozygous (b) like the donor parent. Similarly, in BC5F2 [(‘Mekhnat’ × LN1) × ‘Mekhnat’] combination, we observed monogenic marker segregation ratio of 44:99:48 (1:2:1; χ2 = 0.424, p < 0.809; Figure 3; Table 2). Genotyping analysis confirmed the stable monogenic Mendelian inheritance of the SSR marker band/LD-block in subsequent generations (1:2:1 segregation ratio with non-significant chi-square indices Table 2).

We also calculated the broad sense heritability (H2) based on variations of two major fibre quality trait data (FL and FS) of parental, BC5F1 and BC5F2 population genotypes of from above-mentioned two hybridization experiment (Table 3). Results revealed that in the cross of ‘Andijan-35’ and ‘Mekhnat’ as maternal parents and L-141 and L-N1 as paternal parents, 70 to 74% trait expression for FS was explained by the genetic variation, while 26–30%- trait variation was environmental. The broad sense heritability for FL was 0.53–0.54 in above combinations of parental lines and their hybrids, demonstrating 54% trait variation observed is explained by genetic loci transferred, while 46% trait variation is explained by environmental factors. Generally, a heritability value <20% is considered low, and a value >50% is considered high (Stanfield, 1983). As expected, most mapped QTLs corresponded to these characteristics with better genetic determination or stable heritability (Said et al., 2015). This showed suitability of the LD-block of our interest, exploited for fibre quality trait improvement using MAS.



TABLE 3. Parameters for the fibre strength (FS) and fibre length (FL) traits in parental. BC5F1 and BC5F2 crosses.
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Further, only homozygous samples for introgressed QTL alleles from the donor genotype were selected from the BC5F2 segregating population of above-described two independent hybridization experiment. Homozygous genotypes from each crossing combinations were bred in separate breeding nurseries, focusing on fibre strength, length and uniformity, as well as other agronomic traits until the BC5F5 generations. As a result, based on the early-season PCR screening of SSR marker locus and the end-season fibre quality parameters in each generation, individual homozygous plant genotypes bearing homozygous SSR marker of donor parent were selected for the next season field studies and consequent seed increasing. From final plant families, two highly homozygous novel lines of BC5F5 [(‘Andijan-35’ × L-141) × ‘Andijan-35’] and BC5F5 [(‘Mekhnat’ × LN1) × ‘Mekhnat’] were selected as the stable MAS-derived cultivars. These novel genotypes have been named as ‘Ravnaq-1’ and ‘Ravnaq-2’, respectively (Figures 4, 5; ‘Ravnaq’ translates as ‘flourishing or advancing’). These new cotton cultivars were then submitted to the State variety testing commission of the Republic of Uzbekistan in order to conduct field trials in different soil-climatic conditions, which are currently underway.
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FIGURE 4. The scheme to obtain the ‘Ravnaq’ cultivar.
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FIGURE 5. Fibre staple lengths (mm) of ‘Ravnaq-1’ and ‘Ravnaq-2’ cultivar compared to controls lines.


Our result showed that ‘Ravnaq-1’, developed by crossing of high-yielded but low fibre quality commercial Upland cultivar ‘Andijan-35’ (recipient) with donor G.hirsutun L-141 line bearing the superior fibre quality QTLs, have acquired new fibre quality QTLs located within the targeted LD-block of interest, which were successfully selected using single BNL1604 marker. The comparative fibre quality analysis of all genotypes in the same environmental growing conditions showed distinct fibre quality characteristics. The ‘Ravnaq-1’ have shown the mean fibre length—1.23 inches and strength—36.8 g/tex. These parameters were significantly (p < 0.0001) lower in the same environment-grown original recipient genotype ‘Andijan-35’, in which the mean fibre length was 1.13 inches and strength—32.7 g/tex. The donor genotype L-141 cotton line had the mean fibre length and strength of 1.25 inches and 40.2 g/tex in the same growing condition, respectively. The negative control ‘Namangan-77’ had the mean fibre length of 1.11inches and fibre strength of 32.0 g/tex. These suggested that in ‘Ravnaq-1’ cultivar development, molecular marker of our choice has effectively selected superior fibre quality loci of the donor. The transferred LD block/QTL region has significantly (p < 0.0001) improved FL by 8.8% and FS by 12.5% compared to its recurrent parent ‘Andijan-35’ (Table 4; Figure 6). Moreover, we observed significant (p < 0.0001) improvement on FM and FU, demonstrating superior quality of MAS cultivar compared to original recipient parent.



TABLE 4. Fibre quality and yield traits of ‘Ravnaq-1’ (A) and ‘Ravnaq-2’ (B) averaged from 2018 and 2020 growing environments.
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FIGURE 6. Comparative diagrams of fibre strength (FS) and length (FL) traits of ‘Ravnaq-1’ (A) and ‘Ravnaq-2’ (B) cultivars. The samples not connected by same letter are significantly different at p < 0.0001 [One-Way ANOVA, Tukey’s HSD (honestly significant difference) test].


We observed similar results of fibre quality improvement in the other crossing combination experiment, where MAS-derived ‘Ravnaq-2’ successfully received novel fibre QTLs from the donor G. hirsutum line L-N1 bearing the LD-block of our interest and expressing a superior fibre quality compared to the recipient Upland cultivar ‘Mekhnat’. The results of fibre quality analysis of ‘Ravnaq-2’ under the same environmental conditions with its donor and recipient genotypes have shown the mean fibre length of 1.20 inches and strength of 33.2 g/tex. These parameters were significantly lower in the recipient genotype ‘Mekhnat’, in which the mean fibre length was 1.11 inches and strength—30.2 g/tex in the same growing condition. The donor genotype L-N1 cotton line had the mean fibre length and strength of 1.21 inches and 39.7 g/tex, respectively. The negative control had the mean fibre length—1.10 inches, fibre strength - 30.0 g/tex (Table 4). The trait improvement (p < 0.0001) in MAS-derived ‘Ravnaq-2’ genotype, by mobilizing the LD-block of interest using BNL1604 SSR marker, was 8.1% for fibre length and 9.9% for fibre strength, showing the genetic power of the novel QTLs (Table 4). The other two important fibre quality traits such as FM (4.39, p < 0.0001) and FU (85.04, p < 0.0001) have also improved compared to recipient parent ‘Mekhnat (4.53 and 83.81).

Further, in both MAS cultivars, we observed no significant changes or subtle but statistically significant improvements on seed and lint percentage traits, mainly acquired from the recipient parent genomes (Table 4). These suggested that MAS cultivars having better fibre quality have also kept some of other key trait parameters of the original recipient cultivars, attributing to the yield and other agronomic performance.

To establish the effect of genetically related QTL allele on fibre length and strength traits in ‘Ravnaq-1’ cultivar., parent samples, hybrids without marker allele (negative control), and standard ‘Namangan-77’ fibre quality parameters were analysed by Kruskal–Wallis Multiple-Comparison Z-Value Test method. According to the results of the analysis, the characteristics of fibre length and strength in ‘Ravnaq-1’ cultivar were significantly different (α = 0.05) from the recipient - ‘Andijan-35’ cultivar., Negative control, and standard cultivar ‘Namangan-77’ (Table 5). Similarly, the Kruskal–Wallis multidimensional comparison analysis results showed that the fibre length and strength parameters of the ‘Ravnaq-2’ cultivar were significantly higher (α = 0.05) than the parent lines and control cultivar genotypes grown in the same environments and/or bread with similar approaches (Table 6). These results have suggested the genetic role of mobilized LD-block/QTLs from the donors in trait improvements of MAS cultivars. Results also demonstrated the feasibility of MAS in the tetraploid cotton genome with a total recombinational length of about 5,200 cM using single or few markers (Abdurakhmonov et al., 2008), provided selection of polymorphic DNA marker from an LD-block of interest.



TABLE 5. Kruskal–Wallis Multiple-Comparison Z-Value Test method fibre length and strength in ‘Ravnaq-1’ cultivar.
[image: Table5]



TABLE 6. Kruskal–Wallis Multiple-Comparison Z-Value Test method fibre length and strength in ‘Ravnaq-2’ cultivar.
[image: Table6]

Statistical analyses were performed using the Pearson method to study the genetic correlations among fibre quality parameters of MAS-derived genotypes of ‘Ravnaq-1’ and ‘Ravnaq-2’. In ‘Ravnaq-1’, a significant correlation (p < 0.001, r = 0.516) between the fibre strength and fibre length was obtained. Fibre strength (p < 0.001, r = 0.549) and fibre length (p < 0.001, r = 0.370) were also found to have a high and moderate positive correlation between fibre uniformity, and a weak positive or negative correlation between these two traits and other quality parameters were identified. Similar results were obtained by Wang X.Q. and others (2013) have shown a high positive correlation between fibre strength, fibre length (p < 0.01, r = 0.69**) and fibre uniformity (p < 0.01, r = 0.62**).

A low-value negative correlation was observed between FM and FL (p < 0.001, r = −0.248), FS (p < 0.001, r = −0.159), and FU (p < 0.001, r = −0.183). Genetic analysis of fibre quality parameters showed a significant high and moderate negative correlation between FM and FL (p < 0.001, −0.850) and FS (p < 0.029, −0.499) in the study of Yaqoob et al. (2016). According to the results of the Pearson correlation analysis, no opposite genetic correlation was observed between all fibre quality traits in the ‘Ravnaq-2’ cultivar at ≤0.05. For example, weak positive correlations were observed between FL and FS, FE and FU. In many other studies, a significant positive correlation between FL and FS and FE, as well as a negative correlation with FM were observed (Patil et al., 2014; Shang et al., 2016). A significant positive correlation was also observed between FS and FE, while a negative correlation was observed with FM. A similar positive correlation between FL and FS were observed in our previous exotic cotton germplasm studies (Abdurakhmonov et al., 2008). All these showed that fibre strength, elongation and uniformity become higher when fibre length is improved. Thus, it can be concluded that the correct correlation between the key fibre QTLs in the MAS-derived cultivars, described herein, is an additive effect of the QTLs and/or a joint effect of genes transferred from the donor genotypes to the cultivars. The positive correlation between lint percentage and FL in our MAS-derived cultivars can also be explained by the fact that the correct breeding approach was carried out in each backcrossed hybrid on FL and lint percentage parameters.

The ‘Ravnaq-1’ and ‘Ravnaq-2’ cotton cultivars were first planted on 26 and 30 hectares of special seed increase farms in the Namangan region. In the cultivation of these cultivars, all agrotechnology measures were taken in a timely manner, which allowed farmers to get the seed cotton yield of 4.1 tons per hectare. In order to conduct field trails on larger areas in 2018, the ‘Ravnaq-1’ cultivar was planted on 500 hectares in the Namangan region, which allowed to obtain an average of more than 4.0 tons per hectare of seed cotton yield in the region. In 2019, the ‘Ravnaq-1’ cotton cultivar was planted in large areas in the Tashkent region, with an average yield of more than 3.6 tons per hectare of seed cotton yield in the region. Moreover, ‘Ravnaq-1’ has been planted in Surkhandaryo and Syrdaryo regions since 2021, and ‘Ravnaq-2’ cotton has been planted on farms and agriculture clusters in the Republic of Karakalpakstan, which is a relatively northern region of Uzbekistan. We observed high yield (3.8 tons per hectare of seed cotton yield) with high fibre quality in Karakalpakstan environment (data not shown). The seed cotton yield of MAS cultivars grown in the farmers field condition was competitive to those widely commercialized Upland cotton cultivars, including the recipient cultivars (average seed cotton yield of Uzbekistan cultivars is in range of 2.6 to 3.6 tons per hectare; data not shown). Some important characteristics of ‘Ravnaq’ cultivars are sown in Supplementary Figures 1, 2. These results demonstrated that novel MAS cultivars, in addition to newly acquired superior fibre quality traits, have competitive agronomic properties for sustainable farming in Uzbekistan.



CONCLUSION

Our research on the use of the first DNA-based MAS in Uzbekistan to improve one or more fibre quality traits in Upland cotton cultivars has proven to be a successful practice that led to the improvement of important fibre quality traits in widely-grown local Upland cultivars. Molecular marker BNL1604, chosen from the specific LD block associated with fibre QTLs along with donor genotypes, identified in our previous associative mapping studies using Upland cotton germplasm, were practically useful for our MAS program. We showed here that the mobilization of novel QTLs using SSR markers is effective to improve the key fibre quality traits such as FL, FS, FU, and FM. New cultivars, ‘Ravnaq-1/Ravnaq-2’, registered in the State Variety Testing Commission of Uzbekistan in 2014–2017 are the first generation of MAS-derived cotton cultivars in Uzbekistan. Our results highlight that LD-block of chromosome 7 with its mapped molecular marker(s) and donor genotypes, used herein, have efficiently helped to precisely and rapidly transfer superior fibre quality QTLs to the commercially grown Upland cotton cultivars, exemplifying the potential of MAS in cotton breeding.
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Supplementary Figure 1 | Some morphological phenotypes of MAS-derived ‘Ravnaq-1’ cultivar.


Supplementary Figure 2 | Some morphological phenotypes of MAS-derived ‘Ravnaq-2’ cultivar.
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Cotton production is challenged by high costs with multiple management and material inputs including seed, pesticide, and fertilizer application. The production costs can be decreased and profits can be increased by developing efficient crop management strategies, including perennial cotton ratoon cultivation. This review focuses on the role of ratoon cultivation in cotton productivity and breeding. In areas that are frost-free throughout the year, when the soil temperature is suitable for cotton growth in spring, the buds of survived plants begin to sprout, and so their flowering and fruiting periods are approximately 4–6 weeks earlier than those of sown cotton. Due to the absence of frost damage, the ratoon cotton continues to grow, and the renewed plants can offer a higher yield than cotton sown in the following season. Moreover, ratoon cultivation from the last crop without sowing can help conserve seeds, reduce labor inputs, and reduce soil and water loss. In this review, the preservation of perennial cotton germplasm resources, the classification and genome assignment of perennial species in the cotton gene pools, and effective strategies for the collection, preservation, identification, and utilization of perennial cotton germplasms are discussed. Ratoon cultivation is the main driver of cotton production and breeding, especially to maintain male sterility for the utilization and fixation of heterosis. Ratoon cultivation of cotton is worth adopting because it has succeeded in Brazil, China, and India. Therefore, taking advantages of the warm environment to exploit the indeterminant growth habit of perennial cotton for breeding would be an efficiency-increasing, cost-saving, and eco-friendly approach in frost-free regions. In the future, more attention should be given to ratooning perennial cotton for breeding male-sterile lines.

Keywords: Gossypium (cotton), heterosis, indeterminate, male-sterile, stub


INTRODUCTION

Cotton is an industrial textile crop and the most widely grown natural fiber crop (Zhang et al., 2022). Excellent varieties are the basis for high cotton yields, especially those developed in the 1990's, when the breeding of Bt cotton saved cotton production, which was almost destroyed by bollworm. This advancement also reduced the use of chemical pesticides, saving both human and material resources and contributing to environmental protection and the ecological balance. It was therefore rapidly promoted and applied in production. However, Bt-transgenic insect-resistant cotton only has a particular effect on some Lepidoptera pests and is not very effective against aphids, sooty mites, and other pests that are currently causing severe damage in production (Bergman, 1985; Silva et al., 2008; Wan et al., 2017). In addition, as labor inputs are higher for cotton than food crops, while the economic efficiency is low, and cotton is planted in drought-affected and saline areas as well as mudflats, the breeding of cotton varieties with multistress resistance has important and far-reaching significance.

Given the narrow genetic basis of high-yield cotton varieties worldwide and their high degree of homogeneity, as well as the controversy over the ecological safety risks associated with genetically modified cotton, it is extremely important to use semiwild lines of cultivated species and wild species, which make up the majority of Gossypium, as germplasm resources to expand the genetic basis of annual cotton varieties (Teravanesyan and Belova, 1970; Wang, 2007; Migicovsky and Myles, 2017). In the future, it will be necessary to utilize the excellent traits of perennial species and their underlying genes.

The high regeneration potential of cotton has long been recognized, with examples of ratoon cotton being grown in Georgia as early as 1786 (Seabrook, 1844). In 1961, Stroman proposed ratooning F1 plants in Peru to harvest more than one crop of F2 seeds (Stroman, 1961). In 1968, Weaver proposed that ratooning male-sterile plants would provide an excellent way to produce F1 seeds (Weaver, 1968). In the practice of cotton breeding, ratoon cotton could be used to extend the time in which germplasms can be utilized for more than one season (Muhammad et al., 2015). In tropical cotton production areas, the most economical way to take advantage of ratoon cotton is to produce hybrid cotton seeds with high quality and low cost by ratooning male-sterile lines because if ratoon cotton is used for lint production in the tropics, its economic benefit is far lower than that of hybrid seed production and even worse than that of cotton sown annually in temperate areas.



PERENNIAL CONSERVATION OF GOSSYPIUM SPECIES AND THEIR CLASSIFICATION

Of the Gossypium species, four are cultivated species and the others are perennial wild species (Figure 1). The basis of cotton breeding is the collection and preservation of genetic germplasms, which provide an essential foundation to improve and sustain cotton production (Zhang et al., 2012a). Specifically, the following extraordinary accessions are required for perennial preservation: (1) wild cotton species with short-day flowering behavior, from which it is hard to obtain seeds (Percy et al., 2014); (2) nullisomic, monosomic, telomeric, trisomic, and translocation lines and other cytogenetic stocks of cotton (Kiranga, 2013), the fruiting rate of which is low and the identification of which is difficult and time-consuming; (3) cotton plants infected by some kinds of pathogens, the status of which should be maintained for a long time for research (Mihail et al., 1987; Seo et al., 2006); and (4) cotton hybrids or backcross generations such as F1, F2, and BC1F1 generations, which can be commonly used for only a year but the generations of which can be repeatedly used over many years through perennial growth (D'Eeckenbrugge and Lacape, 2014).


[image: Figure 1]
FIGURE 1. Classification of ratoon cotton based on cultivars, semiwild species, wild/feral species, and chromosome ploidy. The green boxes show the cultivated species, and the yellow boxes show the wild species.



Global Overview of Perennial Germplasms and Perennial Conservation of Cotton

Worldwide, Gossypium germplasms with different ecological niches have much morphological, agronomic, physiological, and genetic variability that is conserved in situ at centers of cotton origin (Castro et al., 2016) and preserved ex situ with a large number of accessions in eight major countries with extensive cotton germplasm collections, namely Australia, Brazil, China, France, India, Russia, the USA, and Uzbekistan (Abdurakhmonov, 2007; Rahmat et al., 2014; Boopathi and Hoffmann, 2016), attaching great importance to the preservation of perennial germplasms. It is worth noting that more than 20,000 cotton germplasm accessions are preserved in Uzbekistan, making that the most extensive collection in the world. Although cotton is now rarely grown in France, it is commendable that more than 3,000 accessions, including approximately 1,000 wild accessions, are preserved in CIRAD (Coopération Internationale en Recherche Agronomique pour le Développement), a French publicly supported agency that specializes in tropical and Mediterranean agriculture (Campbell et al., 2010).

At present, China, India, and the USA are the three largest cotton-producing countries. Of the ~10,000 accessions preserved in the National Cotton Germplasm Collection (NCGC) of the USA, 581 are wild germplasms. Most of the accessions, including photoperiodic germplasms and perennial accessions, are perennially grown at the tropical Cotton Winter Nursery (CWN) in Tecoman, Colima, Mexico (Wallace et al., 2009; Percy et al., 2014). In India, the bank of the Central Institute for Cotton Research has collected a total of 10,227 accessions, including 26 wild species and 32 perennial forms (Boopathi et al., 2014). Although China is not an origin center of cotton, most of the 8,868 accessions, including 32 wild forms, were collected from China, and 2,236 accessions were introduced from 52 foreign countries. The Sanya National Research Station of Wild Cotton Germplasm, which is located within the tropics of China, has 391 wild accessions that are perennially grown for conservation (Jia et al., 2014). In addition, Mexico, Pakistan, and other cotton-planting countries have also collected many germplasms.



Gene Pools and Genome Assignment of Perennial Gossypium Species

At least 48 species of Gossypium, including 7 tetraploid (2n = 4x = 52) species, 41-45 diploid (2n = 2x = 26) species, and other wild species, originate from arid to semiarid regions within the tropics and subtropics (Wendel and Grover, 2015; Shim et al., 2018; Wang et al., 2018). According to the genetic relationship with upland cotton, all the cotton species can be classified into primary, secondary, and tertiary gene pools. Of the 7 tetraploid species (genome AD), G. hirsutum and G. barbadense are mainly cultivated worldwide, so all tetraploid species are in the primary gene pool. Based on the relative genetic approachability and utility of species to improve G. hirsutum and G. barbadense, 20–21 diploid species (genome A/D/F/B) and 21–24 diploid species (genome C/E/G/K) have been classified into secondary and tertiary gene pools, respectively (Figure 2).


[image: Figure 2]
FIGURE 2. The primary, secondary, and tertiary gene pools based on their genetic relationship with upland cotton. The primary, secondary, and tertiary cotton (Gossypium) gene pools are shown from the inside circle to the outer ring. The farther away the primary gene pool is the further the genetic approachability is from the tetraploids, and the richer the genetic diversity.


Gossypium species with genomic assignments and geographical origins in the primary, secondary, and tertiary cotton gene pools are detailed in Table 1. Responding to the diverse geographic and ecological conditions of frost-free regions, wild cotton species show a broad adaptation range from herbaceous perennial diploid species with a fire-/dry-adapted biseasonal growth pattern in northwest Australia to small cotton trees dropping their leaves to avoid the effects of the dry season in southwest Mexico (Campbell et al., 2010). Therefore, it is widely believed that the extensive genetic diversity within wild cotton increases their opportunities for evolutionary adaptation that reduces their genetic vulnerability to the changing harmful environments (Boopathi and Hoffmann, 2016).


Table 1. Gossypium species with genome assignment and geographic origin in the primary, secondary, and tertiary gene pools.
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Efficient Strategies of Collecting, Conserving, and Characterizing Perennial Cotton Germplasm

Perennial cotton germplasms can be widely collected through exploration in tropical origin centers or via exchange with other gene banks. Perennial cotton can be conserved in situ or in vivo in tropical fields. After harvesting enough seeds, the seeds can be preserved in the gene bank. Moreover, perennial cotton germplasm can be preserved as perennial roots and cuttings via grafting and tissue culture in greenhouses or laboratories. Most traits can be evaluated in tropical areas, and some abiotic or biotic stress responses can be characterized in greenhouses. Molecular biological methods, such as genomics, phenomics, and molecular markers, can be used to improve the efficiency of characterizing perennial cotton germplasms.




RATOON CULTIVATION OF PERENNIAL AND ANNUAL COTTON FOR BREEDING

Both perennial and annual cotton species can be cultivated perennially in greenhouses or frost-free regions, and they should be cultivated by ratooning (Figure 1). Otherwise, yields of unratooned perennial cotton forms are meager. Many studies show that the service life, pesticide and fertilizer usage, stress resistance, and yield stability of semiwild races are better than those of annual species in the ratoon cultivation of cotton (Figure 3), and the annual species could be ratoon cultivated for ~3 years (Evenson, 1970; Plucknett et al., 1970; Chen et al., 2010a,b; Zhang et al., 2020a,b). It is worth noting that ratoon cultivation of hybrids between upland cotton and sea island cotton has been performed, which was helpful for fixing the interspecific heterosis of cotton (Komala et al., 2018a,b,c). The benefits of ratoon cultivation of perennial cotton mainly come from three features: (1) the perennial root system, which can save costs for seed and tillage, shorten the vegetative growth period, and provide monetization from an earlier harvest; (2) the low pruned stem, which can reduce plant height and increase the number of fruiting branches; and (3) infinite inflorescences, which can extend the flowering period and increase boll number and yield (Table 2).


[image: Figure 3]
FIGURE 3. An overview of the seven main advantages of naturally grown semiperennial (semiwild) cotton lines compared to annual cultivars.



Table 2. Experimental evidence for the benefits of ratoon cultivation of perennial cotton.

[image: Table 2]


Perennial Cropping Methods for Ratoon Cotton

The ratoon cropping system achieves increased cotton yield with less labor input and decreases the cost of producing F1 generation cotton seeds (Bergman et al., 1983). Zhang et al. summarized three methods of ratoon cotton cropping systems, including ratooning semiwild cotton used for perennial cropping, ratooning annual cotton cultivars for perennial cropping, and ratooning annual cotton cultivars for biannual cropping (Zhang et al., 2020a). However, there is abundant evidence that failure to control pests effectively can lead to a severe impact on the yield of ratoon cotton (Flint et al., 1980). Although the perennial cultivation of ratoon cotton has declined and is even banned in some countries (Templeton, 1925; Evenson, 1970; Plucknett et al., 1970; Morris, 1973), ratooning for the second fruiting cycle with an increased yield in the same season can be used in areas with closed season legislation and has great potential and prospects in cotton production (Table 3).


Table 3. Comparisons among the three cropping systems of ratoon cotton.
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Key Measures to Obtain a High Yield of Ratoon Cotton

Only the annual branches (new branches formed within 1 year) can produce fruits, so pruning, fertilization for rejuvenation, and other proper techniques to increase sprout formation are particularly important for the second fruiting cycle of ratoon cotton in the tropics (Gutstein, 1969; Reddy and Thimmegowda, 1997a; Azevedo et al., 2000; Chen et al., 2010c; Khader and Prakash, 2014; Vukicevich et al., 2016); pruning time and pruning height are the most critical factors for proper fruiting (Reddy and Thimmegowda, 1997b). Moreover, some practical techniques have been proposed for ratoon cultivation of cotton, including winter management, pest control, fertilization, and hormone regulation, based on experimental results or experience (Sachs and Zilkah, 1985).

The main stems of cotton crops were cut at different heights above ground level after harvest, and the remaining stumps regenerated new shoots at the beginning of the next rainy season to provide ratooned cotton crops (Figure 4). Macharia studied the effect of cutting-regenerated cotton sown after harvest at heights of 5, 10, and 15 cm above the ground and showed that the average kapas yields of the three cultivars were 344.0, 381.3, and 408.7 kg/ha, respectively (Macharia, 2013), which showed that the cutting height can be further improved. In addition, the effect of the cutting height on various cultivars was different. When the cutting height of the cultivars “HART 89M” and “F962” was 15 cm, the seed cotton yields were the highest, while “A540” had the highest seed cotton yield when the cutting height was 10 cm. However, because the yield of ratooned crops increased with the proper cutting height, the optimum cutting height may be higher than 15 cm. Moreover, some studies showed that a high yield of ratoon cotton could not be sustained after the third year due to deep pruning at 5–15 cm above the soil level. In particular, it must be noted that the wound left on ratoon cotton by pruning easily becomes a point of water loss and invasion by pests and diseases. Lumps occur at the plant base and necrosis occurs at the top of the stub under the wound, which is the result of no-wax sealing or dressing of the damage.


[image: Figure 4]
FIGURE 4. Ratoon cotton planted in the experimental field on the campus of Guangxi University, Nanning, China. Photos of the population (A) and a single plant (B) after the main stem is pruned.




Grafting Annual Cotton to Achieve Perennial Cultivation in Subtropical Frost-Free Areas

In subtropical frost-free areas, annual cotton cultivars with high yield and good fiber quality grafted onto perennial species with strong resistance to stress, such as drought and low temperature, are conducive to perennial cultivation (Zhang et al., 2013, 2022). Annual cotton cultivated into perennial forms by this method could undergo more growth cycles than normal ratooning crops due to the use of perennial species as rootstocks (Zhang et al., 2022). In addition, the utilization of grafted and perennially maintained male sterility for the production of cotton hybrids has the advantage of eliminating the need for maintainer lines in standard methods and saving agricultural material for sowing, thus reducing the cost of seed production for cotton hybrids. The use of wild cotton as a rootstock can expand the geographical range of seed production using ratooned cotton (Zhou, 2016). Experimental proof for grafting and its role in increasing yield with minimum effort is summarized in Table 4.


Table 4. Experimental proof for grafting and its role in increasing yield with minimum effort.
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Producing Commercial F1 Hybrid Cotton Seeds by Ratoon Cultivation

Producing inexpensive hybrid F1 cotton seeds with high purity and heterosis has significance in commercial breeding. This production approach offers the highest economic potential for cultivating ratoon cotton in frost-free regions (Zhang et al., 2020a, 2022). There was no difference in yield and fiber quality between the hybrid F1 of the male-sterile line “Dong A” with and without ratoon cultivation crossed with the same male parent (Zhang and Zhou, 2009; Zhang et al., 2010). Therefore, breeding out cotton male-sterile lines with strong overwintering survival ability and fine comprehensive traits, and taking advantage of ratoon cultivation to maintain its sterility for producing hybrid seeds could reduce the current production cost of hybrid seeds (Zhang et al., 2015a; Zhou, 2016). This method does not require plowing the land and sowing the seeds each year, reducing the cost of raw materials for production and labor.

Furthermore, rouging and sister crossing would be avoided, which could simplify the breeding procedures of producing hybrid F1 cotton seeds and reduce the cost of breeding GMS lines, and the seed yield and purity of the hybrid cotton seeds could be improved. However, in the case of large-scale production of hybrid F1 cotton seeds, it is worth noting that artificially bred bees can be used, which can further enhance the purity (Zhang et al., 2015a). Additionally, high temperatures may cause some problems in producing hybrid F1 cotton seeds, such as trace fertile pollen occurring on male-sterile cotton in the tropics, which could be addressed by increasing heat tolerance through breeding.



Hybrids That Can Support Ratoon Cropping Patterns in Cotton

Hybrids can be used in ratoon cotton cropping for three objectives: (1) fixing heterosis for lint production, which requires assessment of the ratoon fiber yield and quality; (2) breeding new varieties for ratoon cropping, which requires the assessment of the combined ability of hybrids and their heterotic effects and (3) producing F2 seeds, which requires the analysis of the ratooning ability, genetic variability, and heritability of seed yield in the F2 generation (Table 5).


Table 5. Hybrids used in ratoon cotton cropping.
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RATOONING PERENNIAL COTTON FOR GENETIC RESEARCH AND BREEDING

Genetic studies supporting ratoon cropping mainly include the following: (1) investigating heritability such as immortalizing segregated genetic populations and assessing the genetic stability of agronomic traits, (2) studying the variability of traits across generations, such as observing hybridization variation and variability by γ-mutagenesis over many years, and (3) researching the diversity of germplasm resources, such as revealing the origin, distribution and evolution, resistance to biotic stress, environmental adaptability, seed oil content, and seed index of cotton (Table 6).


Table 6. Data that support genetic research on ratoon cropping.
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Identification of Perennial Cotton Germplasm Resources

Some wild cotton (perennial cotton) species contain traits superior to those of annual cultivars in terms of growth and development, physio-biochemical characteristics, and stress resistance (Melo, 1952; Stephens, 1965; Simongulian and Uzakov, 1969; Plnheiro et al., 1970; De Souza and De Holanda, 1993). Among them, the perennial allotetraploids in the primary gene pool of Gossypium species are most easily applied to the breeding of upland cotton and sea island cotton, and their special agronomic traits are shown in Table 7. For example, G. hirsutum ssp. purpurascens, a perennial cotton species with year-round flowering and resistance to several biotic and abiotic stresses, is suitable for ratoon cultivation or breeding as a parent (Zhang et al., 2020a).


Table 7. Special agronomic traits in perennial allotetraploid cotton species of the primary gene pool.
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Perennial cotton, an eco-friendly crop for carbon farming solutions (Zhang et al., 2020a), contains significantly different levels of many metabolites compared to annual cotton. As an eco-friendly carbon farming crop, perennial cotton species contain many metabolites different from those of annual cotton species. From a 3-year study carried out in India, of the 20 wild species and 8 accessions of G. arboretum, the highest seed oil content was recorded in the wild species G. lobatum, followed by G. harknessii, which showed that wild perennial species are helpful in improving the seed oil content of cultivated G. arboreum (Gotmare et al., 2004). In Brazil, a study found that the starch content in the roots of perennial cotton species was much higher than that in the roots of annual cotton (De Souza and Da Silv, 1987). It is thought that the roots of perennial cotton must reserve sufficient carbohydrates to start a subsequent asexual growth cycle when conditions are suitable or to counter a period of drought stress (Sadras, 1996; Wells, 2002).



Genetic Research on Ratoon Cotton

Cryotolerance is an essential trait in ratoon cotton breeding (Zhang et al., 2011). To investigate the interspecific heterosis and cytoplasmic effects of cryotolerance-related traits between annual and 2-year-old cotton, four reciprocal crosses of F1 hybrids and their parents were used. The results showed that the cold tolerance-related traits of the 2-year-old hybrid F1 showed transgressive heterosis, which was better than that of the annual hybrid F1; in addition, there was no significant cytoplasmic effect on the cryotolerance-related traits of annual and 2-year-old cotton; however, there was some effect of nuclear–cytoplasm interaction (Zhang et al., 2011). In another study, the mixed genetic model of the major gene plus polygene was used to research the cryotolerance inheritance of cotton in the overwintering period, and the results were consistent with two major additive genes plus the additive dominance polygene genetic model. These results suggested that inbreeding cryotolerant ratoon cotton, single-cross recombination, or single backcrossing would be helpful for transferring major genes associated with overwintering cryotolerance and selection in the F2 generation would be efficient (Zhang et al., 2012c,d). With the mining, labeling, cloning, and functional identification of perennial-related genes in wild cotton (Bourgou et al., 2017), more and better possibilities for molecular breeding in cotton will become available.



Ratooning Perennial Cotton for Breeding

Ratoon cotton can be used for breeding, such as in conserving germplasms, utilizing heterosis, and analyzing combination ability and heritability (Thomson and Luckett, 1988a,b; Komala et al., 2018d,f,g, 2019). Technological systems with great application value could be established to produce hybrid cotton seeds in frost-free areas for sowing cultivation in temperate zones (Zhang et al., 2020a,b). Researcher-based and company-involved strategies for perennially producing hybrid cotton seeds are in the small-area testing phase in southern China, where almost no cotton is currently planted, so cotton plants for producing hybrids can be easily separated spatially, which is conducive to improving the purity of hybrid seeds. Due to the warm environment, ratoon cotton flowers earlier with a more extended boll-opening period than annuals without the need for breeding bees for pollination or hand-pollination due to rich insect sources.




FUTURE STUDIES ON RATOONING PERENNIAL COTTON FOR BREEDING


Ratooning Perennial Cotton for Breeding Cytoplasmic Male-Sterile Lines

Male sterility plays an impressive role in heterosis utilization by facilitating hybrid breeding and has contributed greatly to the increased yield of many crops globally (Fan and Zhang, 2018). In cotton, due to limited resources and negative cytoplasmic effects, CMS lines have not been widely used (Zheng et al., 2019; Li et al., 2021). Most of the existing male sterility used in production has the genetic background of wild cotton, such as CMS-D2 and CMS-D8 (Zhang et al., 2019). Some wild cotton lines become sterile after transplanting from the origin (Zhang et al., 2022), showing traits such as non-flowering, non-dehiscence of anthers, and self-incompatibility. Through distant hybridization, doubling, and saturation backcrossing, some CMS mutant lines can be screened out (Zheng et al., 2019). Sometimes CMS mutant plants can be found in the field, but the maintainer line cannot be screened out in a timely manner by test crossing. Thus, the perennialization of mutant plants is very important for breeding CMS lines.



Ratooning Perennial Cotton for Breeding Photothermosensitive Genic Male-Sterile Lines

Two-line hybrid rice with high yield potential is becoming increasingly popular, and the PTGMS line is one of the essential components for breeding two-line hybrid rice (Barman et al., 2019). In cotton, increasing attention has been given to photothermosensitive male-sterile lines (Zhou et al., 2007; Sekhar and Khadi, 2012). In China, light and temperature conditions in the south and north are very different (Qian and Zhu, 2001). Based on this, a breeding strategy called “planting in temperate regions and breeding in the tropics” was employed for rice (Liang et al., 2020), maize (Eagles and Lothrop, 1994), and sweet potato (Lu et al., 1989). The ideal photothermosensitive male-sterile line is sterile in the breeding area, convenient for hybrid-seed production, and fertile in the planting area to obtain a high yield. Most PTGMS lines are strongly influenced by the environment, and to explore and take advantage of this feature, multiregional planting is necessary. A high temperature always makes the PTGMS sterile lines (Zhang et al., 2007; Mishra, 2013). For cotton, the temperature at the flowering stage needs to be higher than that at other growth stages (Himanshu et al., 2019). To test the sterile/fertile conversion temperature, transplanting the candidate PTGMS line plants in different areas can be conveniently achieved by a perennial cotton ratooning method.




CONCLUSION

This study reviews a vital topic within a broader framework for the utilization of perennial germplasm and ratoon cultivation for cotton breeding. Perennial cotton contains a rich diversity of agronomic and stress resistance traits that are important for expanding the economic performance of cotton cultivars. Ratoon cotton can be used to measure the combination ability and heterosis of hybrid combinations, observe the separation of mutagenized populations (Muhammad et al., 2015), and study the performance of a cultivar under different climates and multiple stress conditions for many years (Chamy, 1979). Increased investment is needed for perennial germplasm research, breeding, cultivation, and agroecological research on ratoon cotton. First, breeding efforts should focus on stabilizing the multiyear yield of ratoon cotton and determining the variety adaptability and cropping arrangements suitable for local conditions. Second, proper male-sterile lines for ratoon cultivation in the tropics should be selected or bred. Although ratoon cultivation of cotton has succeeded in some countries such as Brazil, China, and India, due to the lack of evaluation results with commercial production and sales of hybrid cotton seeds from ratooning systems, we can only hypothesize that this method would have good future prospects.



AUTHOR CONTRIBUTIONS

XZ, QY, and AK wrote the manuscript. XZ, RZ, JZ, YF, BZ, YJ, and XD revised the manuscript. ZZ, XZ, and AK conceived the idea. All authors read and approved the final manuscript.



FUNDING

This research was funded by the National Natural Science Foundation of China (31571600), the Postgraduate Education Reform and Quality Improvement Project of Henan Province (YJS2022ZX22), the Leading Talent Project in Science and Technology Innovation of Central Plain of China (214200510021), and the Program for Innovative Research Team (in Science and Technology) in University of Henan Province, China (21IRTSTHN023).



REFERENCES

 Abdurakhmonov, I. Y. (2007). “Exploiting genetic diversity”. In: Proceedings of World Cotton Research Conference-4 (Lubbock, TX).


 Azevedo, D. M. P. D., Dos Santos, J. W., Vieira, D. J., Beltrão, N. E. D. M., Da Nóbrega, L. B., and Pereira, J. R. (2000). Plant population in perennial cotton/maize intercrop, yield components and agronomic efficiency. Revista de Oleaginosas e Fibrosas 4, 75–85.


 Barman, H. N., Sheng, Z., Fiaz, S., Zhong, M., Wu, Y., Cai, Y., et al. (2019). Generation of a new thermo-sensitive genic male sterile rice line by targeted mutagenesis of TMS5 gene through CRISPR/Cas9 system. BMC Plant Biol. 19, 109. doi: 10.1186/s12870-019-1715-0

 Bergman, D. K. (1985). Boll weevil (Coleoptera: Curculionidae) Overwintering in Arizona. The University of Arizona, Tucson, AZ, United States.


 Bergman, D. K., Henneberry, T. J., Bariola, L. A., and Gillespie, J. M. (1983). Studies of Pest and Beneficial Insects in Arizona Stub and Planted Cotton. USDA: Oakland, Calif, 1–2.


 Boopathi, N. M., and Hoffmann, L. V. (2016). “Genetic diversity, erosion, and population structure in cotton genetic resources,” in Sustainable Development and Biodiversity, Vol 8, eds M. Ahuja and S. Jain (Cham: Springer), 409–438. doi: 10.1007/978-3-319-25954-3_12


 Boopathi, N. M., Sathish, S., Dachinamoorthy, P., Kavitha, P., and Ravikesav, R. (2014). “Usefulness and utilization of Indian cotton germplasm,” in World Cotton Germplasm Resources, eds I.Y. Abdurakhmonov (InTech: Rijeka, Croatia), 315–323.


 Bourgou, L., Sawadogo, M., Sanfo, D., and Lacape, J. (2017). SSR-based genetic diversity of traditional and perennial cotton (Gossypium spp.) populations collected in Burkina Faso. Genet. Resour. Crop Ev. 64, 1743–1759. doi: 10.1007/s10722-016-0470-4


 Campbell, B. T., Saha, S., Percy, R., Frelichowski, J., Jenkins, J. N., Park, W., et al. (2010). Status of the global cotton germplasm resources. Crop Sci. 50, 1161. doi: 10.2135/cropsci2009.09.0551


 Castro, A. A., Hoffmann, L. V., Lima, T. H., Oliveira, A. I. D., Brito, R. R., Mendes, L. D. M. O., et al. (2016). Gossypium barbadense: an approach for in situ conservation in Cerrado, Brazil. J. Agr. Sci. 8, 59–67. doi: 10.5539/jas.v8n8p59


 Chamy, A. (1979). Studies on Ratoon Management of Hybrid Cotton Variety CBS 156 (G. hirsutum-barbadense). Coimbatore: Tamil Nadu Agricultural University.


 Chen, G. P. (2008). Studies on Biological Basis for Perennial Cultivation of Annual Upland Cotton in Southern Guangxi. Guangxi University, Nanning, China.


 Chen, G. P., Zhang, X., Zhou, R. Y., and Zhao, H. T. (2008). Study on economic characteristics of biennial and annual upland cotton. Guihaia 28, 636–639. doi: 10.3969/j.issn.1000-3142.2008.05.017


 Chen, G. P., Zhang, X., Zhou, R. Y., and Zhao, H. T. (2010a). Study on law of growth and development for perennial cultivation of annual upland cotton in Southern Guangxi. Southwest China J. Agric. Sci. 23, 650–655. doi: 10.3724/SP.J.1142.2010.40491


 Chen, G. P., Zhang, X., Zhou, R. Y., and Zhao, H. T. (2010b). Study on the yield factors and path analyses for perennial cultivation of upland cotton in Southern Guangxi. Guihaia 30, 526–530. doi: 10.3969/j.issn.1000-3142.2010.04.020


 Chen, G. P., Zhang, X., Zhou, R. Y., and Zhao, H. T. (2010c). The effect of varieties, sowing date and perennial cultivation on survival rate of upland cotton after winter. Acta Agriculturae Boreali-Occidentalis Sinica 18, 9784–9788. doi: 10.3969/j.issn.1004-1389.2010.12.011


 Chen, H., Khan, M. K. R., Zhou, Z., Wang, X., Cai, X., Ilyas, M. K., et al. (2015). A high-density SSR genetic map constructed from a F2 population of Gossypium hirsutum and Gossypium darwinii. Gene 574, 273–286. doi: 10.1016/j.gene.2015.08.022

 De Souza, J. G., and Da Silv, J. V. (1987). Partitioning of carbohydrates in annual and perennial cotton (Gossypium hirsutum L.). J. Exp. Bot. 38, 1211–1218. doi: 10.1093/jxb/38.7.1211


 De Souza, N. A., and De Holanda, J. S. (1993). Environmental adaptability of perennial cotton in the Seridó. Pesqui. Agropecu. Bras. 28, 797–801.


 D'Eeckenbrugge, G. C., and Lacape, J. M. (2014). Distribution and differentiation of wild, feral, and cultivated populations of perennial upland cotton (Gossypium hirsutum L.) in Mesoamerica and the Caribbean. PLoS ONE 9, e107458. doi: 10.1371/journal.pone.0107458

 Ditta, A., Zhou, Z., Cai, X., Wang, X., Okubazghi, K. W., Shehzad, M., et al. (2018). Assessment of genetic diversity, population structure, and evolutionary relationship of uncharacterized genes in a novel germplasm collection of diploid and allotetraploid Gossypium accessions using EST and genomic SSR markers. Int. J. Mol. Sci. 19, 2401. doi: 10.3390/ijms19082401

 Eagles, H. A., and Lothrop, J. E. (1994). Highland maize from central Mexico—its origin, characteristics, and use in breeding programs. Crop Sci. 34, 11–19. doi: 10.2135/cropsci1994.0011183X003400010002x


 Evenson, J. P. (1970). Ratooning of cotton: a review. Cotton Growing Rev. 47, 1–7.


 Fan, Y., and Zhang, Q. (2018). Genetic and molecular characterization of photoperiod and thermo-sensitive male sterility in rice. Plant Reprod. 31, 3–14. doi: 10.1007/s00497-017-0310-5

 Flint, H. M., Salter, S. S., and Walters, S. (1980). Development of Cotton and Associated Beneficial and Pest Insect Populations in a Ratoon Field at Phoenix. Agricultural Reviews and Manuals ARM-W US Dept. of Agriculture, Arizona, United States.


 Gallagher, J. P., Grover, C. E., Rex, K., Moran, M., and Wendel, J. F. (2017). A new species of cotton from Wake Atoll, Gossypium stephensii (Malvaceae). Syst. Bot. 42, 115–123. doi: 10.1600/036364417X694593


 Gao, Y. H. (2004). Study on the Interspecies Hybrid and Genetics and Systematic Development Between the Four Cultivated Cotton Species. Zhejiang University, Hangzhou, China.


 Gotmare, V., Singh, P., Mayee, C. D., Deshpande, V., and Bhagat, C. (2004). Genetic variability for seed oil content and seed index in some wild species and perennial races of cotton. Plant Breeding 123, 207–208. doi: 10.1046/j.1439-0523.2003.00914.x


 Gutstein, Y. (1969). Evapotranspiration and Water-Use Efficiency in Seed and Ratoon Growth of Two Species of Cotton Grown Under Dryland Subtropical Conditions. Rehovot Nat Univ Inst Agr Prelim Rep. (Rehovot).


 Hao, J. J., Ma, Q. X., Liu, H. M., Jia, X. H., Dong, Z. D., Liu, S. M., et al. (2010). Effects of grafting cotton on Verticillium wilt resistance, yield and fiber quality of cotton. Scientia Agricultura Sinica 43, 3974–3980. doi: 10.1097/MOP.0b013e3283423f35

 Himanshu, S. K., Ale, S., Bordovsky, J., and Darapuneni, M. (2019). Evaluation of crop-growth-stage-based deficit irrigation strategies for cotton production in the Southern High Plains. Agr. Water Manage. 225, 105782. doi: 10.1016/j.agwat.2019.105782


 Jarwar, A. H., Wang, X. Y., Jarwar, Z. H., Ma, Q. F., and Fan, S. L. (2018). Use of molecular markers in improvement of cotton for agronomic traits. Int. J. Nanotechnol. Allied Sci. 2, 39–60.

 Jia, Y. H., Sun, J. L., and Du, X. M. (2014). “Cotton germplasm resources in China,” in World Cotton Germplasm Resources, eds I. Y. Abdurakhmonov (InTech: Rijeka, Croatia), 35–53.


 Jin, M. K. (2013). The Research of Germplasm Innovation of Bt Island Cotton and the Grafted Conduction of Insect-Resistant Protein. Guangxi University, Nanning, China.


 Khader, S. E. S. A., and Prakash, A. H. (2014). Pruning technique for second fruiting cycle in cotton crop. Cotton Res. J. 6, 46–49.


 Kiranga, N. A. (2013). “Morpho-argro-physio-karyotypic Characterization of Wild Cotton (Gossypium spp.), Germplasm From Selected Counties in Kenya”. (Kenyatta University: Kenyatta).


 Komala, M., Ganesan, N. M., and Kumar, M. (2018c). Ratooning and combining ability analysis through line × tester mating design in interspecific cotton hybrids (G. hirsutum × G. barbadense). Int. J. Agric. Environ. Biotechnol. 11, 333–343. doi: 10.30954/0974-1712.04.2018.15


 Komala, M., Ganesan, N. M., and Kumar, M. (2018d). Assessment of ratooning ability and heterotic effects for yield and yield contributing traits in intraspecific hybrids of upland cotton. Curr. Agric. Res. J. 6, 85–94. doi: 10.12944/CARJ.6.1.11


 Komala, M., Ganesan, N. M., and Kumar, M. (2018e). Studies on ratooning ability for yield and fibre quality traits in interspecific cotton hybrids (Gossypium hirsutum x Gossypium barbadense). Res. Crops 19, 752–757. doi: 10.31830/2348-7542.2018.0001.59


 Komala, M., Ganesan, N. M., and Kumar, M. (2018f). Combining ability for yield and yield contributing traits in intraspecific hybrids of ratoon upland cotton. Int. J. Basic Appl. Agric. Res. 16, 22–28.


 Komala, M., Ganesan, N. M., and Kumar, M. (2018g). Genetic variability, heritability and correlation analysis in F2 populations of ratoon upland cotton hybrids. Int. J. Agric. Environ. Biotechnol. 11, 815–827. doi: 10.30954/0974-1712.12.2018.2


 Komala, M., Ganesan, N. M., Kumar, M., Abasianyanga, I., Amalabalu, P., and Premalatha, N. (2018b). Investigations on the ratooning ability of cotton interspecific hybrids (G. hirsutum L× G. barbadense L) and their parents. Int. J. Basic Appl. Agric. Res. 16, 146–153.


 Komala, M., Ganesan, N. M., Kumar, M., Manonmani, K., Mahalingam, L., and Premalatha, N. (2018a). Studies on per se performance and ratooning ability for yield and fibre quality traits in intraspecific cotton hybrids. Crop Res. 53, 174–178. doi: 10.31830/2454-1761.2018.0001.14


 Komala, M., Kumar, M., and Ganesan, N. M. (2019). Combining ability effects for fibre quality traits in first and ratoon crops of cotton interspecific hybrids (G. hirsutum× G. barbadense). Res. Crops 20, 230–235. doi: 10.31830/2348-7542.2019.033


 Kong, X. Q., Luo, Z., Dong, H. Z., Eneji, A. E., and Li, W. J. (2012). Effects of non-uniform root zone salinity on water use, Na+ recirculation, and Na+ and H+ flux in cotton. J. Exp. Bot. 63, 2105–2116. doi: 10.1093/jxb/err420

 Krapovickas, A., and SEIJO, G. (2008). Gossypium ekmanianum (Malvaceae), a wild cotton from Dominican Republic. Bonplandia 17, 55–63. doi: 10.30972/bon.1711361

 Kumar, S., Kular, J., and Dhaliwal, L. (2011). Seasonal abundance of mealy bug (Phenacoccus solenopsis Tinsley) on Bt cotton in Punjab. Acta Phytopathologica Et Entomologica Hungarica 46, 115–127. doi: 10.1556/APhyt.46.2011.1.9


 Li, M., Chen, L., Khan, A., Kong, X., Khan, M. R., Rao, M. J., et al. (2021). Transcriptome and miRNAomics analyses identify genes associated with cytoplasmic male sterility in cotton (Gossypium hirsutum L.). Int. J. Mol. Sci. 22, 4684. doi: 10.3390/ijms22094684

 Liang, C. B., Li, J. G., Jiang, H. B., and Yao, J. P. (2020). The strategy of high quality Japonica hybrid rice about planting in the north and breeding in the south. North Rice 50, 53–56. doi: 10.16170/j.cnki.1673-6737.2020.04.016


 Lou, X. Y. (2010). The Screened and Grafted Resistant Rootstock's Effect on Improving Resistance of Fusarium and Verticillium wilts of IsIand Cotton. Guangxi University, Nanning, China.


 Lu, S. Y., Xue, Q. H., Zhang, D. P., and Song, B. F. (1989). “Sweet potato production and research in China,” in: Improvement of Sweet Potato (Ipomoea batatas) in Asia. (Lima, Peru: International Potato Center).


 Luo, Z., Kong, X. Q., Zhang, Y. J., Li, W. J., Zhang, D. M., Dai, J. L., et al. (2019). Leaf-derived jasmonate mediates water uptake from hydrated cotton roots under partial root-zone irrigation. Plant Physiol. 180, 1660–1676. doi: 10.1104/pp.19.00315

 Macharia, J. (2013). Effect of Ratooning and Nitrogen Application on Lint Yield and Quality of Cotton Varieties in Central Kenya (Nairobi: University of Nairobi).


 Melo, D. N. F. (1952). The Cultivation of Mocó (perennial) Cotton. Ministry of Agriculture, Rio de Janeiro, Brazil.


 Migicovsky, Z., and Myles, S. (2017). Exploiting wild relatives for genomics-assisted breeding of perennial crops. Front. Plant Sci. 8, 460. doi: 10.3389/fpls.2017.00460

 Mihail, J. D., Brown, J. K., and Nelson, M. R. (1987). The Effects of Cotton Leaf Crumple on Greenhouse-Grown Cotton Incoulated at Five Growth Stages. College of Agriculture, University of Arizona, Tucson, AZ.


 Mishra, V. K. (2013). Molecular and genetic basis of male sterility in development of hybrid varieties. A review. Int. J. Curr. Res. 5, 191–197.

 Morris, W. J. (1973). Ratoon cotton in Rhodesia. Cotton Growing Re. 50, 316–326.


 Mubvekeri, W., Bare, J., Makaka, C., and Jimu, F. (2014). Assessing the diversity and intensity of pesticide use in communal area cotton production in Zimbabwe. J. Ecol. Nat. Environ. 6, 342–348. doi: 10.5897/JENE2014.0476


 Muhammad, A., Rauf, S., and Naz, K. (2015). Induced genetic variability in selected γ-radiated cotton varieties during second year ratooning under rain fed environment. Asian J. Nat. Appl. Sci. 4, 70–81.


 Nawaz, B., Naeem, M., Malik, T. A., Muhae-Ud-Din, G., Ahmad, Q., and Sattar, S. (2019). A review about cotton leaf curl viral disease and its control strategies in Pakistan. Int. J. Inn. Appl. Agric. Res 3, 132–147. doi: 10.29329/ijiaar.2019.188.13


 Percy, R. G., Frelichowski, J. E., Arnold, M. D., Campbell, T. B., Dever, J. K., Fang, D. D., et al. (2014). “The US national cotton germplasm collection–Its contents, preservation, characterization, and evaluation,” in World Cotton Germplasm Resources, eds I. Y. Abdurakhmonov (InTech: Rijeka, Croatia), 167–201.


 Plnheiro, D. M., Fournier, J., and Trellu, A. (1970). Physiology and breeding of the Brazilian perennial cotton “Mocó”. Relationship between annual and total yields. Coton et Fibres Tropicales. 25, 175–179.


 Plucknett, D. L., Evenson, J. P., and Sanford, W. G. (1970). Ratoon cropping. Adv. Agron. 22, 285–330. doi: 10.1016/S0065-2113(08)60271-0


 Qian, W., and Zhu, Y. (2001). Climate change in China from 1880 to 1998 and its impact on the environmental condition. Clim. Change 50, 419–444. doi: 10.1023/A:1010673212131


 Qiu, A. H., Liao, X. F., Wang, C. C., Tang, D. F., Zhou, B. J., Chen, P., et al. (2015). Effect of grafting on improving cotton's resistance to NaCl stress. J. China Agric. Univ. 20, 53–60. doi: 10.11841/j.issn.1007-4333.2015.06.07


 Rahmat, Z., Mahmood, A., Abdullah, K., and Zafar, Y. (2014). “Cotton germplasm of Pakistan,” in World Cotton Germplasm Resources, eds I. Y. Abdurakhmonov (InTech: Rijeka, Croatia), 137–166.


 Reddy, D. V. S., and Thimmegowda, S. (1997a). Economic analysis of different drip irrigation systems of main and ratoon hybrid cotton. Mysore J Agric Sci. 31, 17–22.


 Reddy, D. V. S., and Thimmegowda, S. (1997b). Effect of different systems and levels of irrigation and pruning height on the performance of main and ratoon crop of DCH-32 hybrid cotton. Karnataka J. Agric. Sci. 10, 517–520.


 Rui, Y. K., Zhu, B. Z., and Luo, Y. B. (2005). Long-distance transportation of Bt-toxin through xylem sap in Bt-cotton (Gossyposium). Chin. Bulletin Bot. 22, 320–324. doi: 10.1360/aps040074


 Sachs, M. H., and Zilkah, S. (1985). Characterization of climatic factors affecting chilling injury in field-grown ratoon cotton. J. Agr. Sci. 105, 475–478. doi: 10.1017/S0021859600056525


 Sadras, V. O. (1996). Cotton responses to simulated insect damage: radiation-use efficiency, canopy architecture and leaf nitrogen content as affected by loss of reproductive organs. Field Crop. Res. 48, 199–208. doi: 10.1016/S0378-4290(96)00046-9


 Seabrook, W. B. (1844). A Memoir on the Origin, Cultivation and Uses of Cotton. Miller and Browne: Charleston.


 Sekhar, L., and Khadi, B. M. (2012). “Genetic, biochemical, histological and molecular analysis of thermosensitive genetic male sterility (TGMS) in cotton (Gossypium arboreum L)” in: Silver Jubilee International Symposium on “Global Cotton Production Technologies vis-a-vis Climate Change” (CCS Haryana Agricultural University, Hisar).


 Seo, Y., Zhou, Y., Turini, T. A., Cook, C. G., Gilbertson, R. L., and Natwick, E. T. (2006). Evaluation of cotton germ plasm for resistance to the whitefly and cotton leaf crumple (CLCr) disease and etiology of CLCr in California's Imperial Valley. Plant Dis. 90, 877–884. doi: 10.1094/PD-90-0877

 Shim, J., Mangat, P. K., and Angeles-Shim, R. B. (2018). Natural variation in wild Gossypium species as a tool to broaden the genetic base of cultivated cotton. J. Plant Sci. Curr. Res 2, 1–9. doi: 10.24966/PSCR-3743/100005


 Silva, F. P. D., Bezerra, A. P. L., and Silva, A. F. D. (2008). Boll weevil (Anthonomus grandis Boheman) oviposition and feed in ratoon cotton of mutants lines of upland cotton. Rev. Cienc. Agron. 39, 85–89. doi: 10.1590/S0100-204X2008000100016


 Simongulian, N. G., and Uzakov, I. (1969). Inheritance of fast ripening and photoperiodic response in the hybrids between the annual and the perennial forms of cotton Gossypium mexicanum Tod. Genetika. 6, 24–31.


 Stephens, S. G. (1965). The effects of domestication on certain seed and fiber properties of perennial forms of cotton, Gossypium hirsutum L. Am. Naturalist 99, 355–372. doi: 10.1086/282377


 Stephens, S. G. (1966). The potentiality for long range oceanic dispersal of cotton seeds. Am. Nat. 100, 199–210. doi: 10.1086/282413


 Stroman, G. N. (1961). An approach to hybrid cotton as shown by intra-and interspecific crosses. Crop Sci. 1, 363–366. doi: 10.2135/cropsci1961.0011183X000100050020x


 Taware, S. P. (1990). Genetic Studies on Bollworm Resistance and Exploitation of Hybrid Vigour in Perennial Cotton. Savitribai Phule Pune University, Pune, India.


 Templeton, J. (1925). Ratoon Cotton in Egypt: A Preliminary Note. Government Press: Cairo.


 Teravanesyan, D. V., and Belova, Z. F. (1970). Perennial cotton plants as a genetical source for breeding wilt-resistant varieties. Tr Prikladnoi Bot Genet Selek 42, 65–71.


 Thomson, N. J., and Luckett, D. J. (1988a). Heterosis and combining ability effects on cotton. I. Combining ability. Aust. J. Agric. Res. 39, 973–990. doi: 10.1071/AR9880973

 Thomson, N. J., and Luckett, D. J. (1988b). Heterosis and combining ability effects on cotton. II. Heterosis. Aust. J. Agric. Res. 39, 991–1002. doi: 10.1071/AR9880991

 Ullah, R., Akhtar, K. P., Moffett, P., Mansoor, S., Briddon, R. W., and Saeed, M. (2014). An analysis of the resistance of Gossypium arboreum to cotton leaf curl disease by grafting. Eur. J. Plant Pathol. 139, 837–847. doi: 10.1007/s10658-014-0437-2


 Vukicevich, E., Lowery, T., Bowen, P., Úrbez-Torres, J. R., and Hart, M. (2016). Cover crops to increase soil microbial diversity and mitigate decline in perennial agriculture. A review. Agron. Sustain. Dev. 36, 1–14. doi: 10.1007/s13593-016-0385-7


 Wallace, T. P., Bowman, D., Campbell, B. T., Chee, P., Gutierrez, O. A., Kohel, R. J., et al. (2009). Status of the USA cotton germplasm collection and crop vulnerability. Genet. Resour. Crop Ev. 56, 507–532. doi: 10.1007/s10722-008-9382-2


 Wan, P., Xu, D., Cong, S. B., Jiang, Y. Y., Huang, Y. X., Wang, J. T., et al. (2017). Hybridizing transgenic Bt cotton with non-Bt cotton counters resistance in pink bollworm. P. Natl. Acad. Sci. Usa. 114, 5413–5418. doi: 10.1073/pnas.1700396114

 Wang, K., Wendel, J. F., and Hua, J. (2018). Designations for individual genomes and chromosomes in Gossypium. J. Cotton Res. 1, 3. doi: 10.1186/s42397-018-0002-1


 Wang, K. B. (2007). Introduction and conservation of wild cotton in China. Cotton Sci. 19, 354–361. doi: 10.3969/j.issn.1002-7807.2007.05.005


 Weaver, J. B. (1968). Analysis of a genetic double recessive completely male-sterile cotton. Crop Sci. 8, 597–600. doi: 10.2135/cropsci1968.0011183X000800050027x


 Wells, R. (2002). Stem and root carbohydrate dynamics of two cotton cultivars bred fifty years apart. Agron. J. 94, 876–882. doi: 10.2134/agronj2002.8760


 Wendel, J. F., and Grover, C. E. (2015). “Taxonomy and evolution of the cotton genus, Gossypium,” in Cotton, Agronomy Monograph, 2nd Edn, eds D. D. Fang and R.G. Percy (American Society of Agronomy, Inc., Crop Science Society of America, Inc., and Soil Science Society of America, Inc.: Madison), 25–44.


 Wendel, J. F., Rowley, R., and Stewart, J. M. (1994). Genetic diversity in and phylogenetic relationships of the Brazilian endemic cotton, Gossypium mustelinum (Malvaceae). Plant Syst. Evol. 192, 49–59. doi: 10.1007/BF00985907

 Zhang, G. L., Chen, L. Y., Zhang, S. T., Liu, G. H., Tang, W. B., Zhi-Zhou, H. E., et al. (2007). Effect of high temperature stress on nitrogen metabolism of flag leaves in rice. Hybrid Rice 22, 57–61. doi: 10.3969/j.issn.1005-3956.2007.04.025


 Zhang, J., Abdelraheem, A., and Stewart, J. M. (2019). A comparative analysis of cytoplasmic effects on lint yield and fiber quality between CMS-D2 and CMS-D8 systems in upland cotton. Crop Sci. 59, 624–631. doi: 10.2135/cropsci2018.10.0614


 Zhang, J. H., Bie, S., Wang, X. G., Xia, S. B., Qian, A. M., Wu, Z. Y., et al. (2018). The high-efficient grafting and seedling technique of upland cotton and island cotton and its application. Hubei Agric. Sci. 57, 37–39. doi: 10.14088/j.cnki.issn0439-8114.2018.21.009


 Zhang, M. J., Xia, Q. Z., and Wu, B. (2012b). Resistance and physiological changes of grafted cotton to Verticillium dahhae Kleb. J. Huazhong Agric. Univ. 31, 414–418. Available online at: http://hnxbl.cnjournals.net/hznydxzren/article/abstract/20120404


 Zhang, X., Chen, G. P., Pan, F. Y., Wang, X. Y., and Zhou, R. Y. (2011). Research on interspecific heterosis and cytoplasm effect of cryotolerance and its related traits in perennial cotton. Southwest China J. Agric. Sci. 24, 1669–1675. doi: 10.3969/j.issn.1001-4829.2011.05.011


 Zhang, X., Chen, G. P., and Zhou, R. Y. (2010). Effect of perennial cultivation on “Dong A” genic male sterile lines in annual upland cotton. Guihaia 30, 391–394. doi: 10.3969/j.issn.1000-3142.2010.03.021


 Zhang, X., Fei, L., Zhou, R., and Chen, G. (2012c). Heterosis utilization of hybrid cotton (G. hirsutum×G. barbadence) in south Guangxi. Chinese J. Trop. Crop. 33, 1164–1169. doi: 10.3969/j.issn.1000-2561.2012.07.003


 Zhang, X., Khan, A., Zhou, R., Liu, Y., Zhang, B., Wang, Q., et al. (2022). Grafting in cotton: A mechanistic approach for stress tolerance and sustainable development. Ind. Crop. Prod. 175, 114227. doi: 10.1016/j.indcrop.2021.114227


 Zhang, X., Kong, X. J., Zhou, R. Y., Zhang, Z. Y., Zhang, J. B., Wang, L. S., et al. (2020a). Harnessing perennial and indeterminant growth habits for ratoon cotton (Gossypium spp.) cropping. Ecosyst Health Sust. 6, 1715264. doi: 10.1080/20964129.2020.1715264


 Zhang, X., Li, C., Wang, X., Chen, G., Zhang, J., and Zhou, R. (2012d). Genetic analysis of cryotolerance in cotton during the overwintering period using mixed model of major gene and polygene. J. Integr. Agr. 11, 537–544. doi: 10.1016/S2095-3119(12)60040-9


 Zhang, X., Zhang, Z. Y., Wang, Q. L., Chen, P., Chen, G. P., and Zhou, R. Y. (2013). Effects of rootstocks on cryotolerance and overwintering survivorship of genic male sterile lines in upland cotton (Gossypium hirsutum L.). PLoS ONE 8, e63534. doi: 10.1371/journal.pone.0063534

 Zhang, X., Zhang, Z., Zhou, R., Wang, Q., and Wang, L. (2020b). Ratooning annual cotton (Gossypium spp.) for perennial utilization of heterosis. Front. Plant Sci. 11, 1939. doi: 10.3389/fpls.2020.554970

 Zhang, X., and Zhou, R. Y. (2009). Cutting propagation and perennial cultivation of genic male sterile upland cotton (Gossypium hirsutum L.) and its heterosis utilization. J. Trop. Subtrop. Botany 17, 489–493. doi: 10.3969/j.issn.1005-3395.2009.05.011


 Zhang, X. J., Yue, F. L., Zhang, X. H., Hou, R., Zhang, X. Q., and Li, W. J. (2015a). Technical system of hybrid seed production with perennial plants of cotton sterile lines. Acta Agronomica Sinica 41, 1836–1843. doi: 10.3724/SP.J.1006.2015.01836


 Zhang, X. J., Yue, F. L., Zhang, X. H., Li, W. J., and Zhang, X. Q. (2015b). Research on root retention reproduction technique of genetic male-sterile line in cotton for seed production. Seed Sci. Technol. 43, 187–196. doi: 10.15258/sst.2015.43.2.01


 Zhang, Y. M., Tian, C., Jiang, L. M., Li, Y. P., Xiao, Z. M., and Li, J. L. (2012a). Advantages of perennial crop on conservation of agroecological environment. Adv. Mat. Res. 518–523, 5213–5216. doi: 10.4028/www.scientific.net/AMR.518-523.5213


 Zheng, J., Kong, X., Li, B., Khan, A., Li, Z., Liu, Y., et al. (2019). Comparative transcriptome analysis between a novel allohexaploid cotton progeny CMS line LD6A and its maintainer line LD6B. Int. J. Mol. Sci. 20, 6127. doi: 10.3390/ijms20246127

 Zhou, R. Y. (2016). Method of Producing Hybrid Seeds for Annual Cotton by Cultivating Perennially. U.S. Patent No US9265206B2. Washington, DC: U.S. Patent and Trademark Office.


 Zhou, Z. H., Zhu, S. Y., and Chen, J. X. (2007). A study on the relationship between thermos-sensitive sterile and membrane lipid peroxidation in cotton. Acta Agric. Univ. Jiangxiensis 29, 518–521. doi: 10.3969/j.issn.1000-2286.2007.04.002


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Zhang, Yang, Zhou, Zheng, Feng, Zhang, Jia, Du, Khan and Zhang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	
	ORIGINAL RESEARCH
published: 13 June 2022
doi: 10.3389/fpls.2022.900131






[image: image2]

Studies of Evaluation Methods for Resistance to Fusarium Wilt Race 4 (Fusarium oxysporum f. sp. vasinfectum) in Cotton: Effects of Cultivar, Planting Date, and Inoculum Density on Disease Progression

Jinfa Zhang1*, Abdelraheem Abdelraheem1, Yi Zhu1, Heather Elkins-Arce2, Jane Dever3, Derek Whitelock4, Kater Hake5, Tom Wedegaertner5 and Terry A. Wheeler3*


1Department of Plant and Environmental Sciences, New Mexico State University, Las Cruces, NM, United States

2Texas A&M AgriLife Research, El Paso, TX, United States

3Texas A&M AgriLife Research, Lubbock, TX, United States

4Southwestern Cotton Ginning Research Laboratory, Mesilla Park, NM, United States

5Cotton Incorporated, Cary, NC, United States

Edited by:
Linghe Zeng, United States Department of Agriculture (USDA), United States

Reviewed by:
Nelson Suassuna, Brazilian Agricultural Research Corporation (EMBRAPA), Brazil
 Hui Fang, North Carolina State University, United States

*Correspondence: Jinfa Zhang, jinzhang@nmsu.edu
 Terry A. Wheeler, twheeler@ag.tamu.edu

Specialty section: This article was submitted to Plant Breeding, a section of the journal Frontiers in Plant Science

Received: 20 March 2022
 Accepted: 06 April 2022
 Published: 13 June 2022

Citation: Zhang J, Abdelraheem A, Zhu Y, Elkins-Arce H, Dever J, Whitelock D, Hake K, Wedegaertner T and Wheeler TA (2022) Studies of Evaluation Methods for Resistance to Fusarium Wilt Race 4 (Fusarium oxysporum f. sp. vasinfectum) in Cotton: Effects of Cultivar, Planting Date, and Inoculum Density on Disease Progression. Front. Plant Sci. 13:900131. doi: 10.3389/fpls.2022.900131



Fusarium wilt caused by Fusarium oxysporum f. sp. vasinfectum race 4 (FOV4) is an early season disease causing root rot, seedling wilt, and death. To develop an appropriate field evaluation method for resistance to FOV4 in cotton breeding, the objectives of this study were to investigate the effects of cultivar, planting date, and inoculum density on disease progression in 2020–2021. Results showed that the usual local mid-April planting had the lowest disease severity (DSR) or mortality rate (MR) in 2020 and 2021. DSR or MR increased at the late April and early May plantings in both years and reached the highest at the early May planting in 2020, while MR in 2021 was followed by a decrease in the late May planting and reached the highest in the mid-June planting. Local daily low temperatures between mid-April and mid-June were favorable for FOV4 infections, whereas daily high temperatures at 35°C or higher suppressed wilt severity. When seedlings at the 2-true leaf stage were inoculated with 104, 105, 106, and 107 conidia ml−1 per plant in 2020, DSR was low but a linear relationship between inoculum density and DSR was observed. When a FOV4-infested soil supplemented with artificial inoculation was used, disease progression in three moderately susceptible or moderately resistant cultivars followed a linear model, while it followed a quadratic model in the highly susceptible Pima S-7 cultivar only. Among the other three cultivars, FM 2334GLT had the lowest DSR or MR except for one planting date in both years, followed by PHY 725 RF and Pima PHY 881 RF in ascending order, which were consistent with the difference in regression coefficients of the linear models. This study demonstrates that disease progression curves due to FOV4 can be used to compare responses to FOV4 infections among cotton genotypes in cotton breeding and genetic studies, regardless of planting date and inoculation method.

Keywords: Fusarium wilt, race 4, planting date, inoculum density, cultivar, disease progression


INTRODUCTION

Cotton (Gossypium spp.) is the most important fiber crop for the textile industry and an important oilseed crop globally. Cotton is grown in 17 southern states of the United States, with the highest production in Texas [40% of U.S. cotton production in recent years (USDA Economic Research Service, 2022)]. Fusarium wilt in cotton is caused by the soil- and infrequently seed-borne fungal pathogen, Fusarium oxysporum f. sp. vasinfectum (FOV). Among eight pathogenic races reported worldwide (Hillock, 1992), races 1, 2, 3, 4, and 8 and several new genotypes have been identified in US cotton (Davis et al., 2006; Holmes et al., 2009; Cianchetta and Davis, 2015; Cianchetta et al., 2015; Halpern et al., 2020). While race 1 is a predominant race in the US Cotton Belt, FOV race 4 (FOV4) has become one of the most important threats to cotton production in the west and southwest states of the Cotton Belt. FOV4, first reported in India (Armstrong and Armstrong, 1960), was first identified in California in 2001 (Kim et al., 2005) and recently in two counties (El Paso and Hudspeth) of Texas (Halpern et al., 2018; Bell et al., 2019; Davis et al., 2022) and one county (Dona Ana) of New Mexico (Zhu et al., 2019, 2020, 2021b; Zhang et al., 2020b). Different genotypic frequencies of FOV4 have been identified among California, Texas, and New Mexico isolates (Bell et al., 2019; Diaz et al., 2021; Zhu et al., 2021a; Liu and Wagner, 2022).

Fusarium wilt caused by FOV4 is an early season disease that causes seedling wilt and death immediately after emergence until the late square stage (Zhang et al., 2020c). After the square stage, most infected plants exhibit chlorotic, necrotic, or wilting leaves, although plant deaths are also observed (Zhang et al., 2020c). Therefore, low temperature early in the planting season of the spring may play an important role in FOV4-associated disease development. Greenhouse evaluations of cotton germplasm lines for FOV4 resistance should be conducted under low-temperature conditions (Zhang et al., 2020a). However, the effect of different planting dates on FOV4 disease development in different cotton cultivars has not been studied. In a 3-year field study using four cotton genotypes with three biweekly planting dates in California, Jeffers and Roberts (1993) showed that delay in planting cotton had the important potential to manage Fusarium wilt (caused by likely race 1). However, the exact effect of temperature on reducing FOV infections from the delayed planting was unknown. Based on a study on four planting dates between 16 October and 26 November 2002 in Australia (Allen, 2005), the increase in the end-of-season survival of cotton plants (from FOV unique Australian type) by delay in planting was attributed to the reduced rainfall in the spring, even though soil temperatures were also increased. However, in the arid southwest and west Cotton Belt (California, New Mexico and Texas) of the US where FOV4 is found, rainfall during the planting and early cotton growing season are minimal. Soil moisture is more uniform because when rain is limited, supplementary irrigation is utilized for seedling establishment. Soil wetness differences in this region may have little effect on FOV4 infections, but temperature differences during April and May can be substantial.

Fusarium wilt caused by FOV4 is dependent on not only temperature (Zhang et al., 2021a) but also inoculum density (Hao et al., 2009). In a greenhouse study, Hao et al. (2009) showed that inoculum density at and below 102 conidia g−1 of potting soil mix did not cause wilt symptoms and reductions in plant growth as measured by plant weight, height, and the number of nodes. Disease severity increased from inoculum levels of 103 conidia g−1 of soil to 105 and 106 for the highly susceptible cultivar Pima DP 744 and the moderately susceptible Upland Ultima, respectively. However, whether the effect of FOV4 inoculum density on disease development is affected by planting dates is currently unknown.

Based on our previous studies in a field with FOV4-infestations in 2018–2021 (Zhang et al., 2020c; Zhu et al., 2021a), mortality rates caused by FOV4 ranged between 80 and 90% in highly susceptible Pima S-7 and Pima DP 744 which were planted between April 24 and May 5. No difference was observed in FOV4-caused wilt severity during this period when temperatures were low (Zhang et al., 2020c; Zhu et al., 2021a). However, it was unknown if the further delay in planting would reduce disease severity on cotton infected with FOV4 and if disease progression differed among cultivars with different levels of resistance among different planting dates. Here, we carried out a series of experiments to investigate the effect of planting date, cotton cultivar, and inoculum density on disease development caused by FOV4. Results also allowed a comparison of disease progressions among four different cultivars, representing the first such study on FOV4 resistance in cotton.



MATERIALS AND METHODS


2020 Tests

Five planting dates—April 15 (4/15) and 25 (4/25), May 5 (5/5) and 15 (5/15), and June 5 (6/5) with a 10-day interval except for the last planting date with 21-day interval were selected. Three cultivars (Upland FM 2334GLT and PHY 725 RF, and Pima PHY 841 RF) with different responses to FOV4 (Zhu et al., 2021a,b) were used. Ten cotton seeds from each cotton cultivar were planted in a 10-cm pot (as a replication) filled with non-infested potting soil (Miracle-Gro Moisture Control Potting Mix with fertilizers for plant growth up to 6 months, Scott Co., Marysville, OH, USA). Inoculum density of 104, 105, 106, and 107 conidia ml−1 from a local virulent FOV4 isolate (Zhang et al., 2020a; Zhu et al., 2021b) were used to inoculate seedlings at the 2-true leaf stage by pouring 25 ml of each inoculum treatment to the soil surface without root wounding, followed by a light irrigation. For each inoculum density, a randomized complete block design with three replications was performed. To mimic the natural field conditions, the entire experiment was conducted twice the same time outside of the cotton greenhouse, Fabian Garcia Plant Science Center, New Mexico State University, Las Cruces, NM, USA. Plants were watered daily, and no additional fertilizer was applied.

Foliar disease severity ratings (DSR) were measured at 30 days post-inoculation (dpi). Each plant (with ~10 plants per replication in a pot) was rated based on a 0–5 rating scale with 0 for no symptom and 5 for plant death (Sanogo and Zhang, 2016; Zhang et al., 2020a), adopted from Zhang et al. (2012). Disease incidence (DI, percentage of symptomatic plants with ratings 1–5) and average DSR for each cultivar in each replication was calculated.



2021 Tests

In 2021, four planting dates [April 16 (4/16, day 0), May 7 (5/7, day 21) and 26 (5/26, day 40), and June 16 (6/16, day 62)] were chosen. For each planting date, a pre-infested soil (104 conidia g−1 of soil from the same local virulent FOV4 isolate used in 2020) was used to mimic infested field conditions and to also increase the wilt incidence and severity. The pre-infested soil was from potting soil (the same as used in 2020) previously grown with cotton and inoculated with FOV4 followed the same method used in the 2020 tests. No other soilborne pathogens were observed and isolated. Seeds from two Upland cultivars—FM 2334GLT and PHY 725 RF (the same as used in 2020) and two Pima cultivars—Pima PHY 881 RF (moderately resistant or susceptible) and Pima S-7 (highly susceptible) were planted in 19-L pots where 50 seeds for each cultivar were sown into 25 holes (2 seeds per hole) in each pot. A 4 × 4 Latin square design with a randomized complete block design and four replications was used to arrange each replicated test. At the 1–2 true leaf stage, 2 ml of 1 × 106 conidia ml−1 suspension per plant were poured onto the soil surface in each pot, followed by a light irrigation. Daily irrigation and weekly application of fertilizers (due to the reuse of a used pre-infested soil) were made. All the tests were performed at the same location as in 2020. At 15–17 days after planting (DAP), total seedlings (~50 plants per replication in a pot) were counted. At 15–17, 22–23, 30–32, and 36–37 DAP, dead seedlings were counted and removed. Mortality rate (MR) was then calculated as the percentage of dead seedlings in each plot. The proportion of plants that died after emerging (MR = mortality on a 0–1 scale where 1 = 100% survival) was counted on various dates, with a range of 13–60 days after inoculation with FOV4.



Daily Temperatures

The temperature data including daily low, high, and mean temperature from middle April to early or the end of July in 2020 and early August 2021 were obtained from a local weather station.



Statistical Analysis

An analysis of variance (ANOVA) was separately performed for the results in 2020 and 2021 using SAS 9.4 (SAS Institute Inc., Cary, NC, USA) based on a general linear model (GLM) procedure to determine the statistical significance of various sources of variation. For 2020, because of the lack of significant interactive effects from genotype and inoculum density with the test (each of the two tests had three replications), the two tests for each planting date were combined into six replications for ANOVA. Because of the significant effects related to the planting date and its interactions with cultivar in both 2020 and 2021, results from individual planting dates were separately analyzed. The least significant difference (LSD) at p < 0.05 was used to separate means. Correlation analyses were further performed between average daily low, high, and mean temperature and DSR or MR among planting dates at the same evaluation date using Excel.

The DSR results as a dependent variable were plotted against inoculum density as an independent variable for each of the three tested cultivars using a linear regression model. The rate of mortality over time was examined with linear, monomolecular, and several curvilinear models, including quadratic and exponential models. The acceptable models had slope parameters that were significant at p = 0.05, and a random distribution of data points around the predicted line. If there was more than a single acceptable model, then the linear model was used unless another model had a substantially higher R2 value.




RESULTS AND ANALYSIS


2020 Experiments

Mortality was very low (1%−5%) for the five planting dates, i.e., April 15 (4/15) and 25 (4/25), May 5 (5/5) and 15 (5/15), and June 5 (6/5). However, disease incidence was similar to that observed in a greenhouse or temperature-controlled conditions (Zhang et al., 2020a, 2021b; Zhu et al., 2021a). Therefore, DSR was then used for the following analyses. Overall (Figure 1), the 5/5 planting date had the highest DSR (1.99), followed by the 5/15 planting date (1.69). Next were the 4/25 and 6/5 planting dates with similar DSR (1.45–1.48), and the 4/15 planting date had the lowest DSR (0.87). It should be pointed out that under actual field conditions, germinating seeds were exposed to FOV4 infections after planting, causing root rot and plant wilt, and mortality immediately after seedling emergence (see the 2021 results).


[image: Figure 1]
FIGURE 1. Disease severity ratings from Fusarium oxysporum f. sp. vasinfectum race 4 in cotton at five different planting dates in 2020, 30 days post-inoculation. Individual plants were rated for disease severity based on the following scale: 0, no symptom; one wilted cotyledon; 2, two wilted cotyledons or two cotyledons abscised; 3, first true leaf wilted or three leaves abscised; 4, whole plant wilted or more than three leaves abscised; and 5, complete defoliation or plant death. Different letters above the bars indicate significant differences.


In general, inoculum density at 107 spores ml−1 caused a similar DSR to that at 106 spores ml−1, but its DSR was higher than at 104 and 105 spores ml−1 on all the planting dates. Across all the planting dates and three cultivars, DSR increased as FOV4 inoculum density increased, and the relationship was linear (with a coefficient of correlation r = 0.9903, p < 0.01). Averaged across all the planting dates and cultivars, 106 and 107 spores ml−1 had significantly higher DSR (1.62–1.68) than that at 104 spores ml−1 (with a DSR of 1.44). Inoculum density at 105 spores ml−1 had an intermediate DSR (1.54), but it was not significantly different from other inoculum densities (LSD0.05 = 0.18).

At all the planting dates, FM 2334GLT had significantly lower DSR than Pima PHY 841 RF and PHY 725 RF (Figure 2). Pima PHY 841 RF had significantly lower DSR at the 4/25 planting date but significantly higher DSR than PHY 725 RF at the two latest planting dates (5/15 and 6/5).


[image: Figure 2]
FIGURE 2. Average disease severity rating in three cotton cultivars from five different planting dates (April 15, April 25, May 5, May 15, and June 5, 2020), 30 days post-artificial inoculation of Fusarium oxysporum f. sp. vasinfectum race 4. Individual plants were rated for disease severity based on the following scale: 0, no symptom; one wilted cotyledon; 2, two wilted cotyledons or two cotyledons abscised; 3, first true leaf wilted or three leaves abscised; 4, whole plant wilted or more than three leaves abscised; and 5, complete defoliation or plant death.


DSR as a function of inoculation density could be described adequately for all the three cultivars with a linear model (Figure 3) when both tests were combined (because of similar results between tests). The slope values were similar among the three cultivars (FM 2334GLT = 0.0732, PHY 725 RF = 0.0637, and Pima PHY 841 RF = 0.0897), but the intercept term for FM 2334GLT was significantly lower (0.750, with a standard error SE = 0.132) than for PHY 725 RF (1.355, SE = 0.127), and Pima PHY 841 RF (1.365, SE = 0.118). This suggests that early disease symptoms were lower for FM 2334GLT than the other cultivars, but then disease symptoms progressed at a similar rate for all three cultivars.


[image: Figure 3]
FIGURE 3. FOV4 symptoms at 30 days after inoculation, as a function of inoculum density in 2020. Plants were rated on a 0–5 scale with 5 being plant death. PredFM, predP725, and P841 are the linear relationship predicted for FM 2334GLT, PHY 725 RF, and PHY 841 RF, respectively.




2021 Experiments: Disease Progression by Cultivar at Each Planting Date

Because of the use of pre-infested soil in 2021, seedling wilts and deaths were the first symptoms observed immediately after emergence, similar to field conditions. Therefore, MR was used in the following analyses. Overall across the four cultivars, consistent with the 2020 results, the 16 April planting date had the lowest disease severity based on MR, followed by the two May planting dates (Figure 4). However, the 17 June planting had the highest MR, unlike the 2020 study when the 5 June planting date had a significantly lower DSR than the two May planting dates.


[image: Figure 4]
FIGURE 4. Mortality rate (%) caused by Fusarium oxysporum f. sp. vasinfectum race 4 at 36 days after planting (DAP) from different planting dates in 2021. Different letters above the bars indicate significant differences.


A linear model in general provided an acceptable fit to the mortality data for FM 2334GLT, PHY 725 RF, and Pima PHY 881RF. Exceptions included FM 2334GLT at 0 (4/16) and 40 (5/26) planting dates. At the 0-day (4/16, earliest) planting date, the data collection was initiated later than the other planting dates, and there was insufficient variability to fit a linear model. The average mortality (slope = 0) provided an adequate description of mortality over time. At the 40-day (5/26) planting date, there was one replicate that performed markedly different than the other three replicates, so that no model could provide a good description of mortality over time (Figure 5). The other two dates (21-day, 5/7; and 62-day, 6/16) could be adequately described by a linear model (Table 1), which had a similar slope and intercept values (Figure 5).


[image: Figure 5]
FIGURE 5. Proportion of plants that emerged and then died (mortality) over time for FM 2334GLT at planting times of day 0, 21, 40, and 62 (day 0 occurred on 16 April) in 2021. Linear models were fitted for day 21 and 62 planting dates.



Table 1. Model parameters describing mortality (M) as a function of time after planting (T) in 2021.
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Mortality for PHY 725 RF could be adequately described with linear models for all four planting dates (Table 1). However, the last planting date had one replicate that had much higher mortality than the other three replications, resulting in a much poorer fit (Table 1, Figure 6), and while the linear model was significant at p < 0.04, the 95% confidence interval for the intercept and slope was so wide that it overlapped the values for the other three planting dates. The rate of mortality increase with time was significantly higher for the second planting date (5/7, b1 = 0.0080) than for the first (4/16, b1 = 0.0054) or third (5/26, b1 = 0.0053) planting dates (Figure 6). The intercept values at the second (5/7) and third (5/26) planting dates were similar, and their 95% CI did not overlap the lower intercept value for the first planting date. This suggests that there was more mortality initially for the second and third planting dates than on the first planting date. However, since the data collection was initiated later in the first planting date, the difference could be due to that factor.


[image: Figure 6]
FIGURE 6. Proportion of plants that emerged and then died (mortality) over time for PHY 725 RF at planting times of day 0, 21, 40, and 62 (day 0 occurred on 16 April) in 2021. Linear models were fitted for all four planting dates (identified as linear 0, 21, 40, or 62).


Mortality for Pima PHY 881 RF could be adequately described with linear models for all four planting dates. Mortality at the last planting date (day-62, 6/16) was much higher for one replicate than the other three, and the appearance was somewhat curvilinear at this planting time. However, the fit of an exponential equation (both using linearized versions and non-linear modeling) did not provide a significant improvement over the linear model, so the linear model is used. The slope values for the first three planting dates did not differ significantly from each other (Table 1, Figure 7). The 95% CI also did not overlap with the slope from the fourth planting date. However, the large error associated with the slope value for the fourth planting date did cause it to overlap with all other planting dates. The intercept value for the second planting date was significantly higher than for the third planting date (Table 1, Figure 7), suggesting that mortality was initiated earlier for the second planting date than the third planting date.


[image: Figure 7]
FIGURE 7. Proportion of plants that emerged and then died (mortality) over time for PHY 881 RF at planting times of day 0, 21, 40, and 62 (day 0 occurred on 16 April). Linear models were fitted for all four dates and are represented as Linear (0, 21, 40, or 62). An exponential model (Mortality = a × EXPb×T), where a = 0.188, b = 0.0228, and T = days after planting was also fitted to the last planting date (EXP62).


Mortality for Pima S-7 was fitted with a linear model for the first planting date and a quadratic model for each of the other three planting dates (Table 1, Figure 8). When the quadratic model was fitted, it had a much higher R2 value (average increase of 0.19) than the linear or exponential models. The variability between the replications at the first planting date was high, resulting in a poorly fitting (though significant) linear model. It is difficult to make direct comparisons between parameters with the quadratic models that were fitted to the last three planting dates, but some observations can be made. Plant mortality occurred earlier with Pima S-7 and then slowed down because there were fewer healthy plants left than was seen with the other three varieties. The maximum mortality proportion for the second (5/7), third (5/26), and fourth (6/16) planting dates was predicted to be 0.86 at 54 days after planting, 0.79 at 44 days after planting, and 0.91 at 39 days after planting, respectively. So final mortality was lower at the third planting date than the fourth planting date and also occurred more rapidly at the fourth planting date. The quadratic curve would not have been appropriate to estimate mortality after its maximum value.


[image: Figure 8]
FIGURE 8. Proportion of plants that emerged and then died (mortality) over time for Pima S-7 at planting times of day 0, 21, 40, and 62 (day 0 occurred on 16 April). A linear model was fitted to day 0 [Linear (0)] and quadratic models for the last three planting dates (Poly 21, 40, 62).


At the first planting date (4/26), all the models were at a disadvantage because of the later data collection. Based on the slope values, PHY 725 RF and Pima PHY 881 RF would be considered more resistant than Pima S-7 (Table 1). At the other three planting dates, Pima S-7 cannot be directly compared with the linear models for the other three cultivars, so comparisons will be made only among FM 2334GLT, PHY 725 RF, and Pima PHY 881 RF. At the second planting date (5/7), FM 2334 GLT would be considered more resistant (slower rate parameter) than PHY 725 RF or Pima PHY 881 RF. At the third planting date (5/26), no comparison can be made with FM 2334GLT due to the fact that no model was fit for it, but PHY 725 RF and Pima PHY 881 RF did not differ with respect to the rate of mortality increase over time. At the last planting date (6/16), FM 2334GLT again had a significantly lower rate of mortality than did PHY 725 RF and Pima PHY 881 RF. So, if the earliest planting date is discarded because of late data collection, then a wide range of planting dates (early May to mid-June) can all be effective to characterize mortality rate differences caused by FOV4 between cultivars. The planting date is unlikely by itself to minimize mortality by FOV4, while cultivar resistance/tolerance is effective regardless of planting date.



Relationship Between Temperature and MR

Correlation analyses were performed using data from the three planting dates in 2021 (5/7 and 5/26, and 6/17) with the exclusion of the 4/16 planting due to the lack of data before 36 DAP. MR had a consistent negative correlation with daily high temperature (HT) at the four evaluation dates (15–17, 22–24, 30–32, and 36–37 DAP) within each cultivar (except for FM 2334GLT) and on average (Table 2), although most of the correlations were not significant. Similar results were observed between MR and HT at three DAP intervals (between 15–17 and 22–24 DAP, between 22–24 and 30–32 DAP, and between 30–32 and 36–37 DAP) (Table 2). However, the relationships of MR with daily low temperature (LT) and mean temperature (MT) were inconsistent (from negative to positive). For 16 days between June 10 and 26 (Figure 9), the daily HT ranged from 37.2 to 41.1°C, while the LT ranged between 18.3 and 23.9°C which were still favorable for FOV4. The plants from seeds planted on 5/7 were too old to be affected, while the 6/17 planting was still at the emergence stage and was therefore too early to be affected (in effect, the high temperature encouraged seed germination and suppressed FOV4 infection). However, seedlings from the 5/26 planting were at the 1–2 true leaf stage and symptom development including mortality was suppressed by the HT during this period. This high-temperature period was followed by a period of lower temperature (with daily HT of 20.6–34.4°C except for 3 July with 37.2°C) between 27 June (10 DAP) and 8 July (21 DAP) (Figure 9A), which favored FOV4 infections in seedlings of the 6/17 planting. Therefore, the 5/26 planting had the lowest MR, followed by the 5/7 planting among the three planting dates at all the four DAP except for 15–17 DAP for the four cultivars except for FM 2334GLT which had higher MR at the 5/26 planting date (Figure 10). It appeared that daily LT and MT did not affect MR, but MR in the moderately resistant FM 2334GLT was not affected by HT. It suggested that MR in FM 2334GLT may not be affected by temperature. Planting dates had less effects on MR in highly susceptible Pima S-7 and moderately resistant FM 2334GLT, but greater effects on moderately susceptible PHY 725 RF and moderately resistant Pima PHY 881 RF.


Table 2. Coefficients of correlation (r) between mortality caused by Fusarium wilt race 4 (Fusarium oxysporum f. sp. vasinfectum) and average daily high (HT), low (LT), and mean (MT) temperatures (Temp) at different days after planting (DAP) from three planting dates (5/7, 5/26, and 6/17) in 2021.
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FIGURE 9. Daily high (HT), low (LT), and mean (MT) temperatures from April 15 to late July or early Aug. in 2021 (A) and 2020 (B).



[image: Figure 10]
FIGURE 10. Average mortality (%) in four cotton cultivars at different days [(A) 15–17 DAP; (B) 22–24 DAP; (C) 30–32 DAP; (D) 36–37 DAP] after planting on May 5, May 26, and June 17, 2021, grown in pre-infested soil supplemented with artificial inoculation of Fusarium oxysporum f. sp. vasinfectum race 4, and average high (HT), low (LT), and mean (MT) temperatures from day of planting to the day of evaluation.


The results in 2021 suggest that daily high temperatures at or above 35°C suppress MR. The 2020 planting results also support the above observations in that the overall daily HT for the 4/15 and 4/25 and 5/5 plantings were 30.9, 33.0, and 33.6°C, respectively; and the DSR for the three planting dates increased from 0.87 to 1.99. However, when the average daily HT reached 34.7 and 37.1°C for the 5/15 and 6/5 planting dates, the DSR decreased to 1.69 and 1.45, respectively. The higher DSR at the 5/5 planting date was likely due to two periods of low HT (29.4–31.7°C from May 20 to 26 at the 1-leaf stage and 5 days of 29.4–34.4°C) between June 8 and 16 (Figure 9B). The relationship between the average daily HT after planting and DSR or MR in the two years can be seen in Figure 11. In both years, DSR or MR increased from average daily HT at 28°C to that at 34°C, then decreased at 35°C and further decreased at 37°C.


[image: Figure 11]
FIGURE 11. The relationship between average daily temperature (C) and the mean disease severity rating (A) caused by Fusarium oxysporum f. sp. vasinfectum race 4 at 30 days post-inoculation (DPI) in 2020 and mean mortality (B) caused by Fusarium oxysporum f. sp. vasinfectum race 4 at 36 days after planting (DAP) in 2021 for different planting dates (month/day).





DISCUSSION


Planting Dates, FOV4 Disease Severity, and Temperature

As seen above, none of the planting dates in 2020 including early in the growing season (mid-April to early May) induced high MR as observed under field or low-temperature conditions (Zhang et al., 2020a). We speculated that the growth stage of cotton may have played a role in that inoculation after the 2-leaf stage caused low MR (as supported by another study, Zhu et al., unpublished). Therefore, to mimic field conditions, we used a FOV4 pre-infested soil for planting seeds in 2021, followed by an artificial inoculation on each planting date (16 April, 7 and 26 May, and 16 June) with a 19–21 day interval between two neighboring planting dates. Another change made was to use 19-L pots instead of 10-cm pots (0.8 L in size) to allow more seeds (50) to be planted in each pot. We also added a highly susceptible cultivar, Pima S-7, and replaced Pima PHY 841 RF with Pima PHY 881 RF because of seed availability (but both had similar pedigrees and the same resistance source for FOV4 from Pima S-6).

Fusarium wilt by FOV4 is an early season soil-borne fungal disease, causing plant mortality from seedling emergence until the square stage. In this 2-year study of planting dates between mid-April and early or mid-June, we showed that delay in planting did not decrease disease severity caused by FOV4. In fact, the usual local mid-April planting had the lowest disease severity (DSR or MR) in both 2020 and 2021, which was increased at the late April and early May plantings. In 2020, DSR reached the highest at the 5/5 planting, which was followed by a gradual reduction in the 5/15 and 6/5 plantings. In 2021, MR was also followed by a decrease in the late May planting, but it reached the highest in the 6/17 planting. However, for the mid-April planting, it was likely that some seeds might not germinate (due to seed rot) because of low soil temperature and/or FOV4 infections, which could underestimate DSR or MR. This was why this planting date was not included in comparing DAP and MR among four different planting dates in 2021. Therefore, seed germination, seed rot, and seedling emergence should be studied under FOV4-infested field conditions at different planting dates in the future.

We further showed that differences in DSR or MR among planting dates were not associated with LT, because daily LT among the planting dates between mid-April and mid-June in the desert southwest US are favorable for FOV4 infections. However, the results in both 2020 and 2021 support the conclusion that HT at or above 35°C suppresses FOV4 disease development. In 2020, DSR was the highest for plants from the 5/5 planting date when the average daily HT between the planting date and when the plants were evaluated at 30 DPI was 33.6°C. However, DSR was decreased when the average daily HT increased to 34.7°C (the 5/15 planting) and further decreased when the daily HT averaged 37.1°C (the 6/5 planting). In 2021, at 36 DAP, MR increased from 16.9% at the 4/16 planting date to 36.5% at the 5/7 planting date when the average daily HT increased from 28.1 to 33.0°C. However, MR decreased to 32.0% at the 5/26 planting date when the daily HT averaged 34.9°C and then increased to the highest (47.1%) at the 6/17 planting date when HT averaged 33.7°C. It should be mentioned that the temperature data used in this study were from a local weather station, not actual soil temperatures. Soil temperatures are usually lower in the summer and fall and higher in the spring and winter, but close correlations between air temperatures and soil temperatures at different depths have often been observed (Zhan et al., 2019). Infection and disease development by FOV4 are affected by both soil (early root infection in the soil) and air temperature (disease development through the spread of FOV4 to the above ground). There is an indication that favorable temperatures for root infection and disease development may differ (Ebbels, 1975). Since this study was pot-based, both soil and air temperatures were similar. In our previous greenhouse studies (Zhang et al., 2020a), we speculated that soil and air temperature would likely be 32°C or even higher on average to suppress FOV4-associated disease severity including seedling mortality. In a follow-up growth chamber study with constant temperature settings, Zhang et al. (2021a) showed that 23°C caused the highest DSR and MR in cotton, followed by 20 and 26°C, and 29°C in descending order, due to the highest mycelial growth rate at 23/26°C. In a glasshouse study, Wang et al. (1999) demonstrated that 28–33°C suppressed the symptom development on Upland cotton induced by an Australian FOV strain, while the highest disease severity occurred at 18–23°C after inoculation. However, in an early study (Young, 1923), soil temperature as high as 30.5°C was found to be optimal for wilt disease development in Upland cotton caused by FOV, but little wilt was developed below this temperature. Therefore, the mean temperature under natural conditions with fluctuations in daily temperatures and among days has different effects on FOV4 infection and disease development in cotton from the same mean temperature in a growth chamber but with a constant temperature setting.



Inoculum Density and Disease Development

In this study, different inoculum densities were compared for their effects on disease development. However, very low MR was observed due to artificial inoculation at the 2-true leaf stage. A linear relationship between inoculum density and DSR was still detected when FOV4 conidia were inoculated to non-infested soil when seedlings were at the 2-true leaf stage. The results were somewhat different from Hao et al. (2009) who showed that DSR increased from inoculum levels of 103 conidia g−1 of soil to 105 at which it reached the highest (with no increase at 106) in the highly susceptible cultivar Pima DP 744. However, in the moderately susceptible Upland Ultima, DSR continued to increase at the inoculum level of 106 conidia g−1 of soil and no higher FOV4 spore concentration was used. Therefore, the optimal inoculum density may depend on the susceptibility level of a cotton cultivar. In our study, Pima S-7 was highly susceptible to FOV4, similar to Pima DP 744; and other cultivars (FM 2334GLT, PHY 725 RF, Pima PHY 841 RF, or Pima PHY 881 RF) were moderately susceptible or moderately resistant. In addition, FOV4 inoculum density may have interactions with different temperatures and growth stages of cotton when an artificial inoculation is made, which may affect the relationship between inoculum density and disease development. Planting seeds in FOV4-infested soil induces disease earlier, faster, and more severe than inoculation at the 2-true leaf stage. It should be recognized that a potting soil mix is different from farm soils with different soil textures, organic matter, and microbes. Inoculum density by soil weight varies in soil types with the same volume. Therefore, spore counts by soil volume may be more useful than by soil weight. In artificial inoculations, the inoculum density of 106 spores on a plant basis is often recommended and used regardless of soil type.



Cultivar Differences in Disease Progression

The results between the 2 years could not be combined in analysis or directly compared due to the use of different planting and inoculation methods. Although MR was low in 2020, due to artificial inoculation at the 2-true leaf stage, the overall results for the three cultivars as reflected by DSR were consistent with those based on MR in 2021 when FOV4-infested soils with the supplement of artificial inoculation were used. The addition of a highly susceptible Pima S-7 in 2021 was successful in separating its response from the other three cultivars. The differential responses to FOV4 among the three or four cultivars were consistent with our previous results (Zhang et al., 2021a; Zhu et al., 2021a).

Due to different responses to FOV4 among different cotton cultivars, the disease progression caused by FOV4 may follow a sigmoid model if some of the cultivars have resistance genes in response to FOV4 infections during early stages of infections at both 7 and 14 days post-inoculations, as shown by Zhang et al. (2021b). It is also a well-known fact that many genes or quantitative trait loci (QTLs) confer adult resistance but not at the seedling stage in cereal crops (Chen, 2013; Zhou et al., 2019; Yuan et al., 2020). Our results showed that the increase in mortality for highly susceptible genotypes like the Pima S-7 cultivar (with ca. 90% MR) would slow as mortality approached the maximum value, while for less susceptible cultivars, mortality continued at a linear rate for all three planting dates (5/7, 5/26, and 6/17). The experimental setup with pots, as opposed to a field setting, did not allow data collection of these more resistant cultivars to a point where mortality reached a maximum value. FM 2334GLT, PHY 725 RF, and Pima PHY 881 RF had MR ranging between 20 and 60%, suggesting various percentages of resistant genotypes, as shown in our previous greenhouse and field studies (Zhang et al., 2020a,c). For cultivars possessing certain proportions of resistant genotypes or genotypes with different levels of resistance possessing major or minor disease resistance genes (without immune response), disease progression may be linear or sigmoid (Zhang et al., 2021b). The FOV4 resistance in Pima PHY 881 RF and Pima PHY 841 RF is known to derive from Pima PHY 800 which is derived from resistant Pima S-6, and Pima S-6 possesses a major resistance gene to FOV4 (Ulloa et al., 2013). However, these resistant cultivars are not homozygous in resistance as reflected by their various levels of MR. Many QTLs for resistance to FOV4 in Upland cotton have been recently reported (Zhang et al., 2015, 2022; Wang et al., 2018; Abdelraheem et al., 2020). Our studies show that the disease progression model is plant genotype dependent. However, regardless of genotypes, disease progression has a linear relationship with time during the early stage infection (up to 30 DAP for FOV4). In this study, highly susceptible Pima S-7 had the highest regression coefficients on each planting date, while FM 2334 RF had the lowest regression coefficients on two planting dates (5/7 and 6/17), and PHY 725 RF and Pima PHY 881 RF had similar and intermediate regression coefficients. Thus, the regression coefficient (slope) can be used to compare levels of resistance among different cotton germplasm lines instead of using DSR or MR at only one-time point, in addition to the area under the disease progress curve (AUDPC) that is used to quantitatively summarize disease severity over time, for comparison among cultivars (Simko and Piepho, 2012; Fernández-Campos et al., 2020; Serumaga et al., 2020; Zhu et al., 2021a,b). Fernández-Campos et al. (2020) recently showed that logistic models (polycyclic) provided the best fitting disease progress curve in all eight tested wheat cultivars against the wheat blast disease, which was followed by the Gompertz model; however, epidemiological parameters differed between genotypes. Therefore, epidemiological criteria can be used in breeding for line selection or cultivar releases.

In addition, temperature and plant growth stages may affect disease development and therefore disease progression models. Based on Jeffers and Roberts (1993), disease progression (mortality) in field-grown cotton caused by FOV (likely race 1) followed a linear or polynomial relationship with growing degree days (>12°C), depending on planting date and cultivar. Therefore, there is a need to perform similar studies on FOV4 using different cultivars with different planting dates under field conditions.
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Cotton is a key global fiber crop. However, yield potential is limited by the presence of endemic and introduced pests and diseases. The introduction of host plant resistance (HPR), defined as the purposeful use of resistant crop cultivars to reduce the impact of pests and diseases, has been a key breeding target for the Commonwealth Scientific and Industrial Research Organisation (CSIRO) cotton breeding program. The program has seen success in releasing cultivars resistant to Bacterial blight, Verticillium wilt, Fusarium wilt, and Cotton bunchy top. However, emerging biotic threats such as Black root rot and secondary pests, are becoming more frequent in Australian cotton production systems. The uptake of tools and breeding methods, such as genomic selection, high throughput phenomics, gene editing, and landscape genomics, paired with the continued utilization of sources of resistance from Gossypium germplasm, will be critical for the future of cotton breeding. This review celebrates the success of HPR breeding activities in the CSIRO cotton breeding program and maps a pathway for the future in developing resistant cultivars.
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INTRODUCTION

Cotton is an important commercial crop grown for its fiber, oil, and protein (Leff et al., 2004; Arora et al., 2017). The cotton genus, Gossypium, encompasses approximately 50 species and based on crossing compatibility to the predominant commercial cotton, Gossypium hirsutum, the species have been classified into primary, secondary, and tertiary gene pools. The primary gene pool contains five species, while the secondary and tertiary gene pools contain 20 and 25 species, respectively. Globally cultivated cotton utilizes four species; Gossypium arboreum (Desi cotton), Gossypium herbaceum (Levant or Arabian cotton), Gossypium barbadense (Pima, Egyptian, or Sea Island cotton), and G. hirsutum (Upland cotton; Wendel et al., 2009; Constable et al., 2015). Gossypium hirsutum encompasses 90% of the cotton grown globally, compared to G. barbadense (8%), G. arboreum (<2%), and G. herbaceum (<2%; Constable et al., 2015).

The genetic resources of cotton are spread across five continents and consist of diploid (A–G and K genomes, 2n = 2x = 26) and tetraploid species (AD genomes, 2n = 4x = 52) including G. hirsutum and G. barbadense (Lubbers and Chee, 2009). Munro (1994) stated that the difference in genomes is likely due to geographical isolation. While the C, G, and K genomes are confined to Australia and the D genome to America, the A, B, and E genomes are found across Africa and Asia. The F and G genomes are only found in a single species each. Australia has 17 native Gossypium species, containing the C, G, and K genome species (Stiller and Wilson, 2014).

China, India, the United States of America (USA), Pakistan, Uzbekistan, and Brazil are the leading producers of cotton by volume. While Australia only produces around 3% of the world’s cotton, it has the highest yields of any production region and is a significant global exporter (Constable and Bange, 2015). The major cotton-producing states within Australia are Queensland and New South Wales (Kaur et al., 2020), but expansion into the tropical areas of Northern Australia is underway (Yeates, 2003; Yeates et al., 2013). However, the full genetic yield potential of cotton is constrained by both biotic and abiotic stresses which impact yield and production (Constable and Bange, 2015). The intensification of cotton production systems and increasingly variable climate going forwards are encouraging the prevalence of pests and pathogens on cotton. The continued development of cultivars with resistance to target pests and pathogens will aid in decreasing yield losses through crop damage or death. High yielding cultivars contribute to the low cost of production per unit of fiber and ensure profits are sustainable for cotton growers (Constable et al., 2015).

This review aims to highlight the success that cotton breeding activities have had in breeding for host plant resistance (HPR) and looks to future challenges and solutions. The review will build on previous reviews (Wang et al., 2011; Constable et al., 2015; Mubarik et al., 2020; Negm, 2020) and will be largely based on breeding activities in Australian G. hirsutum; however, examples and progress in other species will be included. Australia has been particularly successful in deploying genetically modified (GM) cotton cultivars containing insecticidal genes from multinational corporations, like Monsanto, Bayer and Syngenta, targeted at control of key Lepidopteran pests of cotton, such that the entire Australian crop is now GM. This review will, however, only address native or non-GM traits already present within the Gossypium gene pool and some novel applications of genetic modification technologies.



BREEDING FOR HOST PLANT RESISTANCE

Host plant resistance is defined as the intentional use of resistant crop cultivars to reduce the negative impacts of pests or diseases on crop production systems (Stout, 2014). Developing HPR cultivars can be the most efficient and effective way for an industry to manage pests and diseases, however, a number of factors need to be considered before any investment in this type of research is committed. Figure 1 outlines a simple decision tree that can be used to justify an investment in HPR research. To start with, the distribution of the pest or disease; if the pest or disease is widespread, causing significant yield loss and there is not a viable agronomic management strategy, then it is a valid breeding target. If there is an appropriate management strategy but it is high cost and has low durability, then HPR is also considered a breeding target. A pest or disease that is very localized or temporally sporadic, has little impact on yield or quality, or is cost effectively controlled by conventional management strategies does not justify the time or cost of HPR breeding. However, the assessment of whether a resistant cultivar is the best method of control of the pest or disease must frequently be revisited as the dynamics of the pest or disease and crop are constantly changing and effective control chemicals can also be unexpectedly lost through changes in government regulations. Breeding for HPR is an on-going process and the adaptation of the pest or pathogen to the developed lines, refinement of the developed lines through further recombination during breeding, and the changing environment from season to season are all variables that need to be considered. There is often a high cost and long timeline associated with developing a resistant cultivar, particularly from the secondary or tertiary gene pools, so to justify the development, return on investment is key.

[image: Figure 1]

FIGURE 1. The high-level decision-making process to determine if a breeding program is justified to develop cultivars as a management strategy to control a pest or pathogen.


The standard approach to the development of resistant cultivars can be categorized into three steps: (1) the evaluation of germplasm for possible sources of resistance, (2) introgression of the source of resistance into an elite background, and (3) deployment of the cultivar into existing (or new) crop management systems. The selection criteria used to evaluate germplasm for resistance have to be stringent to ensure that only the most resistant material is carried forward as there are many competing priorities within any breeding program. In the CSIRO cotton breeding program, once the interaction of the crop and pest or pathogen is understood, a wide screen of all available germplasm (we have an extensive germplasm collection of cotton species and cultivars from all around the World) is used to identify lines that show resistance. Where necessary and practical we also import new cotton germplasm into Australia for testing. The screening of these lines involves infecting or infesting the plant with the pathogen or pest and then evaluating survival, damage, or other relevant phenotypic scoring measurements. Disease nurseries, defined as fields that have high levels of the pathogen of interest, are critical for the field validation of resistance. However, the timeframe and high cost of field trials have encouraged the development of glasshouse or growth cabinet bioassays as a more rapid screening methodology, where appropriate. Nevertheless, it is critical that the material is eventually validated in the field. State and Federal biosecurity regulations on-farm limit the potential available area for such field trials as new diseases cannot be purposely introduced for field screening into fields previously lacking a disease.

The difficulty of introducing new resistance into an elite background is governed strongly by the genetic distance of the source of resistance from the cultivated species (i.e., whether it comes from primary, secondary or tertiary germplasm), together with the genetic basis of the resistance and any ploidy differences. Most commonly in cotton, resistance to a pest or pathogen is polygenic, although fortunately some are conferred by single genes. Similar to other polygenic traits, variation in resistance is often continual rather than discrete, and finding germplasm with an appropriate level of resistance can be difficult. The low frequency of occurrence of resistance in elite germplasm, particularly for newly emerging pests or diseases, requires large, wide-scale screens of genotypes to be evaluated. This complexity is confounded if there are environmental interactions between the resistance trait(s) and variability in the pest or pathogen. The introgression of resistance may also be ‘diluted’ if not all of the genes involved are carried across during recombination throughout subsequent generations. As a result, resistance can be partially or completely lost during the breeding process and generations may have to be recovered or recrossed to ensure that effective resistance remains present in introgressed breeding lines. In these situations, the integration of molecular markers into the breeding pipeline is highly beneficial to improve both the speed and the efficiency of the introgression process and can replace a considerable proportion of the phenotypic screening required. If the source of resistance originates from germplasm with a different ploidy to G. hirsutum, i.e., a diploid, the first cross may have to involve an inter-specific hybridization and an increase in ploidy and might behave differently to the original diploid, or the resistance may not be viable through the introgression pipeline due to genome incompatibilities.

While establishing a phenotype happens early in the screening process, the development of retrospective tools for breeding, particularly molecular markers, can begin once a source of resistance has been identified and there are many standard procedures for achieving this using modern sequencing technologies (Schneeberger, 2014; Zhu et al., 2017). In plants, it is also common to discover useful pest and disease resistance in wild or unadapted germplasm. Therefore, the integration of resistance into elite populations is often a lengthy process of getting rid of poor alleles brought in from the resistance donor and restoring elite performance to the introgressed progeny. The introduction of essential commercially used GM traits, such as Cry genes for resistance to Australian Helicoverpa caterpillar species or tolerance to specific herbicides that are the mainstay of our current industry’s pest and weed control strategies, can only commence once a source of resistance has been introgressed into a predominantly G. hirsutum genetic background and is stably inherited. Genetic markers linked to all the major genomic regions of the donor that are sufficient to confer resistance are useful to aid in selecting lines with resistance and can decrease the resources needed to produce a resistant cultivar. Molecular approaches have become more feasible over the last decade with low-cost, high throughput sequencing technologies termed “next-generation sequencing.”


Cotton Breeding in Australia

Cotton breeding began extensively in Australia in the 1960s with the intensification of cotton production systems. Early breeding efforts included pedigree breeding and wide hybrid crosses. Australia’s early breeding programs principally followed programs in the United States, where increased yield and fiber quality traits were at the forefront of breeding targets (Rauf et al., 2019). Cotton breeding in Australia has been dominated by CSIRO and since 2010, we have developed 100% of the commercial cotton cultivars grown here (Kilby et al., 2013). Breeding targets for the Australian industry are primarily focused on yield, fiber quality, disease resistance, and adaptation to all production systems and climatic regions from semi-tropical to cool temperate. Estimated annual genetic gain is reported to be 1–2% per annum (Constable et al., 2001; Ward, 2013; Rochester and Constable, 2015) and Constable (2004) stated that for the industry as a whole, breeding has contributed 45% to its progressive yield improvements over the last few decades. Liu et al. (2013) found from an analysis of CSIROs Advanced Line Trials that the increase in yield in Australian cotton cultivars was attributed to genetics (48%), management (28%), and cultivar × management interactions (24%). Conaty and Constable (2020) identified that incorporating HPR into Australian cotton cultivars has been indirectly instrumental in increasing yield, particularly to the pathogens of Bacterial blight (Xanthomonas citri subsp. malvacearum; BB), Verticillium wilt (Verticillium dahliae; VW), and Fusarium wilt (Fusarium oxysporum f.sp. vasinfectum; FW).




THE SUCCESS OF OVERCOMING BIOTIC THREATS TO AUSTRALIAN COTTON PRODUCTION

Australia has a unique combination of clay soils, endemic and introduced pests and pathogens, paired with severe climate extremes, and heavily regulated water use in certain regions. Crop damage caused by pests and diseases is one of the major causes of yield loss (Oerke, 2006). While chemical sprays are the most common form of control (Whalon et al., 2011), large investment and successful efforts to introgress HPR traits into cotton cultivars have occurred (Thomson, 1994; Trapero et al., 2016).


Bacterial Blight

The first disease to severely impact the Australian cotton industry was BB caused by the pathogen Xanthomonas citri pv. malvacearum and yield losses of up to 20% were routinely reported (Stiller and Wilson, 2014). In 1985 the okra leaf cultivar Siokra 1–1 was released which had a high level of resistance to BB. Resistance was thought to have originated from the American cultivar Tamcot SP37 carrying multiple blight resistance genes. However, Rungis et al. (2002) suggested that the mapped chromosomal location of the resistance infers that resistance is from a single gene similar to that found in some African cotton cultivars. The development of Siokra 1–1 led to many subsequent BB resistant cultivars which have essentially eliminated losses from the disease in Australia. The resistance is broad-spectrum and provides immunity against all BB strains present in Australia and has remained remarkably stable since it was introduced in 1985. Due to the high uptake (100%) of the BB resistant cultivars, now a compulsory trait for any cultivar released from the CSIRO breeding program, the disease is no longer found in Australian commercial cotton systems (Stiller and Wilson, 2014), although the presence of exotic races of BB overseas means that BB remains a biosecurity risk for our industry.



Verticillium Wilt

VW is caused by the fungal pathogen Verticillium dahliae Kleb and was first reported in Australian cotton crops in the Namoi Valley in 1959 (Evans and Paull, 1967). There are currently three pathotypes of VW present in Australia: two non-defoliating and a defoliating strain (Kirkby et al., 2013). Throughout the 1990s, VW had high incidence levels across the industry with estimated yield losses of 10–62%. In response to this devastation, CSIRO developed and released cultivars including Sicala V-1 (1991) and Sicala V-2 (1994) throughout the 1990s that had a high level of resistance (Stiller and Wilson, 2014). The impact of these cultivars has endured to the current day as much of the resistance found in current commercial cultivars can be traced back to these resistant cultivars.

Over the last two decades, VW has, however, increased in severity and prevalence across the industry (Kirkby et al., 2013) despite the cultivation of VW resistant cultivars and highlights the need for increased levels of resistance in future cultivars. However, the different pathotypes of VW complicate breeding for resistance as they must be treated essentially as separate breeding targets. Recent evidence indicates resistance to one pathotype does not necessarily lead to resistance to another pathotype (Trapero, 2020), so it is assumed that different types of resistance traits will be required. It should be noted that cultivars of cotton resistant to VW strains present overseas are not necessarily resistant to the endemic races, and vice versa.



Fusarium Wilt

FW is caused by the pathogen Fusarium oxysporum f sp. vasinfectum and can cause extreme yield loss in some seasons. FW was first identified in Australian cotton systems in 1993 and is now found across the majority of cotton-growing regions (Kochman, 1995). This is a unique Australian race of FW and has proved to be very severe in comparison to other characterized races and biotypes (Wang et al., 2007). The onset of FW in the cotton industry was fast and in response the CSIRO breeding program developed lines with improved resistance within 10 years. Cultivars with high levels of FW resistance including Sicot F-1, Sicala 45, and Sicot 14B were released (Constable, 2006). The impact of these cultivars is reflected in the reports that FW is now not affecting the industry at large, and the rate of spread has slowed significantly in response to the use of resistant cultivars and greater emphasis on on-farm hygiene (Kirkby et al., 2013).

The genetic basis of FW has been a key area of research for the Australian program in the development of molecular markers. Lopez-Lavalle et al. (2012) were the first group to identify quantitative trait loci (QTL) associated with FW in Australia, while earlier studies focused largely on gene expression characteristics of susceptible and resistant cultivars (Dowd et al., 2004; McFadden et al., 2006). However, the genetic basis for resistance is still largely unknown, and the CSIRO program has relied primarily on field phenotyping to date.



Cotton Bunchy Top

Cotton bunchy top (CBT) is a viral disease that is vectored by cotton aphids (Aphis gossypii; Figure 2). It is caused by a Polerovirus that appears to be unique to Australia (Reddall et al., 2004; Ellis et al., 2016; Sharman et al., 2021). The disease was first identified in Australia in the late 1990s and nearly all Australian cultivars were susceptible to the disease. However, two cultivars were found that were highly resistant and these are the source being used to breed resistant cultivars. Although widespread, the occurrence of the disease is sporadic and it has rarely occurred at economic levels in the last decade, so the imperative for releasing resistant cultivars is not high. Ellis et al. (2016) identified markers that flanked the single CBT resistance region from the resistant cultivars, and these are now being routinely utilized in the breeding program through marker-assisted selection. The long-term aim is for all our cultivars to be resistant to CBT. The first CBT resistant conventional cultivar, Sicot 620, was released in 2018 and others carrying GM insect and herbicide resistance traits are in the pipeline.
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FIGURE 2. Typical leaf symptoms of a plant with Cotton Bunchy Top (CBT; Photo: Warwick Stiller).




Morphological Characteristics for Pest Resistance

A number of morphological characteristics have been utilized in Australia to enhance pest resistance in cotton, including the okra leaf shape (deeply invaginated leaf lobes) and reduced or eliminated leaf trichomes (glabrous). Okra leaf cultivars have a more open canopy which results in a less favorable environment for various insect and mite pests (Thomson et al., 1987; Fitt et al., 1992; Wilson, 1994). The report by Butter and Vir (1989) was one of the first to identify the positive correlation between hair density and leaf thickness, and the population of whitefly (Bemisia tabaci Genn.). The use of okra and glabrous leaf cotton cultivars has been suggested to minimize the development of Silverleaf Whitefly in cotton crops (Ma et al., 1996; Chu et al., 2002; Miyazaki et al., 2013a).



Two-Spotted Spider Mites

Secondary pests, such as the two-spotted spider mite (TSSM; Tetranychus urticae), have increased in cotton production systems since the introduction of GM traits to control Helicoverpa spp. The cultivars with added Bacillus thuringiensis (Bt) genes have substantially reduced chemical pesticide usage but have allowed several other pests to increase in prevalence. However, the robust resistance that is provided by GM technology has allowed the breeding program to focus on these other pests, particularly sucking pests. Trapero et al. (2016) reviewed the effect on cotton of pests not controlled by GM traits and the available sources of resistance and traits available for HPR.

While there are currently no commercial lines with TSSM resistance, resistant germplasm has been identified (Miyazaki et al., 2012; Figure 3). The fitness of two-spotted spider mites was affected more by constitutive than induced resistance traits in those resistant cottons (Miyazaki et al., 2013b), and Miyazaki et al. (2014) found that the jasmonic acid defense pathway is associated with resistance to TSSM in G. arboreum.
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FIGURE 3. Susceptible (A) and resistant (B) two-spotted spider mite (TSSM) cotton germplasm from the CSIRO cotton breeding program after infestation with TSSM (Photos: Lucy Egan).


The past successes of incorporating HPR into the CSIRO cotton breeding program illustrates how the program has identified and deployed effective breeding strategies, which can be carried forward to address future biotic threats to the industry.



Factors That Have Influenced the Success of the Australian Cotton Breeding Program

Three key factors have played a critical role in why the Australian cotton breeding program has been so successful. Firstly, the program has always had a long-term focus to develop cultivars that meet the needs of the industry. The shared vision between CSIRO and the cotton industry has forged strong partnerships that have informed our breeding targets. The collaboration with commercial partners, Cotton Seed Distributors Ltd. (CSD), Monsanto, and Bayer CropScience, has allowed the continual funding of research over decadal timeframes and has allowed the marketing of our cotton cultivars both nationally and globally under exclusive License arrangements through CSD. Although the CSIRO cotton program is nominally a public breeding program, the primary focus is cultivar development, and the research institution allows a great depth of interdisciplinary research to occur to ensure we are at the forefront of modern breeding technologies. Economic assessments of CSIRO’s cotton breeding program show an estimated 80:1 return on investment (Centre for International Economics, 2002; ACIL Allen Consulting, 2014), justifying an on-going investment. Secondly, the Australian climate, environment and soil types provide a conducive selection environment to make genuine genetic gain. The development and refinement of breeding strategies over a long period have allowed the program to take full advantage of the selection environments across a range of testing locations. In addition to the selection environment, the breeding and selection strategies are fine-tuned to current management systems to exploit the highest rate of genetic gain. The high level of crop management that the industry uses is a critical contributor. Thirdly, grower co-operation to provide sites for field experiments is critical so that the breeding material can be fully tested before commercialization. In particular, the volunteering of diseased fields by growers is the most important aspect of disease resistance breeding so that the material can provide a reliable and industry relevant phenotype (Ward, 2013).




EMERGING BIOTIC THREATS TO AUSTRALIAN COTTON PRODUCTION

While the Australian cotton breeding program has been successful in developing cultivars that have a high level of resistance to target pests and pathogens, the level of resistance is constantly monitored as it may be overcome as the pathogens or pests evolve, or the resistance level may inadvertently decline if not constantly selected for. The anticipation of new pests and diseases that could enter Australian cotton production systems is a constant threat and is monitored closely across the country by biosecurity teams and is used to inform the CSIRO breeding program of possible new breeding targets. The strict quarantine procedures for the importation of materials that may contain new pests and diseases into Australia reduces biological threats. However, research activities that could be beneficial to combat potential new pests and diseases are greatly restricted. Cotton Leaf Curl (Begomovirus), for example, is a viral disease vectored by B-type Whiteflies and is widely endemic across parts of Asia with devastating effect. The insect vector, but not the virus, has managed to find its way to Australia, but it is difficult for us to evaluate or breed for material that may be resistant to the virus as it would be foolhardy and illegal to bring the virus into this country. Nevertheless, we can bring some purportedly resistant germplasm into Australia to have some material here should a viral incursion ever occur. Examples of emerging endemic threats include Black root rot (BRR) and secondary pests arising from the decline in broad spectrum pesticide usage on Australian cotton cultivars containing GM traits.

BRR is caused by the pathogen Berkeleyomyces rouxiae sp. nov. (previously Thielaviopsis basicola) and was first reported on cotton in Australia in 1990 (Allen, 1990) and is now present in all cotton-producing areas of Australia (Nehl et al., 2004). BRR severity and incidence is controlled largely by the climate; cooler and wetter conditions exacerbate symptoms. Kirkby et al. (2013) stated that long-term survey data have shown the exponential growth and dispersal of BRR over decades, particularly into cooler southern regions of New South Wales where the industry has expanded in the last decade. Plants with BRR show stunted growth early in the season, delayed flowering, blackening of the roots and a reduction in the number of lateral roots (Mims et al., 2000; Allen, 2001; Pereg, 2013). Allen (2001) noted that sources of resistance to BRR in Australian G. hirsutum or G. barbadense germplasm were lacking for traditional breeding purposes. Although advances have been made in utilizing genetic modification for resistance to BRR using pathogen defense genes from other species (OGTR, 2006), toxic effects and undesirable phenotypic characteristics have been reported in the GM plants (Pereg, 2013) and they have not been progressed to commercial use. As global breeding efforts have also yet to be successful in developing a BRR resistant commercial cultivar., disease management is currently based on cropping practices. However, BRR remains a breeding target in the CSIRO program and Wilson et al. (2021) characterized and mapped strong resistance to BRR to a single region from G. arboreum that contains several putative resistance-like genes.



FUTURE DIRECTIONS

The future of global cotton production is reliant on the native variation available in cotton germplasm and potentially novel sources of new GM traits to develop high-performing cultivars. The available variation to exploit for future traits has to be either present in germplasm or created through recombination with related species or through transgenic techniques. An understanding of the history of Australian cotton breeding and how breeding successes were achieved to date is paramount to attaining and sustaining future genetic gain. The success of utilizing traditional breeding methods has been apparent in Australian cotton breeding activities, and if similar challenges are encountered, the industry should feel confident that our breeders can utilize a similar methodology for success in the future and the timeframes involved. Quantitative breeding methods including genome-to-phenome knowledge, statistics, genomic selection (GS), and fundamental quantitative genetics approaches will all advance the understanding and utilization of the natural variation in cotton germplasm (Cooper et al., 2014) and hopefully speed up the process. The recent advancements in panomics indicate that these new breeding technologies should continue to be integrated into HPR cotton breeding programs alongside existing and new crop management strategies and the continual search for new sources of resistance.


Crop Management

While breeding for HPR will be critical for future climates, the role of crop management and precision agriculture should not be underestimated and should be considered if it is determined that a breeding solution is not the most appropriate path to success (Figure 1). For example, precision agriculture techniques can allow farmers to have a detailed understanding of where a disease may occur within a field, or across a farm, and consequently implement more efficient management strategies specific to their situation. Techniques can range from utilizing high level geospatial data through to complex models of precision application of insecticides and fertilizers to reduce the impact of plant pests and diseases on the crop (Shafi et al., 2019; Roberts et al., 2021). New pesticides and fungicides are under continuous development by industry and new approaches to control such as using exogenously applied RNA interference (RNAi) molecules that specifically inhibit growth or development of pests or pathogens remain as viable alternatives to HPR if they can overcome some of the technical and economic hurdles to large scale production (Hernández-Soto and Chacón-Cerdas, 2021).



The Identification of New Sources of Resistance

The continued identification of new sources of resistance and an ability to reliably screen for that resistance at scale will be the most critical activity for future HPR breeding activities. If resistance cannot be identified or screened for, it cannot be incorporated into the cultivar development pipeline. To incorporate an accurate and effective laboratory, growth cabinet or glasshouse screening tool into the HPR breeding pipeline, the method will need to be developed and optimized in parallel once individual sources of effective resistance are first identified. Screening methods should be fast, cheap, repeatable, and the results are obtained reflective of the field situation to provide the greatest value to a breeding program.

In the absence of an accurate high throughput screening method, it is difficult to identify resistance and the rate of genetic gain will be slowed. The time to develop a screening method varies greatly and is dependent on the pest or pathogen. However, already published methods in the literature can often be used and adapted. For example, within 12 months, the CSIRO cotton breeding program developed a controlled environment rapid seedling assay to screen for TSSM resistance. The method was optimized over the following two years until a final protocol was developed (Trapero, 2022b). Similarly, a controlled environment seedling VW screening assay was developed within 12 months (Trapero, 2022a). However, although the VW bioassay produces reproduceable data, the high environmental interactions of this pathogen result in the assay being only partially predictive of how some genotypes respond to VW under field conditions. Genotypes with susceptibility or low levels of resistance can be identified and eliminated, but there is not good discrimination among moderate or highly resistant genotypes. Field-based, season long evaluation trials should always be used to validate any lab or controlled environment screening methods, particularly for complex pests and pathogens.



The Impact of New Breeding Technologies

Introgression of target traits from related species by traditional breeding is a lengthy process, often taking more than 20 years to reach a viable commercial outcome. In comparison, introgressing traits from elite cotton and non-elite primary gene pool germplasm takes approximately 10 and 15 years, respectively. The incorporation of new breeding technologies promises to allow better incorporation of sources of resistance from outside of elite germplasm and the stacking of resistance genes.

New breeding technologies that increase the accuracy and speed of selection are a significant area of investment for breeding research. Although the technologies may not always accelerate the breeding timeline significantly (often only by 1–2 years), they facilitate superior line selection at greater accuracy and increase the overall rate of genetic gain over time. Figure 4 summarizes the suggested themes and breeding technologies that any cotton breeding program should target to develop cultivars for future challenges. While it is impractical to expect a silver bullet from one technology or methodology, the most effective strategy will be the incorporation of several technologies depending on the nature and complexity of the resistance traits being incorporated.
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FIGURE 4. The potential future strategies for improvement of host plant resistance in cotton breeding programs. AI, artificial intelligence; QTL, quantitative trait loci.



Phenomics

The field of phenomics (the measurement of sets of phenotypes, often physical or biochemical traits) offers huge potential to decrease the current high cost of field phenotyping of plant resistance responses and is becoming increasingly incorporated into commercial HPR breeding programs. One of the main benefits of phenomics is that the classification of resistance reactions is often non-invasive and standardized across fields, reducing human error (Mahlein et al., 2019). Digital phenotyping, defined as the use of sensors (e.g., infrared sensors), robotics, imaging, machine learning and artificial intelligence, has been a focus of recent research to characterize, quantify, and monitor plant-pathogen interactions (Mutka and Bart, 2015; Singh et al., 2016; Mahlein et al., 2019; Li et al., 2020a). Of the technologies available, sensors and various spectral (multispectral and hyperspectral) imaging appear to be the most advanced and have the technical and functional capability to be incorporated into breeding programs (Kuska et al., 2015; Thorp et al., 2015). Sensors have been widely used to monitor resistance reactions during plant defense mechanisms (Singh et al., 2016; Mahlein et al., 2019), albeit none have been published in cotton.

Several obstacles, largely based on the size and type of data, still need to be overcome for phenomics technologies to be widely adopted in cotton breeding programs. First, it is critical that datasets utilized for phenomic technologies are large and can be utilized by several software programs without requiring complex data transformations or re-formatting. Second, the technologies need to be scalable and useable in the field with current management practices. High-throughput phenotyping methods have begun to overcome some of the originally proposed challenges, such as automation, accuracy, and upscaling. However, applicability across crops and diseases/pests remains a challenge (Varshney et al., 2021). Third, the data collected should be multi-trait and multi-environment to increase prediction accuracy as diseases and pests can cause multiple pleiotropic symptoms and be influenced by environmental conditions over the life of the crop. The incorporation of environmental data will be integral in moving forward with phenomic tools for pest or disease phenotyping. The incorporation of genetic technologies with phenomics should begin to unravel the genetic interactions with the pests or pathogens and the environment and could enhance the breeding process by highlighting what environmental factors are important for specific target traits. Finally, data processing techniques and capacity will need to increase to ensure the accuracy and robustness of predictions and to cope with the significantly larger volumes of data that would be generated in any commercial breeding enterprise. Although the development of data processing techniques for machine learning and artificial intelligence (AI) tools are largely in the developmental stage (Mahlein et al., 2019), the use of AI to facilitate the phenomics process will provide high levels of effectiveness and efficiency to develop solutions (Li, 2020). In an HPR scenario, the AI could identify what traits are important in HPR and machine learning could find the correlations, trends, and environmental parameters that are important for performance. However, like any phenotyping process, unless the data are collected accurately, clear decisions cannot be made.

Further characterization and dissemination of the relationship between the plant, the pathogen/pest, and the farming systems in which they are found are needed. This responsibility will fall to research teams, where a large cohort of deep knowledge needs to be shared in order to deploy phenomics tools into breeding programs. Particularly, plant breeders will need to be open and proactive at realizing the potential that phenomics tools could have to advance their breeding programs (Giglioti et al., 2015; Cobb et al., 2019). However, it is important to remember that phenomics will not always shorten the timeline for cultivar development; rather, it will facilitate an upscale and increase in accuracy of phenotyping capability.



Genomics

The field of genomics has seen considerable advancement in recent decades mostly due to the rapidly decreasing costs of genome sequencing and democratization of sequence analysis tools out of the hands of specialist bioinformaticians (Mansoor and Paterson, 2012; Nadeem et al., 2018; Zaidi et al., 2018). In a report by the National Academies of Sciences and Medicine (2019), genomics and precision breeding were identified as the two areas that will have the largest impact on food and agricultural production in the coming decades. Genomic breeding methods aim to enhance the speed of breeding through the exploitation of minor effect alleles, reducing linkage drag, and increasing the accumulation of favorable alleles to sustain and increase the genetic gain (Varshney et al., 2021). The advances in short and long read sequencing technologies have enabled many more plant genomes to be sequenced, and the sequencing of diverse germplasm within cotton species has identified many candidate genes that could be exploited for future traits.


Genomic Selection

The concept of GS was first proposed by Meuwissen et al. (2001) and takes into account the small effects of all of the genetic markers available across a genome to determine an estimated breeding value for any individual based on its particular set of marker combinations through a robust statistical model developed from a large training population of individuals or lines of known genotype and phenotype for the traits of interest. Many studies have looked at the use of such whole-genome prediction models and GS approaches for disease resistance traits in wheat (Ornella et al., 2012; Rutkoski et al., 2012, 2014; Arruda et al., 2015), maize (Technow et al., 2013), cassava (Ly et al., 2013), potato (Enciso-Rodriguez et al., 2018), and barley (Lorenz et al., 2012; Sallam et al., 2015; Tiede and Smith, 2018), but there are currently yet to be any published in cotton.

As the genetic complexity of resistance shifts from a single or few major R genes, to pyramiding multiple minor QTL, marker-assisted selection for disease traits will likely be replaced by GS (Poland and Rutkoski, 2016). A GS model has been proposed as useful for HPR that is controlled by a combination of a few large-effect QTLs in a polygenic background (Rutkoski et al., 2011). However, the deployment of GS into a breeding program requires a reliable phenotype and large amounts of phenotype data for the target environment across a sufficiently large training population to ensure accuracy in the model developed (Poland and Rutkoski, 2016). Exploiting a selection index could be an opportunity in cotton breeding once a robust trained GS model is built. However, large amounts of environmental data would need to be included in the model, for many of our target diseases whose incidence and symptoms are regulated by climatic factors.

The plant-pathogen and environment interactions heavily influence the variability of the phenotype data, particularly in disease field trials where there is an uneven distribution of the disease in the field and considerable year to year variation in the climate. Therefore, the incorporation of environmental data in genomic predictions allows for more stability of genotype selection across different growing sites, regions, and years. A useful tool in this area may be landscape genomics. This is a developing research field that aims to identify the relationship that exists between adaptive genetic imprints on the genome and environmental heterogeneity (Joost et al., 2007). The technique can identify genetic variants that have contributed to local adaptation (Manel et al., 2010) but require many markers to cover the whole genome. Although landscape genomics studies have been conducted for over a decade, basic theoretical frameworks are still minimal (Li et al., 2017). To date, there are no published studies in cotton. Landscape genomics could be utilized in HPR studies, whereby the host plants will exhibit different allele frequencies between resistant and susceptible plants. The approach could be further utilized by correlating genomic regions with environmental characteristics and could aid in explaining how the change in an environmental characteristic could affect resistance (Parisod and Holderegger, 2012; Rellstab et al., 2015). Landscape genomics could be utilized by a GS model as it will take into account what alleles are required for the expression of resistance in specific environments.

More frequently, Genome-Wide Association Studies (GWAS) are also being incorporated into genomic selection models to leverage the genotype and environment interaction data. While GWAS’s have been successful in cotton in detecting QTL for fiber quality traits and yield components (Su et al., 2016; Fang et al., 2017; Gapare et al., 2017; Liu et al., 2018; Li et al., 2020b), and several studies have identified candidate genes for Verticillium wilt resistance (Li et al., 2017; Gong et al., 2018; Abdelraheem et al., 2020; Zhang et al., 2020), there is now the opportunity to leverage that data and incorporate it into a GS model (Moore et al., 2019). Identifying the main environmental trends from GWAS’s could help in predicting the performance of complex traits, such as HPR, through GS (Li et al., 2021).

Often GWAS and GS models have been used independently, but peak associated markers have been incorporated into GS models as a fixed-effect covariate (Zhang et al., 2014; Arruda et al., 2016; Spindel et al., 2016; Rice and Lipka, 2019). Previous studies imply that utilizing both methods could aid in predicting traits controlled by many small-effect QTLs, such as HPR. However, increased efforts towards fine mapping of genomic regions controlling biotic resistance are needed (Shen et al., 2010; Zhao et al., 2017).

Gene-based breeding (GBB) technologies are an alternative method to GS. GBB differs from GS whereby technology is used to find genes that are involved in a process, i.e., resistance to a pest or disease. If there are several hundred genes that are known to be involved in a pathway or process, usually identified through transcriptomics or GWAS, algorithms can be created based on the contribution of those genes. As GBB only looks at a subset of genes, compared to GS that scans the whole genome, GBB may give a better outcome than GS. However, GBB is best utilized when targeting a single or limited number of traits. If several traits are being selected, GS would be more beneficial as the whole genome would be covered. However, the GS and GBB technologies are not mutually exclusive and should be used together to increase impact and improvement for breeding efforts. GBB could be utilized in early HPR breeding efforts whereby germplasm is selected primarily based on the level of HPR. Once the resistance is incorporated into an elite background, GS could be used to maintain the resistance in future cultivars.



Gene Editing

Gene editing (GE) in plants refers to the manipulation of genetic material by inserting, deleting, or replacing DNA sequences using sequence targeted nucleases. GE can convert alleles to a specific sequence in a different background and has the potential to generate resistance in an elite line in as little as one generation in some amenable plant species. GE also has the potential to create novel directed variation that could be utilized to address future breeding objectives (Nasti and Voytas, 2021). GE often results in fewer unintended genomic changes compared to earlier random mutagenesis techniques (Graham et al., 2020) and is more precise than those methods being able to specifically alter a native gene of a crop (Jung et al., 2018). This technology could allow the identification of target genes that are involved in resistance and for them to be incorporated into an elite background or could convert susceptible alleles to resistant alleles in an elite background.

The CRISPR/Cas RNA-guided system is the most widely used form of GE (Khan et al., 2018) and has been highly effective for site-specific genome engineering (Peng et al., 2020; Zaidi et al., 2020). More recently, CRISPR has been used to activate (CRISPRa) or suppress (CRISPRi) genes. The use of CRISPR/Cas nickases for promoter manipulation could be helpful in the regulation of gene expression and reduce the associated risks of introducing foreign material into the genome.

Gene editing technologies, in partnership with enhanced knowledge of trait architecture, will enable possible solutions to engineer complex trait variation (Varshney et al., 2021). The variation created through GE can be beneficial when there is no current trait of interest in the available germplasm (Holme et al., 2019). A prime candidate for GE could be BRR resistance. Currently, there is no known resistance in any tetraploid cotton cultivars in the world, although we have identified good resistance in the diploid G. arboreum. If the underlying resistance gene(s) can be identified and related but ineffective R genes are present in tetraploid cotton, targeted mutagenesis could potentially convert those genes and generate resistant candidates in a much shorter timeframe than interspecific introgression that often takes more than 20 years. GE can be used to target resistance genes, silence susceptibility genes, and stack multiple R genes together for robust and resilient resistance. Li et al. (2022), for example, used precision GE to delete a small segment of the wheat powdery mildew (Blumeria graminis f. sp. tritici) susceptibility genes, MLO, present in the B sub-genome of hexaploid wheat to produce a cultivar resistant to the fungal pathogen in a much shorter time than could be achieved by backcrossing the known mutant of that gene. The pyramiding of target resistance genes to reduce the breakdown of resistance to target pests and diseases will be a key area of interest for future GE activities in cotton and other crops. However, the challenge in cotton is that the plants and pathogens/pests do not often have simple gene for gene resistance mechanisms (except for BB), and resistance is often broad-spectrum conferred by multiple genes. GE may also be used to target DNA viruses by expressing the editing system in the host plant nucleus to target DNA viruses when they enter and begin to replicate [reviewed in Borrelli et al. (2018)].

Although there are many benefits of using GE, a large constraint in the commercial context is the legal licensing and regulatory obligations that it entails as well as the public perceptions of GE. The patent landscape for GE technologies is quite complex and obtaining the rights to use GE for a commercial purpose can be a minefield. Also, in Australia, at least, taking a whole resistance gene out of a diploid species, say, and inserting it into a commercial cultivar or any deliberate changes to the sequence of a gene using a directed repair of a break within the gene to convert it to a resistant allele, is currently defined as genetic modification and subject to very expensive and time-consuming regulatory requirements. However, as the plant breeding industry globally moves more toward using GE technologies in many crops and horticultural plants it may not always be considered GM as it will become more familiar and less novel. Recombination-based breeding, or traditional breeding, is the way that cotton breeding will continue while the State or Federal governments, and/or public policy limit the use of these new breeding technologies in agriculture. Critically, public perceptions of what GE technologies and GM cultivars are, will be key and will inform any future changes to the legal definitions. Cotton growers in Australia already accept genetic modification techniques and have seen the value they bring to the industry, so would likely get behind any new cultivars developed using GE.



RNA Interference

The use of RNAi is a major possibility in future cotton applications as it is a crop that is now firmly based on the use of GM traits for crop protection and weed control. RNAi is a post-transcriptional process that results in the suppression of gene expression through the degradation of the target mRNA (Fire et al., 1998). The RNAi molecule can be delivered either through the plant as a “transgene” or applied ectopically like a chemical pesticide or fungicide. Investments in research on exogenously applied RNAi has increased in recent years, largely due to the significant reductions in cost of production of RNA that need to get to the point of being similar in cost to synthetic chemicals. GM RNAi crop cultivars have already been developed and commercialized in corn, where the plant produces in its roots a double-stranded RNAi molecule targeted at a gene in the larvae of the corn root worm Diabrotica virgifera virgifera LeConte and delivered when the insect eats the roots [reviewed in Darlington et al. (2022)]. The understanding of how resistance genes work and how they recognize pathogens could lead to the development of “purpose-designed resistance genes” that will target specific factors in pathogens and could become a powerful tool in the HPR arsenal. Plants could express multiple RNAi molecules that target a range of pest and pathogen genomes, but application of RNAi is currently limited by the identification of effective gene targets in the pests or pathogens. Synthetic biology holds promise to overcome the target identification limitation and the continuation of sequencing efforts for pests and pathogen genomes will encourage the use of RNAi technology in future control strategies, particularly through exogenously applied RNA as it has a much simpler and shorter regulatory timeframe when compared to GM crops. Once effective molecules and gene targets are identified with exogenous RNAi the genetic modification approach may become more amenable.




Germplasm Utilization

Increased germplasm utilization from Gossypium species to identify new HPR traits is strongly encouraged. Genebanks hold a range of species and diversity, and utilizing these is the cheapest and most efficient way to futureproof cotton and improve progress in genetic gain (Liu et al., 2013; Egan et al., 2019). However, the lack of characterization of germplasm in the genebanks deters breeders from utilizing that material. Linkage drag from unimproved germplasm is a well-reported problem and an obstacle that needs addressing to encourage the incorporation of new germplasm crosses into breeding programs (Acquaah, 2009). Although crossing different Gossypium species is possible (Brubaker et al., 1999; Bell and Robinson, 2004; Tahir and Noor, 2011), the difficulties in crossing and producing fertile seed, coupled with the frequency of deleterious alleles piggy-backing with the desired trait highlight why very few have made it into commercial cultivars (Ganesh Ram et al., 2008). Ultimately, the minor Gossypium species can never compete with commercial cultivars on yield and fiber traits. Deep characterization of germplasm held in global genebanks could be a pathway to overcome the bottleneck when combined with the development of new breeding technologies that may allow more targeted transfer of segments of donor genomes carrying desirable traits and increase the precision of introgression breeding without impacting on agronomic performance.

Finally, the integration of breeding, agronomy and farming systems management, and the techniques of phenomics, genomics, and germplasm utilization are all needed to identify and introduce new sources of HPR into Australian cotton and have them successfully deployed. However, none of the above-mentioned techniques will be the silver bullet for the future of HPR breeding in cotton, or any plant breeding activities. An approach that encompasses and integrates several technologies and field testing across multiple environments still needs to be adopted (Li, 2020).





CONCLUSION

As cotton production increases in intensity and scale, so will the number of existing and new cotton pests and diseases. The lessons learnt from the past six decades of HPR breeding activities in the CSIRO cotton breeding program can be used to advise and inform other programs on future activities. Historical breeding efforts show that Australia has been successful in developing high-yielding cultivars with resistance to a range of pests and pathogens, primarily achieved through traditional phenotypic selection techniques and targeted germplasm utilization. However, future cotton breeding efforts face significant challenges in continuing to identify and incorporate HPR.

Genomic breeding technologies have both significant benefits but also challenges. For HPR, this lies in the complexity of resistance often found in cotton and how it will be packaged with commercial insect and herbicide resistance traits in an elite background. Plant breeders need to exploit recombination and stack resistance genes to improve their annual genetic gains. However, this is often not possible through conventional recombination breeding as the population sizes needed grow exponentially with increasing numbers of traits being selected. There will continue to be a trade-off between the breeding aims and the optimal outcome that can be achieved. In the CSIRO cotton breeding program, five GM traits for pest resistance are now incorporated into elite breeding lines as well as several native traits. Currently, the program is investigating GS to address these challenges. However, GE is a possible future option to improve HPR traits and would be of excellent value where several allele changes can be edited in one generation, rather than cycling through several generations and diluting past successes in cultivar improvement.

Succinctly, GS is the way forward for the present and near-future, but there will be some occasions where it will be better to utilize GE so that the elite background is not lost. GE will likely be used in the future to overcome challenges associated with recombination breeding and to allow access to traits confined in the tertiary cotton gene pool, particularly the diploid species. However, this relies on having an efficient, genotype independent transformation system or a transgene-free editing system as the challenge of packaging all of the required traits into an elite genetic background remains and is the ultimate challenge for a breeder.

In conclusion, future efforts and resources in HPR cotton breeding should focus on the development of rapid resistance screening methodologies that are predictive of the field, the continued identification of new sources of resistance both within cultivated cotton and its near relatives, and the adoption and integration of modern phenomic and genomic tools in day-to-day breeding. These methods can be incorporated into traditional phenotypic breeding pipelines to enhance the opportunities to accelerate and sustain the rate of genetic gain. GE can deploy a simple and rapid solution of HPR for genetically simple traits, but for complex HPR traits, GS will need to be used. The use of these genomic technologies will help inform crossing and selection decisions but will not be a substitute for robust field phenotyping and validation.
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Antibodies for the Coat Protein of Cotton Leafroll Dwarf Virus Detect Commelina sp. as an Intermediary Host for Cotton Blue Disease
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The cotton blue disease, caused by the cotton leafroll dwarf virus (CLRDV), leads to dwarfism, leaf rolling, and production loss in susceptible cotton varieties. To develop an enzyme-linked immunosorbent assay (ELISA) test to detect the virus in cotton and weeds, peptides based on the coat protein were used to produce polyclonal (α-GQE, α-PRN, and α-INK) and monoclonal (α-GQE, α-PRN, and α-NKF) antibodies. All six were tested as capture antibodies, and polyclonal α-GQE and the monocle onal α-NKF were labeled with the enzyme alkaline phosphatase and used as detection antibodies for a double antibody sandwich (DAS) ELISA method, in which p-nitrophenyl phosphate was added and measured by absorbance at 405 nm. The DAS-ELISA sandwich was efficient in discriminating between healthy and diseased plant extracts. The ELISA methodology detected the virus in the weeds Commelina sp., which was confirmed by RT-PCR. The monoclonal antibodies may be used to develop other diagnostic procedures.

Keywords: enzyme-linked immunosorbent assay (ELISA), CLRDV, virus, intermediary host, serology


INTRODUCTION

Cotton blue disease is one of the most important diseases of cotton, caused by the cotton leafroll dwarf virus (CLRDV; Correa et al., 2005). It is transmitted by the aphid Aphis gossypii (Cauquil and Vaissayre, 1971; Michelotto and Busoli, 2007). Virus resistance in cotton is conferred by a single locus (Pupim et al., 2008). Single nucleotide polymorphisms (SNPs) and simple sequence repeats (SSRs) markers linked to the resistance gene Cbd have been identified (Fang et al., 2010). The presence of atypical symptoms has been observed in cotton fields and may be related to the variability of the virus (Silva et al., 2008). Important luteoviruses were detected in cotton in Australia (Ellis et al., 2013) and Argentina, respectively, called Cotton bunchy top virus, CBTV, and Cotton leafroll bushy virus (CLRBV). CLRDV has been reported in Brazil (Correa et al., 2005), Argentina (Distéfano et al., 2010), India (Mukherjee et al., 2012), Thailand (Sharman et al., 2015), Timor-Leste (Ray et al., 2016), Uzbekistan (Moukahel et al., 2021), and Sudan (Kumari et al., 2020). Furthermore, it has been reported in various states in North America, first in Alabama (Avelar et al., 2019), and later in Mississippi (Aboughanem-Sabanadzovic et al., 2019), Georgia (Tabassum et al., 2019), Texas (Alabi et al., 2020), Kansas (Ali and Mokhtari, 2020), and Florida (Iriarte et al., 2020).

The detection of the virus by reverse-transcriptase (RT)-PCR is laborious and expensive. Until now, no diagnostic serological methods are available and previous attempts to detect the virus by serology using general antisera against luteovirids failed (Takimoto, 2003). Even more sensitive than RT-PCR assays, ELISA represents an important tool as it is cheaper, easier to use in basic labs, and less susceptible to host inhibitors. Weeds have been recently reported as CLRDV’s secondary hosts in Georgia, detecting the virus by RT-PCR (Sedhain et al., 2021). The objective of this work was to develop a rapid diagnostic test for the presence of the virus, and its presence in the weed Commelina sp. was detected.



MATERIALS AND METHODS

Three peptides (Table 1) were chosen from the sequence of the CLRDV coat protein using the Emini plot (Emini et al., 1985) to combine antigenicity, flexibility, and hydrophilicity. To prepare the polyclonal antisera, each of the peptides was conjugated with keyhole limpet hemocyanin (KLH). Modeling, synthesis, and conjugation were conducted at the Federal University of São Paulo. Peptides were injected twice at 1-week intervals into rabbits (five rabbits per synthetic peptide, two doses of 2.5 mg of peptide for each rabbit) to obtain polyclonal antiserum. Initial bleeds were tested against the antigen to decide when to take further blood extraction. The titer measurement was taken with the same peptides conjugated to BSA (bovine albumin).


TABLE 1. Polyclonal antiserum titers according to peptide sequence.

[image: Table 1]
The monoclonal antibodies were obtained for the same GQE and PRN peptides described in Table 1, plus the α-NKF 14 amino acid peptide, NKFGITKNGRKQFA. They were produced by Rheabiotech Co., Sao Paulo, SP. www.rheabiotech.com.br. Three different groups of mice were individually inoculated with each peptide (α-GQEWHDTSEDQFR; α-PRNTQRRRRRRRGGRNRTG and α-INKFGITKNGRKQFA) using Complete Freund Adjuvant at first dose, and Incomplete Freund Adjuvant at second and third doses (0, 14, and 28 days). After a blood test on day 35, a booster dose in phosphate-buffered saline (PBS) was administrated and after 7 days, the splenocytes were fused with SP2/Ag0 myeloma cells to obtain different hybridomas that secrete specific monoclonal antibodies. The monoclonality was achieved by limit dilution, and the specificity of these monoclonal antibodies was evaluated by ELISA.

After some initial tests with labeled goat anti-rabbit antiserum, the polyclonal α-GQE and the monoclonal α-NKF were conjugated to the enzyme alkaline phosphatase. Cotton plants grown in a greenhouse, covered with an aphid-proof screen, were used for DNA extraction and PCR to verify the presence of the SSR marker DC20027 and assess the presence of the resistance gene, expected in the CLRDV-resistant cotton varieties (Delta Opal and BRS 293), and absent on those reported as susceptible (Fibermax 966, CNPA GO33, and CNPA 809) (Pupim et al., 2008; Fang et al., 2010; Menezes et al., 2014). For cotton plant inoculation, A. gossypii, fed on diseased cotton plants for 3–5 days, was transferred to the resistant or susceptible plants with a brush. Six viruliferous aphids were placed on each plant, for 48 h, and then, were manually eliminated.

Commelina sp. plants colonized by Aphis gossypii, with a slight abaxial leaf curling when compared to the neighbor plants of the same species, were collected in the field in Santo Antônio de Goiás and Campo Grande, Brazil, and transplanted into pots in a greenhouse.

The 96 polystyrene microtiter plates with “U” bottom were coated by the different monoclonal or polyclonal antibodies diluted in sodium carbonate buffer (pH 9.6). The incubation with the capture antibodies was for 4 h (preliminary procedures) or 2 h (adjusted procedures) at 37°C. Different antiserum dilutions on sodium carbonate buffer (pH 9.6) of 1:100, 1:150, 1:180, 1:200, and 1:250 (v/v) were tested during the preliminary procedures, and antisera diluted at 1:180 were used thereafter. At the end of each incubation period, the ELISA plate was washed four times with PBST (10-mM phosphate buffer pH 7.4 plus 0.5% Tween 20). The same microtiter plate wells were submitted to a second incubation period with BSA diluted at 3% in saline phosphate buffer (w/v), 200 μl/well, for 2 h at 37°C, and subsequently washed four times with PBST. Then, 100 μl/well of plant extract was added. The plant extract was obtained from the maceration of 60 mg of fresh weight of plant material (petiole, leaf, and stem), plus 350 μl of PBS (10-mM phosphate buffer pH 7.4), and centrifuged at 8,000 g for 30 min at 4°C, after which the supernatant was collected. The incubation with plant material was 16 h at room temperature (preliminary procedures) or 2 h (adjusted procedures), at 37°C. The plate was washed again four times with PBST and incubated for 2 h, 37°C, with 100 μl/well of the antiserum conjugated to alkaline phosphatase enzyme (GQE as a polyclonal antibody or NKF as monoclonal antibody), diluted 1:100 on sodium carbonate buffer (pH 9.6). After a final set of PBST washes, the substrate p-nitrophenyl phosphate diluted in diethanolamine buffer (1 mg/ml) was added. The absorbance at 405 nm was measured 30 min later. At least one extraction buffer control not containing plant extract was made in each plate.

Weed double antibody sandwich (DAS)-ELISA was performed with triplicates of each sample to obtain the average of three A405 values. Results were validated by CLRDV CP amplification by nested RT-PCR following Silva et al. (2008) procedures.

Average DAS-ELISA values obtained by healthy and CLRDV-infected plants were compared using the F-test. One-way ANOVA with the Bonferroni test was applied for comparing ELISA’s readings.



RESULTS

The three polyclonal antisera (PRN, GQE, and INK) were compared as capture antibodies, always using GQE conjugated to alkaline phosphatase as the detection antibodies. The comparison between the antisera analyzing leaves from the same 16 plants showed that the ELISA reads were higher for CLRDV-inoculated plants than healthy ones when PRN or INK was used as capture antibodies (Figure 1).


[image: image]

FIGURE 1. ELISA of healthy and diseased plants. Comparison of absorbance (OD) of the same plants obtained by different antiserum.


The PRN and INK antisera were most promising in this test and did not differ significantly from each other in a second trial. Using only the PRN and INK antisera, a new quantification test was performed at the same dilutions as the previous test. The INK antiserum showed a proportional increase between the reading and the concentration of diseased plant extract added. The antiserum PRN did not accurately detect this addition of viruses in the extract; however, it differentiated the healthy plant from the diseased plant. There was no statistical difference between the two antisera (p = 0.798).

The healthy extract differed significantly from the 50% diseased extract (p = 0.04) and the 100% diseased extract (p = 0.005) when using the INK antiserum to cover the plate, in the 1: 100 dilution, in increasing proportions of the diseased plant extract. The mixtures containing 0, 25, 50, 75, and 100% of diseased plant extract could be distinguished by ELISA.

The DAS-ELISA with monoclonal antibodies differentiated plants with and without symptoms. The three antiserums were tested to coat the plate, and the second antibody was NKF conjugated to alkaline phosphatase. The concentration of viral coat protein measured by monoclonal antibodies ELISA, 9 days after inoculation, was greater for the susceptible variety FM966 (1.77) than for the resistant variety BRS293 (0.67), when measured at leaves higher than the inoculated (p < 0.01 according to the F-test, average values for eight plants of each variety).

Commelina sp. weeds collected in the field, with or without leaf curling, presented great variability in ELISA readings (polyclonal antibodies) (Figure 2).


[image: image]

FIGURE 2. ELISA assay for 30 independent Commelina plants (DAF62-87, DAF 115, and CG1-3) collected from field in two distinct localities of Brazil. Averages and SD of OD values from three technical replicates of each plant are showing. GO33.1-3 represents healthy cotton plants where virus was transmitted from aphids collected from Commelina positive and negative plants. The OD values of each plant were compared with 3 healthy cotton plants used as negative control (in black). Statistical analyses were performed using one-way ANOVA with the Bonferroni test with p < 0.5. The black dashed line shows a value corresponding to 3 times the average of negative control and the gray dashed line shows 2.5 times values. These dashed lines are representing the ELISA cut-off. RT – plants assayed by RT-PCR. C+ - FM966 and 293 CLRDV infected plants. *p < 0.05, **p < 0.01, and ***p < 0.001.


The symptoms were too faint to discriminate between the presence of aphids only or also viruses, thus it was not possible to correlate symptoms and absorbance readings. High readings differed significantly from others that are considered healthy, suggesting that a great amount of viral coat protein may be presented in some infected plants. Among 30 Commelina plants assayed by ELISA, 15 showed high OD levels and were considered positive for CLRDV, taking into account a cut-off of 3 times OD values from a cotton-healthy control. Considering a 2.5 times cut-off, 21 plants may be considered positive. This indicated that half of the collected plants had the virus and could be secondary hosts of this pathogen. Thirty Commelina sp. plants were tested by nested RT-PCR and the presence of coat protein RNA was observed in three of the Commelina sp. plants positive for ELISA, DAF 80, CG1, and CG2 (Figure 2). For two ELISA-positive plants, a negative RT-PCR result was obtained probably due to the low RNA quality of these samples.

Aphids collected from Commelina sp. plants were transferred to healthy cotton plants in a greenhouse. After 30 days, plants were assayed by ELISA. In Figure 2, representative results are shown. Aphids collected from CLRDV-positive plants were able to transmit CLRDV to two out of three healthy cotton plants.



DISCUSSION

The antisera produced are efficient in ELISA tests for virus detection and can be used for diagnosis and quantification of the coat protein of CLRDV. The antiserum identifies that the virus is present even in cotton plants without symptoms and secondary hosts (weeds) and can continue being used for epidemiology research and physiology of the host reaction. However, further validation of the ELISA protocols described should include testing of healthy plants of each weed species to exclude any cross-reaction with endogenous proteins. In the case of the Commelina sp. that we have identified as an alternative host of CLRDV, it would increase the confidence in this finding if healthy plants were grown from seed before testing. It would also be useful to identify this host to species level by either morphological characters of mature plants or by sequencing plant barcoding genes.

The identification of blue disease has been often done through symptoms, but variations of the disease can arise, which makes the use of symptoms an unreliable diagnostic method. Cotton production in Brazil and other countries cover a wide geographical area and is often not located close to advanced virology laboratories, so a more robust method like ELISA can more easily be performed closer to production areas and, in doing so, control measures can be undertaken.

Different Commelina species can be found as invasive plants in several cotton-growing regions (Culpepper et al., 2004; Freitas et al., 2018). Tolerance to glyphosate has been reported (Freitas et al., 2018), therefore, its incidence tends to increase and be present during the entire cycle in fields formed by GM cotton cultivars tolerant to this herbicide. Commelina sp. are alternative hosts of the CLRDV aphid vector, Aphis gossypii, therefore, in regions where CLRDV is present, this weed may be an important reservoir of the virus. Reducing the presence of Commelina and the aphid vector within the field may help to decrease CLRDV pressure in susceptible cotton varieties.

Other weeds can be scrutinized as potential secondary hosts. Other methods for virus detection and quantification are more laborious, such as reverse transcription (Correa et al., 2005; Silva et al., 2008) or quantification by Real Time-PCR/Sybr-green (Chomič et al., 2011). Intermediary hosts for CLRDV were identified in the United States (Sedhain et al., 2021). Our report of Commelina sp. is the first report of an intermediary host of CLRDV in Brazil. Even though the protocol described here could be further validated, the antisera produced were able to be used in CLRDV serological assays. The use of diagnostic methods including the ELISA presented here will enable a better understanding of virus epidemiology and assist in developing sustainable disease management strategies.
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The cotton chromosome substitution line, CS-B15sh, exhibits 41% lower injury from 2,4-D when applied at the field recommended rate of 1.12 kg ae ha−1 (1×) than does Texas Marker-1 (TM-1). CS-B15sh was developed in the genetic background of Gossypium hirsutum L. cv TM-1 and has chromosome introgression on the short arm of chromosome 15 from Gossypium barbadense L. cv. Pima 379. In a previous experiment, we observed reduced translocation of [14C]2,4-D outside the treated leaf tissue in CS-B15sh, which contrasted with an increased translocation of the herbicide in the tissues above and below the treated leaf in TM-1. Our results indicate a potential 2,4-D tolerance mechanism in CS-B15sh involving altered movement of 2,4-D. Here, we used RNA sequencing (RNA-seq) to determine the differential expression of genes between 2,4-D-challenged and control plants of the tolerant (CS-B15sh) and susceptible lines (TM-1 and Pima 379). Several components of the 2,4-D/auxin-response pathway—including ubiquitin E3 ligase, PB1|AUX/IAA, ARF transcription factors, and F-box proteins of the SCFTIR1/AFB complex—were upregulated with at least threefold higher expression in TM-1 compared with CS-B15sh, while both Pima 379 and TM-1 showed the same fold change expression for PB1|AUX/IAA mRNA. Some genes associated with herbicide metabolism, including flavin monooxygenase (Gohir.A01G174100) and FAD-linked oxidase (Gohir.D06G002600), exhibited at least a twofold increase in CS-B15sh than in TM-1 (the gene was not expressed in Pima 379), suggesting a potential relationship between the gene’s expression and 2,4-D tolerance. It is interesting to note that glutathione S-transferase was differentially expressed in both CS-B15sh and Pima 379 but not in TM-1, while cytochrome P450 and other genes involved in the oxidation–reduction process were significantly expressed only in CS-B15sh in response to 2,4-D. Gene set enrichment analysis on the union DEGs of the three cotton genotypes revealed the depletion of transcripts involved in photosynthesis and enrichment of transcripts involved in ABA response and signaling.
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herbicide resistance mechanism, plant physiology, abiotic stress tolerance, transcriptome analysis, RNA sequencing, auxin response and signaling, herbicide metabolism, Illumina sequencing


Introduction

Gossypium hirsutum and Gossypium barbadense are two cultivated species of allotetraploid cotton. While G. hirsutum accounts for more than 90% of Upland cotton production worldwide, G. barbadense is superior in fiber quality, producing extra-long fibers for superior textile products (Saha et al., 2006; Li et al., 2015; Liu et al., 2015). G. hirsutum L. is known to be sensitive to 2,4-dichlorophenoxyacetic acid (2,4-D), and understanding the genetics of herbicide tolerance and identification of specific gene(s) involved at the molecular level is crucial for the development and genetic improvement of herbicide-resistant commercial cotton. A chromosome substitution line CS-B15sh was developed in the genetic background of Texas Marker-1 or TM-1 (G. hirsutum L.) with introgressions on the short arm of chromosome 15 from G. barbadense L. cv. Pima 379 via hybridization, cytogenetic analysis of progeny, and molecular marker selection (Stelly et al., 2005; Saha et al., 2012). In previous experiments, CS-B15sh exhibited reduced herbicide injury compared to TM-1 cotton seedlings when treated with 2,4-D at 1× field rate in greenhouse and field conditions (Perez, 2021). With the complex allotetraploid genomes of the two Gossypium species in hand and recombination and segregation data for genomic regions during the development of chromosome substitution lines, complementation of alleles leading to the identification of good recombinants can be a source of a novel gene for cotton genetic improvement on traits like herbicide tolerance (Saha et al., 2006; Li et al., 2015; Zhang et al., 2015).

2,4-D is a popular synthetic auxin that kills unwanted dicot plants (Schulz and Sehobye, 2016). At very low concentrations, 2,4-D mimics natural auxin in promoting cell division and elongation, while it exhibits herbicidal activity at high concentrations (Grossmann, 2000; Song, 2014). High doses of 2,4-D applied to sensitive dicots result in abnormal growth, premature senescence, and tissue decay (Grossmann, 2010). The herbicide is believed to act at multiple sites once the compound is absorbed by the plant (Gunsolus and Curran, 1999). It was reported that the mechanism of action of 2,4-D involves the activation of the auxin receptor system resulting in upregulation of auxin responses in the plant, increased ethylene production, and upregulation of ABA biosynthesis (Song, 2014; Schulz and Sehobye, 2016). High doses of auxin have been shown to result in chloroplast damage and progressive chlorosis leading to membrane leakage, overproduction of reactive oxygen species (ROS), localized necrosis, and cell death (Grossmann, 2000; Schulz and Sehobye, 2016).

At the molecular level, tolerance to 2,4-D in wild radish has been associated with mutations in ABCB-type auxin transporters in the plasma membrane; the mutated transporters reduced the herbicide translocation rate in wild radish (Goggin et al., 2016). The biosynthesis and signaling by natural auxin, IAA, which promotes normal cell division, elongation, and normal plant growth, is tightly regulated in plants. At low auxin concentrations, Aux/IAA proteins bind auxin-response factors (ARFs), preventing the transcription and expression of auxin-inducible genes (Song, 2014). However, 2,4-D, when present at high concentrations, acts as molecular glue that binds Aux/IAA to the F-box transport inhibitor response 1 (TIR1) protein and mediates proteasome degradation of Aux/IAA proteins (Dharmasiri et al., 2005). The TIR1 protein appears to have a critical role in auxin (2,4-D) signaling (Parry et al., 2009). This leaves free ARF proteins that bind to auxin-response elements (AuxRes) and facilitates transcription of auxin-response genes leading to herbicidal responses (Song, 2014). Interestingly, TIR1 associated with ubiquitin-mediated auxin signaling was downregulated at low 2,4-D concentrations in Arabidopsis (Raghavan et al., 2006). In addition, the transcriptional gene silencing pathway was affected in response to 2,4-D herbicide treatment, which led to increased susceptibility to the herbicide in Arabidopsis (Markus et al., 2021). Other transcriptional responses as a result of herbicide treatment in other species have been associated with nutrient limitation due to the increased expression of genes involved in alternative carbon and nitrogen source metabolism (Teixeira et al., 2006). The herbicidal effects of 2,4-D on ABA biosynthesis and signaling have been reported in Arabidopsis (Raghavan et al., 2005, 2006). In citrus, ABA levels detected by high-performance liquid chromatography–tandem mass spectrometry (HPLC-MS/MS) were significantly increased with post-harvest 2,4-D treatment (Ma et al., 2014). In salt-tolerant rice cultivar, 2,4-D treatment stimulated the synthesis of the stress hormone ABA regulating specific antiporter activities in the cell associated with the efflux and influx of ions in the plasma membrane (Islam et al., 2017). The effects of 2,4-D treatment on the reduction of photosynthetic process have been reported as early as 1950s (Wedding et al., 1953; Williams and Dunn, 1966). In photosynthetic cyanobacterium Nostoc muscorum Meg 1, transcription levels of several photosynthesis-related genes were compromised with the increasing dose of 2,4-D applied (Sachu et al., 2022). In plants, a significantly reduced photosynthesis and stimulated ABA levels were detected in the weed species Erigeron canadensis following 2,4-D herbicidal application (McCauley et al., 2020). The upregulation of NCED, key enzyme in ABA biosynthesis, is said to be the principal step in the synthetic auxin herbicide mode of action (McCauley et al., 2020).

However, their findings also indicate that the increase in ABA levels were independent of the increase in ethylene which is contrary to previous reports on the pathways leading to auxin herbicidal response and symptoms in plants (Grossmann, 2000; Hansen and Grossmann, 2000). However, the general downregulation of transcript abundance of photosynthesis-related genes is proposed to be the result of ABA accumulation which then leads to loss of photosynthetic capacity, deregulation of growth, and plant death (Gaines, 2020).

Several mechanisms have been described for herbicide tolerance in weeds and cultivated crops, including upregulation or downregulation of families of enzymes, such as cytochrome P450s, glutathione S-transferases (GSTs), and glycosyltransferases; all of these families are involved in herbicide degradation and metabolism of 2,4-D into non-toxic forms (Ohkawa et al., 1999; Werck-Reichhart et al., 2000; Busi and Powles, 2017). Herbicide tolerance to 2,4-D in the weed species Raphanus raphanistrum was shown to be conferred by a single dominant locus that depicted a nuclear inheritance pattern (Busi and Powles, 2017). Similarly, a single codominant gene was responsible for 2-4-D tolerance in prickly lettuce (Lactuca serriola L.) (Riar et al., 2011). Reduced translocation and enhanced metabolism were observed in 2,4-D-resistant corn poppy (Papaver rhoeas) populations in Spain (Torra et al., 2017). Rapid metabolism of 2,4-D was also observed in common waterhemp (Amaranthus tuberculatus), showing tolerance to the herbicide (Shyam et al., 2019).

In cotton, 2,4-D tolerance was introduced by Agrobacterium-mediated transfer of a 2,4-D monooxygenase gene, tfdA, from Alcaligenes eutrophus, which degrades the active compound 2,4-D into non-toxic 2,4-dichlorophenol (Bayley et al., 1992). Dow AgroSciences released the first commercial 2,4-D-tolerant cotton varieties employing the Enlist technology which uses a transgene from bacteria encoding an aryloxyalkanoate dioxygenase that efficiently degrades 2,4-D to non-toxic derivatives (Wright et al., 2010). This technology has gained widespread acceptance and adoption by cotton farmers needing a new control technology for weeds that have developed tolerance to glyphosate while maintaining high seed and lint yield. Deployment of Enlist cotton has led to problems in areas where non-Enlist cotton is also grown. Non-Enlist cotton is highly sensitive to 2,4-D, and off-target spray drift injury incidents are increasing with concomitant damage claims (Byrd et al., 2016). To address this problem, alternative sources of 2,4-D tolerance that could be introduced into cultivated cotton without genetic engineering would be highly desirable.

High-throughput sequencing has enabled the rapid and efficient analysis of complex traits, including the genetic basis of tolerance mechanisms and the metabolic pathways that respond to the application of auxinic herbicides, like 2,4-D. Using this approach, specific-resistant allele variants of a cytochrome P450 have been associated recently with non-target site tolerance to 2,4-D in A. tuberculatus (Giacomini et al., 2020). In wild radish (R. raphanistrum), the RNA-seq analysis of herbicide-resistant plants treated with 500 g ae ha−1 2,4-D amine revealed that the tolerance mechanisms included complex and population-specific changes in auxin signaling and elevated plant defense responses (Goggin et al., 2018). RNA-seq analysis has also been used to dissect glufosinate tolerance in Amaranthus palmeri and investigate global transcriptional changes associated with tolerance to the herbicide (Salas-Perez et al., 2018).

This study aims to understand the interaction of cotton with 2,4-D herbicide at the molecular level. We expect to improve our understanding of the genetics and molecular mechanisms of 2,4-D tolerance by inference from the analysis of specific DEGs that were upregulated or downregulated in the 2,4-D-tolerant line, CS-B15sh, compared to the 2,4-D-sensitive parental lines, TM-1 and Pima 379. We anticipate that this information will inform future breeding efforts to improve the tolerance of non-engineered Upland cotton to herbicide spray drift from adjoining agricultural fields.



Materials and methods


Plant materials and 2,4-D treatment

The chromosome substitution line CS-B15sh (31-4), G. hirsutum L. cv. TM-1, and G. barbadense L. cv. Pima 379 were used in the study. Seeds were obtained from the USDA−ARS Crop Science Research Laboratory, Mississippi State, MS, United States. Seedlings were established by sowing cotton seeds in 18-cell Landmark plastic trays (53 cm × 26 cm) (Landmark Plastic, Akron, OH, United States) containing soil (BX PROMIX Growing Medium 10280, BWI Companies, Inc., Nash, TX, United States) amended with 1–2 g of the basal fertilizer Osmocote Plus (The Scotts Company, Marysville, OH, United States). Seedlings (one per cell) were maintained in the greenhouse and watered once a day prior to treatment. The cotton seedlings were treated when plants reached the 4–5 leaf growth stage by spraying 2,4-D (Weedar 64, Nufarm Americas Inc., Alsip, IL, United States) at a rate of 1 lb. acre−1 (1.12 kg ae ha−1) in a controlled spray chamber equipped with a TP8002VS Even Flat Spray Tip (TeeJet®, Spraying System Co., Wheaton, IL, United States) calibrated to deliver 20 gallons acre−1 (GPA) at 40 psi. After herbicide application, the treated plants were allowed to dry for 1–2 h before being transferred back to the greenhouse; the drying period was included to prevent the transfer of volatilized herbicide to control plants (water-sprayed only). Irrigation was resumed on the treated seedlings after 24 h. The non-treated controls (water-sprayed) were planted and grown at the same time as the treated plants and were maintained in the same manner except for the 2,4-D treatment. The experiment was conducted following a completely randomized design with two treatments (2,4-D-treated and non-treated control) and four replications per treatment for each line (TM-1, Pima 379, and CS-B15sh). Herbicide injury was evaluated 21 days after herbicide application using the 0–100% injury scale by Behrens and Lueschen (1979). Leaf tissues (2nd true leaf) were collected from the treated and non-treated cotton seedlings 12 h after treatment (12 HAT) and were immediately frozen in liquid nitrogen and stored at −80°C prior to extraction of total RNA.



RNA extraction, library preparation, and Illumina sequencing

Total RNA was extracted from the collected leaf tissues using a modified hot borate method (Wan and Wilkins, 1994). Double- and single-stranded DNA were removed from the RNA samples using deoxyribonuclease I (RQ1 RNase-Free DNase, 1000u, Promega Corporation, Madison, WI, United States). The RNA samples were further purified using the Qiagen RNeasy® Mini Kit (Catalog No. 74104, Qiagen, Germantown, MD, United States). The quality of the total RNA was assessed by agarose gel electrophoresis, and the concentration was determined using a Nanodrop spectrophotometer (NanoDropC, Thermo Scientific, Waltham, MA, United States).

The RNA samples then were used to construct cDNA libraries using the NEBNext® Ultra II Directional RNA Library Prep Kit for Illumina with Sample Purification Beads (New England Biolabs, Ipswich, MA, United States) following the manufacturer’s instructions. The concentration and quality of cDNA libraries were determined using fluorometry (Qubit™ fluorometer, Invitrogen™ by Thermo Fisher Scientific, Carlsbad, CA, United States) and capillary zone electrophoresis (Agilent 2100 Bioanalyzer, Santa Clara, CA, United States), respectively. The manufacturer’s procedure described in the Agilent DNA 1000 Reagent kit (Agilent Technologies, Santa Clara, CA, United States) was used in checking the quality of cDNA libraries. The 24 RNA-Seq libraries (treated vs. control, three genotypes, four replicates), each with unique barcodes, were pooled and sequenced on three lanes (eight libraries per lane) of an Illumina HiSeq X-Ten (paired-end, 150 bp) (Illumina, San Diego, CA, United States).



Identification and functional analysis of differentially expressed genes

Alignment of the raw reads to the reference G. hirsutum (AD1) TM-1 genome UTX_v2.1 (Chen et al., 2020) and quantification of transcript abundance were performed using Salmon v1.3.0 (Patro et al., 2017). The Salmon aligner which uses a couple forms of Bayesian inference was employed to estimate abundance with the ambiguously/multiple mapped reads (Hu et al., 2021). The R v4.0.2 package tximport (version 1.16.1) was used to convert the transcript-level data into gene-level analysis using the recommended expression normalization method (Soneson et al., 2016; R Core Team, 2020). Genes with low expression levels (average log-transformed counts per million less than 1) were filtered from further analysis (Bourgon et al., 2010). Differential gene expression analysis was conducted using the quasi-likelihood generalized log-linear model available from edgeR (version 3.30.3), a Bioconductor software package1 (Robinson et al., 2010). The response to 2,4-D was tested by pairwise comparison between the treated and non-treated controls of each line (CS-B15sh, TM-1, and Pima 379). Likewise, the differences in the responses of the three genotypes to 2,4-D were tested by pairwise comparison of the responses of each line to one another. The changes in basal gene expression were also tested by pairwise comparison of the non-treated controls of each line with one another. In a similar manner, changes in gene expression among the treated samples of each line were also identified using pairwise comparison. Genes that were significantly (FDR ≤ 0.05) different in response to 2,4-D in the CS-B15sh line vs. the two susceptible lines, TM-1 and Pima 397, and were not significantly different between TM-1 and Pima 397 were considered genes of interest. A composite DEG list (FDR < 0.001) for herbicide-treated vs. non-treated samples in all three cotton lines (Supplementary Table 1) was used in further downstream analyses such as hierarchical clustering (distance metric Pearson’s correlation, average linkage clustering), metabolic pathway/reaction analysis using CottonGen Tools2, MapMan (version 3.5.1R2) analysis (Thimm et al., 2004), and GO enrichment analysis using FGSEA package (release 3.14) with default settings of 1,000 permutations and P-value cutoff P < 0.05 in R Bioconductor3. Pathway analysis using the gene expression data for 59 selected DEGs was carried out using Pathway Tools Omics Dashboard (Paley et al., 2017). Functional annotation of the DEGs was obtained from the TM-1 genome UTX_v2.1 (Chen et al., 2020).




Results

This study determined that CS-B15sh plants treated with the recommended field rate (1.12 kg ae ha−1) of 2,4-D showed 58% herbicide injury on average, while TM-1 and Pima 379 plants exhibited 97 and 98.5% herbicide injury, respectively (Figure 1). Whereas CS-B15sh showed moderate leaf epinasty, stem curling, and necrosis 14 days after treatment, the TM-1 and Pima 379 plants showed severe injury with epinasty, leaf/stem curling, severe and widespread necrotic lesions, and plant death in some seedlings. Non-treated seedlings of all genotypes showed none of the visible injuries associated with 2,4-D treatment (data not shown).
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FIGURE 1
2,4-D herbicide injury and symptoms observed on CS-B15sh, TM-1, and Pima 379. Clockwise from upper left, (A) histogram of herbicide injury observed 21 days after application of 1× rate (1.12 kg ae ha–1) 2,4-D on 4–5 leaf stage cotton seedlings in the greenhouse; 2,4-D injury observed in CS-B15sh (B), TM-1 (C), and Pima 379 (D) after 2 weeks from herbicide spraying; (E) in another experiment, CS-B15sh and TM-1 sprayed with drift rate (0.05×) of 2,4-D herbicide at 5 weeks from spraying, with TM-1 showing leaf epinasty while CS-B15sh showing normal leaf growth.



RNA sequencing and differential expression

Sequencing of the short-read Illumina libraries generated approximately 60 million fragments (average) per library. Analysis of the cDNA fragment libraries by capillary zone electrophoresis (Bioanalyzer) showed the expected 250–300 bp size range. The fragment sequences mapped to the G. hirsutum (AD1) TM-1 genome UTX_v2.1 at a rate of 61–74% with 43.5 million fragments per library aligned to the reference genome for cotton. A total of 23,821 genes were found in the samples, of which 920 (3.9%), 7,448 (31.3%), and 560 (2.4%) were exclusively expressed (herbicide-treated vs. untreated) in CS-B15sh, TM-1, and Pima 379, respectively (Figure 2). Common DEGs to both CS-B15sh and TM-1 were 11,698 (49.1%), while 161 (0.7%) were shared between CS-B15sh and Pima 379. A total of 289 (1.2%) DEGs were shared between TM-1 and Pima 379 only, while 2,745 (11.5%) exhibited significant differential expression in the three cotton lines used in the study. The total number of DEGs in response to 2,4-D treatment was 15,524, 22,180, and 3,755 in CS-B15sh, TM-1, and Pima 379, respectively.
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FIGURE 2
Distribution of differentially expressed genes (DEGs) (N = 23,821) with FDR P-value < 0.001 either in CS-B15sh, TM-1, or Pima 379 cotton lines in response to 2,4-D herbicide applied at 4–5 leaf stage cotton seedlings in the greenhouse.


The gene set enrichment analysis (2,745 DEGs, intersect) revealed the significant Gene Ontology (GO) terms involved in cotton’s response to 2,4-D, including regulation of transcription, catalytic activity, response to auxin, transferase activity, extracellular region, cellular amino acid metabolic process, plant-type cell wall organization, ion channel inhibitor activity, biosynthetic process, response to oxidative stress, and xenobiotic transmembrane transporter activity (Supplementary Table 2).



The auxin herbicide response and signaling in cotton

The molecular pathways for auxin and 2,4-D response in plants have been reported (Badescu and Napier, 2006; Hao and Yang, 2010; Song, 2014). Of the key molecular factors identified, no information is available in cotton, and knowing as well as understanding the several components involved is important in the genetic manipulation for herbicide response in Upland cotton. Since 2,4-D mimics the natural auxin hormone in plants, we found several genes reported significantly expressed and upregulated in the cotton lines treated with 2,4-D. This includes ubiquitin E3 ligase, F-box domain, PB1 domain|AUX/IAA proteins, and auxin-response factor (Table 1). The ubiquitin E3 ligase genes (RBR family and RNF126-like protein) exhibited twofold higher in TM-1 compared to CS-B15sh. For instance, Gohir.A05G142700 showed a 106-fold change in TM-1 while CS-B15sh showed 53.3. Similarly, Gohir.D04G063800 showed 9.2 in TM-1, while 3.4-fold change was observed in the 2,4-D-treated CS-B15sh plants. Both genes were not significant in Pima 379. The PB1|AUX/IAA domains, Gohir.A08G062000, and Gohir.A07G037300 exhibited similar fold change in both TM-1 and Pima 379, and the level of expression is threefold higher (FC, 40–49) compared with CS-B15sh (FC, 13–16). Gohir.D08G261100 was not significant in Pima 379 but exhibited threefold higher expression in TM-1 (FC, 72) than CS-B15sh (FC, 23). The auxin-response factor, Gohir.A01G112300, was significant in TM-1 with a sevenfold change, while the gene was not significant in CS-B15sh and Pima 379. A gene coding for F-box domain (Gohir.A12G196800) is highly expressed in TM-1 with a 182-fold change, 3× higher than CS-B15sh (FC, 53). The number of transcripts in terms of counts per million (CPM) detected on each gene corresponded with the fold change of expression described above (Figure 3). E3 ubiquitin ligase showed 8× higher transcript level after 12 h in TM-1 while 2× higher in CS-B15sh compared to the baseline transcript level of untreated plants (Figure 3A). The PB1|AUX/IAA domain exhibited the same increase of transcript level (38×) at 12 h for TM-1 and Pima 379, while only a 12× increase was shown in CS-B15sh (Figure 3B). Interestingly, the F-box domain exhibited a sharp rise in transcript level with a 180-fold increase after 12 h of 2,4-D treatment in TM-1. The gene was not significant in Pima 379 and showed 38× higher expression in CS-B15sh (Figure 3D). On the contrary, the auxin-response factor transcript amounts were 6× higher at 12 h in TM-1, while the gene was not significant in CS-B15sh and Pima 379 (Figure 3C). Other DEGs known as hormone-responsive genes were also significantly upregulated, including AP2/ERF domain protein (Gohir.A13G053300) with a 65-fold change in CS-B15sh. At the same time, oxoglutarate/iron-dependent dioxygenase (Gohir.A13G155500) exhibited a 442-fold increase in expression in treated TM-1 seedlings, 7× higher than the transcript level detected in the treated CS-B15sh seedlings (Table 1).


TABLE 1    Differentially expressed genes of the 2,4-D auxin-response pathway and other hormone-responsive genes in the cotton lines, CS-B15sh, TM-1, and Pima 379 in response to 2,4-Da.

[image: Table 1]


[image: image]

FIGURE 3
Number of transcripts detected in DEGs associated with the auxin (2,4-D) herbicide response pathway in plants; (A) Gohir.D04G063800, E3 ubiquitin-protein ligase; (B) Gohir.A07G037300, PB1 domain|AUX/IAA; (C) Gohir.A01G112300, auxin-response factor; and (D) Gohir.A12G196800; F-box domain. A number of transcripts for Gohir.D04G063800, Gohir.A01G112300, and Gohir.A12G196800 detected in Pima 379 are not significantly different. Analysis of variance and comparison of means based on Tukey–Kramer (HSD) was applied using JMP 14 statistical package (SAS Institute, NC, United States).




Effects on photosynthesis and abscisic acid metabolism

A total of 193 genes associated with photosynthesis were significant in all three cotton lines treated with 2,4-D (Supplementary Table 3). Of these, 95% were downregulated and composed of DEGs involved in photosystems I and II, light-harvesting complex, chlorophyll biosynthesis, ATP synthesis, and electron transport chain. In Pima 379, the top five significantly downregulated DEGs were involved in PS I light-harvesting complex, chlorophyll biosynthesis, and ATP synthesis, while TM-1 also included PS I light-harvesting and PS II DEGs. CS-B15sh also exhibited the most significant downregulation of PS I light-harvesting followed by DEGs for the electron transport chain. From the major group of downregulated genes, 2Fe-2S ferredoxin-type iron-sulfur binding domain (Gohir.A13G222600), which is involved in the electro-transport chain, is upregulated in all the herbicide-treated cotton lines. At the same time, Mog1/PsbP of PS II, an extrinsic membrane component, showed upregulation of gene expression in Pima 379 but was downregulated in both CS-B15sh and TM-1. The small group of DEGs for photosynthesis were composed of upregulated genes involved in electron transfer activities, including ATP synthase (Gohir.D01G067400 and Gohir.A01G080200), 2Fe-2S ferredoxin-type iron-sulfur binding domain (Gohir.D13G227400), and Ferredoxin–NADP reductase (Gohir.A05G110400), with two DEGs of unknown function from chromosome 19 (D05) of G. hirsutum L., Gohir.D05G110800 and Gohir.D05G0837000. Photosystem I reaction center subunit IX (PsaJ) superfamily is upregulated in both Pima 379 and TM-1 while exhibiting downregulation of gene expression in CS-B15sh. An overview of metabolic pathways and gene regulatory networks observed in the three cotton lines is presented in Figure 4 and Supplementary Figures 1, 2. Generally, almost all genes found and expressed in the cotton lines and involved in the Calvin cycle, photorespiration, PS I, and PS II exhibited negative log2 fold changes (red boxes) in the three genotypes. More downregulation of photosynthesis-related genes was observed in TM-1 compared to CS-B15sh and Pima 379 (Supplementary Figure 3).
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FIGURE 4
MapMan analysis showing the overview of metabolic pathways represented by genes differentially expressed (2,4-D-treated vs. untreated) in the cotton line CS-B15sh at 12 h after treatment with 1× rate of herbicide 2,4-D. Each data point (square) represents a DEG gene. Blue and red colors indicate the DEGs are upregulated and downregulated, respectively.


The effects of 2,4-D herbicide on ABA signaling and biosynthesis in cotton showed 11 of 18 DEGs were upregulated, exhibiting positive log2 fold change and involving genes for abscisic acid binding and receptor activity (Supplementary Table 4). The top five highly expressed ABA-associated genes encoded mainly Bet v I/Major latex protein (START-like domain superfamily) and were significantly upregulated in both TM-1 and CS-B15sh, except for Gohir.A10G169466, which showed the highest 7.7 log2 fold change only found in TM-1. Aspartic peptidase A1 family (Gohir.A09G177900) was significantly upregulated (FDR < 0.001) in the three cotton lines evaluated with log2 fold change of 1.7, 2.1, and 1.6 for Pima 379, CS-B15sh, and TM-1, respectively (Supplementary Table 4). The rest of the ABA genes found were downregulated including nodulin-related protein 1, dual-specificity phosphatase, protein SHORT HYPOCOTYL IN WHITE LIGHT 1, aspartic peptidase A1 family, and forkhead-associated (FHA) domain. The patterns of gene expressions of DEGs associated with ABA metabolism and response are similar in the cotton lines.



DEGs responsive to 2,4-D in CS-B15sh

Based on the analysis of the different responses of each cotton line to 2,4-D treatment, 59 genes passed the response comparison filter with significantly different (FDR ≤ 0.05) responses to 2,4-D treatment in CS-B15sh compared to susceptible lines but not significantly different (FDR > 0.05) between the susceptible lines (Table 2). Functional annotation revealed that the genes were involved in protein and DNA binding, transmembrane transporter activity, transferase activity, hydrolase activity, photosystem 1, iron ion binding, and nucleosome and transcription processes. Fifty-one genes were significantly (FDR ≤ 0.05) differentially expressed in the CS-B15sh response to 2,4-D, with 18 upregulated and 33 downregulated (Table 2). The top three upregulated DEGs in the CS-B15sh response to 2,4-D are expansin, cellulose-binding-like domain (Gohir.A05G184100), zinc finger, FYVE/PHD-type (Gohir.A07G147600), and a novel cotton gene Gohir.A07G188800 of unknown function with log2 fold change of 4.4, 2.4, and 2.9, respectively. The top five downregulated genes in the CS-B115sh response to 2,4-D were glycoside hydrolase family 16, photosystem I PsaJ, Cytochrome P450 E-class, NDRG|alpha/beta hydrolase fold, and glycosyl transferase family 8 with log2 fold change ranging from −5.4 to −2.6 (Table 2). Interestingly, eight genes were not significant (FDR > 0.05) in the CS-B15sh response to 2-4,D but had a significantly (FDR ≤ 0.05) different responses to 2,4-D compared with the susceptible lines, including nucleotide-diphospho-sugar transferases (Gohir.A06G026500), Myc-type, basic helix–loop–helix (bHLH) domain (Gohir.A13G035300), Ctr copper transporter (Gohir.A03G046900), Cytochrome P450, E-class, group I (Gohir.D06G184100 and Gohir.A12G201300), Heat shock factor binding 1 (Gohir.D11G120200), and two genes of unknown function (Gohir.D12G144700 and Gohir.D06G053801). Four genes, Ctr copper transporter, nucleotide-diphospho-sugar transferases, Myc-type, basic helix–loop–helix (bHLH) domain, and Heat shock factor binding 1, showed an inverted response to 2,4-D in the tolerant compared to the susceptible cotton lines. Interestingly, 16 DEGs were novel cotton transcripts with no functional annotation available (Table 2). Two of these genes, Gohir.A07G188800 and Gohir.D05G048200, were upregulated in response to 2,4-D with eight and threefold change, respectively, while the rest were downregulated in the CS-B15sh response to 2,4-D. Gene co-expression analysis for the 59 DEGs using hierarchical clustering with TM-1 and Pima 379 is presented in Figure 5. GO analysis showed enrichment in genes in pathways involving protein dimerization activity, protein binding, DNA and zinc ion binding, regulation of transcription, hydrolase activity, apoplast, cell wall biogenesis, and organization, as well as photosynthesis (Table 3). Further pathway and network analysis using ptools (Paley et al., 2017) revealed that five genes, including Gohir.A12G201300, Gohir.D08G169900, Gohir.D05G079500, Gohir.A13G049200, and Gohir.D11G154700, are involved in ABA degradation, hormone biosynthesis, L-arginine degradation, and protein modification (Table 4). Both Gohir.A12G201300 and Gohir.D08G169900 are cytochrome P450 with iron ion and heme binding functions and oxidoreductase activity associated with the degradation of ABA into phaseic acid (Figure 6). Gohir.D05G079500 has no known function yet, but is predicted to be involved in ABA biosynthesis (Supplementary Figure 4), while Gohir.A13G049200 and Gohir.D11G154700 are involved in the arginine monooxygenase pathway and protein ubiquitination, respectively (Supplementary Figures 5, 6).


TABLE 2    Listing of cotton genes with significantly different responses to 2,4-D in CS-B15sh compared with TM-1 and Pima 379 at 12 h after application of 1.12 kg ae ha−1 herbicide1.
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FIGURE 5
Gene co-expression heatmap with hierarchical clustering of 59 genes differentially expressed (12 HAT treated vs. untreated) in the three cotton lines, CS-B15sh, TM-1, and Pima 379, sprayed with 1× rate 2,4-D herbicide. DEGs with “–” indicate unknown function.



TABLE 3    Gene ontology (GO) enrichment analysis results for 59 genes responsive to 2,4-D treatment in the herbicide-tolerant cotton line CS-B15sh.
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TABLE 4    Ptools pathway analysis results for 59 selected DEGs responsive to 2,4-D treatment in the herbicide-tolerant cotton line CS-B15sh showing the identified pathways and reactions for five DEGs.
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FIGURE 6
Ptools pathway analysis shows that two of the 59 DEGs responsive to 2,4-D treatment in the herbicide-tolerant cotton line CS-B15sh (Gohir.D08G169900 and Gohir.A12G201300) are involved in the 2-ci-abscisate → 8′-hydroxyabscisate conversion step in the abscisic acid degradation pathway. The pathway collage generated using the Pathway Tools Omics Dashboard (https://ptools.cottongen.org).


Of the 59 genes that passed the response comparison filter, 19 had significantly (FDR ≤ 0.05) different expressions between the non-treated samples of the susceptible cotton lines (Supplementary Table 5). Among them were two genes with protein kinase domain (Gohir.A05G288000, Gohir.A09G213644), zinc finger CCCH-type (Gohir.D07G023700), zinc finger RING-type (Gohir.D11G154700, Gohir.D09G182000), JmjC/JmjN domain|zinc finger (Gohir.A03G000035), leucine-rich repeat F-box-like domain (Gohir.A03G025000 and Gohir.A06G098214), amidase signature superfamily (Gohir.A13G049200), NRAMP family (Gohir.D03G026100), protein BRANCHLESS TRICHOME-like (Gohir.A11G093500), HEAT repeat|Armadillo-type fold (Gohir.D06G110600), Cytochrome P450 E-class group 1 (Gohir.D06G184100), homeobox|ELK domain (Gohir.A07G030300), DUF1084 (Gohir.A05G168800), COBRA (Gohir.A07G180900), and three genes of unknown function (Gohir.D12G144700, Gohir.A06G049200, and Gohir.D02G083700).

From the composite DEGs list, some genes were significant (FDR ≤ 0.001) and differentially expressed only in CS-B15sh in response to 2,4-D (treated vs. non-treated) but are not significantly expressed (FDR > 0.001) in TM-1 and Pima 379 plants. These DEGs were not found in the non-treated control pairwise comparisons between CS-B15sh vs. TM-1, CS-B15sh vs. Pima 379, and TM-1 vs. Pima 379. A total of 27 DEGs significantly upregulated in CS-B15sh with 8- to 133-fold change expression were detected (Supplementary Table 6). Functional annotations revealed genes primarily involved in oxidation–reduction and metabolic processes demonstrating that herbicide metabolism is associated with the reduced herbicide injury symptoms observed in CS-B15sh. Several genes involved in transmembrane transporter activities were highly upregulated and explicitly found in CS-B15sh, including Gohir.A05G02220 (SLC26A/SulP transporter domain) and Gohir.A11G129600 (EamA domain|WAT1-related protein) with 133- and 46-fold change, respectively. Other genes involved in plant-type cell wall organizations include the expansin, cellulose-binding-like domain, Gohir.A13G076500, which exhibited 57-fold change of gene expression. Interestingly, several genes involved in oxidation–reduction process (Gohir.D08G249300, Gohir.A06G152100, Gohir.D07G226200, and Gohir.A05G173900) are significant and differentially expressed in CS-B15sh in response to 2,4-D but not in the susceptible lines nor the non-treated control pairwise comparisons.



Herbicide degradation and metabolism

Flavin monooxygenase (FMO) (Gohir.A01G174100) associated with herbicide metabolism is differentially expressed in CS-B15sh. The gene showed 6.8 log2 FC, which is twofold higher than TM-1 but is not differentially expressed in Pima 379 (Supplementary Table 7). After 12 h, the transcript level is 5× higher in CSB15sh than TM-1 (Figure 7). Flavin adenine dinucleotide (FAD)-linked oxidase (Gohir.D06G002600) also showed a twofold higher expression in CS-B15sh with 5.7 log2 FC compared with the susceptible cotton line TM-1. However, the transcript expression profile showed a similar pattern for CS-B15sh and TM-1 at 43–49 CPM. Other genes associated with herbicide degradation in plants were also highly expressed in CS-B15sh, including amine oxidase (Gohir.A01G025200), glutathione S-transferase (GST) (Gohir.A11G195400 and Gohir.D11G232100), and cytochrome P450 superfamily (Gohir.D11G187200). Log2 fold change of amine oxidase is 2.7 and 1.9 for CS-B15sh and TM-1, respectively (Supplementary Table 7). Both GSTs were significantly expressed in CS-B15sh and Pima 379 with 1.1–1.4 log2 fold change, while the DEGs were not significant in TM-1. Cytochrome P450 showed 1.6 log2 fold change after 2,4-D treatment, while it was not significant in both TM-1 and Pima 379. The transcript levels detected for amine oxidase at 12 h after 2,4-D treatment were 333 and 271 CPM in CS-B15sh and TM-1, respectively. Both DEGs for GST exhibited twofold higher transcript expression in CS-B15sh than TM-1 (Figure 7). Gohir.A11G195400 and Gohir.D11G232100 exhibited 120 and 198 CPM, respectively, in CS-B15sh, while TM-1 exhibited 50% of the CPM detected in both genes. Other genes involved in the metabolism of endogenous substrates including xenobiotics include glycoside hydrolase (Gohir.D09G116300) whose expression was 130-fold higher in treated versus control CS-B15sh plants, which was 6.4 times the change seen in treated versus control TM-1 plants (Supplementary Table 7).


[image: image]

FIGURE 7
Transcript level expression of DEGs associated with herbicide degradation and metabolism, including flavin monooxygenase, Gohir.A01G174100 (A); FAD-linked oxidase, Gohir.D06G002600 (B); amine oxidase, Gohir.A01G025200 (C); glutathione S-transferase, Gohir.A11G195400 and Gohir.D11G232100 (D,E); and Cytochrome P450 monooxygenase, Gohir.D11G187200 (F).





Discussion

This paper highlights an attempt to understand the interactions of Upland cotton with 2,4-D herbicide at the molecular level. We selected 12 HAT time points for analysis of cotton’s response to 2,4-D based on studies of gene expression responses to abiotic stress in other plants like Arabidopsis and Brassica napus (Ishitani et al., 1998; Chen et al., 2011). The cotton chromosome substitution line CS-B15sh carries substitution on the short arm of chromosome 15 (D01) from G. barbadense L. In previous experiments, a selection of this line (CS-B15sh) showed reduced 2,4-D injury under greenhouse conditions, while TM-1, the genetic background of CS-B15sh, showed sensitivity to 2,4-D and exhibited severe herbicide injury symptoms and plant death. Apparently, Pima 379 is also sensitive to 2,4-D, and thus, the herbicide tolerance in CS-B15sh could be the result of genetic interactions, complementation of alleles of G. hirsutum and G. barbadense in the development of chromosome substitution line, or formation of transgressive segregants that contributed to phenotypes not observed in the parents such as the level of 2,4-D tolerance observed in CS-B15sh (deVicente and Tanksley, 1993; Rieseberg et al., 1999; Saha et al., 2006). The molecular pathway involved in plant response to 2,4-D has been outlined in previous reports (Grossmann, 2010; Song, 2014; Gaines et al., 2020). Since Upland cotton is sensitive to 2,4-D, it should be interesting to see these molecular key players in the auxin-response pathway differentially expressed with 2,4-D treatment. Several elements of the auxin-signaling pathway outlined in those previous studies were differentially expressed in this study but with varying fold changes observed between the 2,4-D-treated CS-B15sh and TM-1 plants. For instance, the expression of the ubiquitin E3 ligase, part of the ubiquitin-proteasome pathway that degrades AUX/IAA repressor proteins under high auxin/2,4-D conditions, was higher in TM-1 than in CS-B15sh. When AUX/IAAs are degraded, auxin-response factors (ARF) are released, activating auxin-responsive genes and elevating expressions in the herbicide-treated plants (Mockaitis and Estelle, 2008; Guilfoyle, 2015). However, both Gohir.A05G142700 and Gohir.D04G063800 were not differentially expressed in Pima 379 (herbicide 2,4-D-treated vs. untreated) signaling that these genes are not responsive to 2,4-D. The molecular intricacies surrounding how the cotton genome responds to herbicidal 2,4-D and what leads to sensitivity in the plant are still largely unknown. It is possible that other ubiquitin ligase protein families are involved in Pima 379 which is different from those expressed in CS-B15sh and TM-1. Interestingly, three DEGs (Gohir.D08G261100, Gohir.A08G062000, and Gohir.A07G037300) are characterized with PB1 domains showing threefold higher expression in TM-1 compared to CS-B15sh. Proteins with the PB1 domain have been shown to engage in protein–protein interactions with ARF transcription factors (Guilfoyle, 2015) to activate auxin-responsive genes, which leads to severe herbicide injury symptoms as those observed in treated TM-1 plants. This would be consistent with the observation that the expression of an auxin-response factor (Gohir.A01G112300) was threefold higher in treated TM-1 plants than CS-B15sh. In addition, the expression of a gene encoding an F-box (Gohir.A12G196800) is associated with auxin signaling through the promotion of interaction between AUX/IAA proteins and the SCFTIR1/AFB was also higher in TM-1. The SCFTIR1/AFB complex facilitates ubiquitination and subsequent degradation of AUX/IAA repressor proteins, leading to the activation of auxin-responsive genes and disarray of physiological responses caused by 2,4-D at herbicidal rates (Dharmasiri et al., 2005; Song, 2014; Takahashi et al., 2017). The activation and increased expression of hormone-responsive genes such as AP2/ERF proteins and an oxoglutarate/iron-dependent dioxygenase involved in ethylene signaling and biosynthesis indicate that these genes are responsive to auxin herbicide application (Yang and Hoffman, 1984; Houben and Van de Poel, 2019). Future studies in this area are suggested to focus on quantitative gene expression studies of these key elements in the auxin-response pathway to better understand how the auxin/2,4-D response pathway is differentially modulated in CS-B15sh and TM-1 plants exposed to 2,4-D. The effects of auxin herbicides on photosynthesis and ABA metabolism in cotton were similar to recent studies reported (Gaines, 2020; McCauley et al., 2020). Genes associated with photosynthesis were severely downregulated in the 2,4-D-treated cotton plants. This confirms the findings on auxin responses in the weed species Erigeron canadensis treated with dicamba and 2,4-D (McCauley et al., 2020). At 12 HAT, genes involved in PS I, PS II, light-harvesting complex, electron transport chain, and chlorophyll biosynthesis were downregulated, indicating the whole scale shut down of photosynthetic process in cotton. Interestingly, both Gossypium species (G. hirsutum L. and G. barbadense L.) showed similar patterns of downregulation of genes involved in photosynthesis, and the differential expression observed is due to genetic background and is not associated with herbicide tolerance in Upland cotton. Although a few genes were found upregulated, the effects of these genes could translate into differences in the coping mechanisms of cotton to 2,4-D and survival from herbicide injury. Similar observations were obtained on ABA and the effects of 2,4-D on cotton, as previously reported in other plants (Gaines, 2020; McCauley et al., 2020). An increase in ethylene and ABA production is well known to be associated with auxin herbicide injury symptoms, such as leaf epinasty, tissue swelling, growth inhibition, tissue decay, and senescence (Grossmann, 2010). Our transcriptomic data also suggested the increased gene expression of DEGs involved in ABA signaling and biosynthesis in Upland cotton treated with herbicidal 2,4-D. Although the ABA biosynthetic gene, 9-cis-epoxycarotenoid dioxygenase (NCED), was not detected in the analysis, several genes particularly associated with zeaxanthin synthesis are downregulated. In contrast, genes involved in the synthesis and conversion of intermediates to the formation of ABA from 9′-cis-Violaxanthin to xanthoxin and abscisic acid aldehyde exhibited positive log2 fold change. Aspartic peptidase was also reported affecting ABA accumulation in Arabidopsis, while the gene (Gohir.A09G177900) was also found significantly upregulated in all three cotton lines in this study (Kalladan et al., 2017). However, our transcriptome data do not provide evidence on the association of ABA signaling and biosynthesis on herbicide tolerance mechanisms in Upland cotton.

The gene enrichment and pathway analysis of the 59 DEGs responsive to 2,4-D revealed genes associated with photosynthesis and ABA, the five DEGs, including Gohir.A12G201300, Gohir.D08G169900, Gohir.D05G079500, Gohir.A13G049200, and Gohir.D11G154700, present possible pathways that may be involved in herbicide treatment and tolerance response and deserve further investigation. It is interesting to note that Gohir.D05G079500 predicted to be involved in ABA biosynthesis is downregulated in CS-B15sh revealing a relationship with the stress hormone accumulation and possible reduction of herbicide injury symptoms observed in the herbicide-tolerant cotton genotype. While a myriad of molecular patterns and interactions are going on due to 2,4-D’s action, it is worth noting that CS-B15sh exhibits a tolerance level to the herbicide. Comparison of the response of CS-B15sh to those of the two susceptible lines yielded genes involved in cell wall organization and cellular transport mechanisms, indicating possible roles in the diffusion and cell-to-cell movement of 2,4-D active compounds and the tolerance mechanisms exhibited by CS-B15sh to the herbicide. However, some of the genes that showed a significant difference in response to the herbicide were also found significantly expressed in the non-treated plants of TM-1 and Pima 379, indicating that these genes are not associated with defense response to 2,4-D in CS-B15sh. Among these genes are protein kinase-like domain, homeobox domain, zinc finger (CCH-, RING-, and C5HC2-type) protein BRANCHLESS TRICHOME-like, amidase signature (AS) superfamily, NRAMP family, leucine-rich repeat F-box-like domain superfamily, HEAT repeat, COBRA plant, and cytochrome P450 E-class group I (Pace and Brenner, 2001; Roudier et al., 2005; Nevo and Nelson, 2006; Guo et al., 2009). Interestingly, pathway and GO analysis of the DEGs responsive to 2,4-D in CS-B15sh revealed protein dimerization and binding activities, regulation of transcription, hydrolase activity, cell wall, and carbohydrate metabolic processes are among the most enriched pathway signaling regulation of proteins such as enzymes, co-factors, ion channels, and transcription factors (Marianayagam et al., 2004). Both protein containing assembly and hydrolase activity were also associated with the non-target site resistance phenotypes to herbicide phenylurea chlorotoluron and aryloxyphenoxypropionate fenoxaprop acid in black-grass weeds (Franco-Ortega et al., 2021). Glycoside hydrolase is primarily involved in the processing of carbohydrates and works on the metabolism of endogenous substrates, including xenobiotics (Oesch-Bartlomowicz and Oesch, 2007). Other genes involved in xenobiotic metabolism like glycosyltransferases were expressed only in CS-B15sh (Brazier-Hicks et al., 2007). The downregulation of these genes after 2,4-D treatment signals a different molecular pathways contributing to the herbicide tolerance exhibited by CS-B15sh. The three cotton lines we used exhibited a differential response to 2,4-D, and CS-B15sh showed some degree of tolerance to the herbicide compared to TM-1 and Pima 379. Likely, some physiological and metabolic processing of the herbicide compound within the plant occurs with the high transcript expression patterns of DEGs associated with herbicide metabolism, such as those involved in oxidation–reduction processes, including GSTs, amine oxidase, and FAD-linked oxidase. Although recent reports have implicated L-lectin domain-containing receptor kinases, ABC transporters, and cytochrome P-450s in the tolerance of various weeds to 2,4-D (Giacomini et al., 2020; Goggin et al., 2020). We found examples of these genes upregulated in 2,4-D-treated CS-B15sh and TM-1 plants. However, there was no significant increase in the expression of any of these genes that will contribute to herbicide tolerance in our study. Future experiments should focus on elucidating the genetic functions of DEGs highly expressed in CS-B15sh, such as glutathione S-transferase and flavin monooxygenase, because these genes are involved in herbicide detoxification. It would be interesting to do further assays to validate its functions in terms of herbicide tolerance in cotton, develop genetic markers useable as molecular markers for 2,4-D tolerance in marker-assisted breeding, and therefore contribute to the genetic improvement of modern Upland cotton varieties.



Conclusion

In summary, the interaction of cotton to 2,4-D herbicide at the molecular level was elucidated in this study. Several genes involved in the auxin (2,4-D) response pathway previously reported have been detected. Downregulation of a whole suite of genes involved in photosynthesis was observed. The response of the 2,4-D-tolerant line CS-B15sh showed upregulation of genes involved in the oxidation–reduction process. It will be interesting to conduct a follow-up investigation on the specific function of these genes in cotton’s response to 2,4-D. This information will allow the design of appropriate breeding strategy toward the development of modern Upland cotton varieties with improved tolerance to herbicides.
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QTL Chr Position (cM) Left Marker  Right Marker LOD LOD (A) LOD (AbyE) PVE PVE (A) PVE (AbyE) Add Aby E_ 01 AbyE_ 02 AbyE 03 AbyE 04
gSYM_E-c11-1 11 71 AX176836296 AX182226957 3.0249  0.0693 2.9556 0.193 0.0368 0.1562 —0.5344 1.2468 0.0854 —1.7606 0.4284
gSYM_E-c11-2 11 229 AX176882583 AX176832026 3.8848  0.5504 3.3345 0.6679  0.2792 0.3887 1.4646 —0.1463  —1.1551 2.8578 —1.6565
gSYM_E-c15-1 15 193 AX184973580 AX182254104 3.4658 1.037 2.4288 1.6958  0.5437 1.1521 2.0416 —-1.3713  —1.6145 5.1253 —2.1395
gSYM_E-c18-1 18 15 AX182258223 AX182263818 3.9654 0.9728 2.9926 1.5777  0.5215 1.0561 1.9907 —-0.9159  —1.7665 4.8443 —2.1619
gSYM_E-c18-2 18 53 AX182263818 AX176833896 3.0838  0.2411 2.8427 0.4394  0.1281 0.3113 —0.9875 0.1885 1.1967 —2.5703 1.1851
gSYM_E-c24-1 24 110 AX176834369 AX182254666 5.7394  5.0031 0.7363 10.1074  2.7141 7.3933 —4.5951 4.1812 4.3165 —13.1329  4.63562
gSYM_E-c24-2 24 144 AX180652387  AX182265405 3.0636  0.023 3.0306 0.1609  0.0124 0.1386 —0.3094 1.3595 —0.0955  —1.5376 0.2736
gSYM_E-c26-1 26 135 AX182226747  AX180652868 3.1082  2.4252 0.683 4.5312  1.2602 3.271 —3.1001 2.5187 2.9475 —8.6412 3.175
gPH_E-c9-1 9 41 AX182229530 AX176883249 3.1305  0.9694 2.1611 1.633 0.4049 1.128 —1.403 0.6183 —3.3961 —0.3659 3.1438
gPH_E-c24-1 24 144 AX180652387  AX182265405 4.5398  0.3374 4.2024 3.4359 0.192 3.2439 —0.9677 3.2493 —6.6381 0.4836 2.9052
gBN_E-c19-1 19 6 AX182255569 AX176830886 4.3675  0.2868 4.0807 1.8161 0.1695 1.6466 —0.1925 —-0.8195 —0.004 —0.0513 0.8748

QTL nomenclature is as that of Table 6 and the alphabet E denotes joint the multi-environmental QTL mapping. LOD: Logarithm of the Odds; A by E: Additive QTL x Environment; PVE:

% of phenotypic variation explained.
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PH SYM BN

T
SYM 0.613

BN 0.567 0.509

T2

SYM 0.442

BN 0.454 0.260

T3

SYM 0.794

BN 0.825 0.845

BW 0.606 0.512 0.553
T4

SYM 0.211

BN 0.255 0.057%

BW 0.098°% 0.052% 0.192
15

SYM 0.124

BN 0.1048 0.875

BW —0.284 0.853 0.770
T6

SYM 0.040%

BN 0.405 0.753

BW ~0.155 0.864 0.594
17

SYM 0.941

BN 0.947 0.989

BW 0.889 0.966 0.936
T8

SYM 0.595

BN 0.0618 0.391

BW —0.0248 —0.034% —0.069%

All the below mentioned Pearson’s correlation coefficient has p < 0.05 except those
marked with $, which has p > 0.05.
T1to T8, PH, SYM, BN, and BW: as mentioned in Table 1.
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Chromosome Name Subgenomes Total Polymorphic Mapped Span Length Average Marker Maximum
assigned in this study Markers Markers (cM) Distance (cM) interval (cM)
Chromosome 1 Al 28 4 71.59 17.90 42.8
Chromosome 2 A2 23 2 85.03 42.52 85.0
Chromosome 3 A3 54 34 161.72 4.76 42.8
Chromosome 4 A4 30 5 94.84 18.97 33.7
Chromosome 5 A5 68 19 174.76 9.20 46.4
Chromosome 6 A6 43 10 160.68 16.07 443
Chromosome 7 A7 68 13 186.35 14.33 36.4
Chromosome 8 A8 85 36 256.09 7.1 59.9
Chromosome 9 A9 28 4 46.80 11.70 24.5
Chromosome 10 A10 81 19 136.73 7.20 55.3
Chromosome 11 A1 65 28 229.87 821 71.2
Chromosome 12 A12 85 20 205.25 10.26 54.2
Chromosome 13 A13 45 10 20.32 2.03 7.9
Chromosome 14 D02 136 51 99.52 1.95 28.3
Chromosome 15 DO1 113 11 193.41 17.58 43.3
Chromosome 16 Do7 38 3 81.77 27.26 81.7
Chromosome 17 D03 58 17 157.00 9.24 33.3
Chromosome 18 D13 193 79 395.48 5.01 41.2
Chromosome 19 D05 180 27 295.51 10.94 66.1
Chromosome 20 D10 120 34 356.24 10.48 50.9
Chromosome 21 D11 157 14 198.55 14.18 541
Chromosome 22 D04 56 9 1565.84 17.32 541
Chromosome 23 D09 93 14 145.62 10.40 40.2
Chromosome 24 D08 109 15 144.09 9.61 54.9
Chromosome 25 D06 121 19 227.33 11.96 36.8
Chromosome 26 D12 61 7 135.61 19.37 52.6
Whole Genome 504 4416.00 8.76

$Subgenome specific chromosome number assigned in physical map of the Gossypium hirsutum var TM1.
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Chr. No. Start Marker End Marker Start Position End Position Genome Reference Genome Coverage
spanned length Genome Length Ratio %
1 AX-182255420 AX-176831701 18867792 64144410 45276618 99884700 45.32888
2 AX-176833436 AX-182263372 654170 81801974 81147804 83447906 97.24367
3 AX-182255032 AX-176835952 100110564 739012 993715652 100263045 99.11085
4 AX-180658688 AX-176883453 61159919 54211865 6948054 62913772 11.04377
5 AX-182257133 AX-182247753 36181121 35105647 1075474 92047023 1.168396
6 AX-176831949 AX-176837003 97642105 2036386 95605719 103170444 92.66774
7 AX-176831470 AX-182253823 38496330 13923960 24572370 78251018 31.40198
8 AX-176883288 AX-176843209 1504641 69420054 67915413 103626341 65.53875
9 AX-184973861 AX-176883249 67775337 22284 67753053 74999931 90.33749
10 AX-176840552 AX-176831733 96620691 97693381 1072690 100866604 1.063474
11 AX-180647705 AX-176832026 4677099 84970420 80293321 93316192 86.04436
12 AX-180649246 AX-182253328 10771492 73316583 62545091 87484866 71.49247
13 AX-182260961 AX-176836152 5610554 63625753 58015199 79961121 72.55426
14 AX-182256274 AX-176834067 21699401 1054243 20645158 61456009 33.59339
15 AX-176832383 AX-182254104 53405972 5873728 47532244 67284553 70.64362
16 AX-184972992 AX-182258457 34647136 42362762 7715626 46690656 16.52499
17 AX-182254951 AX-182256079 46985857 2291470 44694387 51454130 86.86258
18 AX-176883283 AX-180651176 4528742 2326058 2202684 61933047 3.556557
19 AX-182261786 AX-182231153 62964863 11752151 51212712 64294643 79.65316
20 AX-182254614 AX-182257459 54179535 43190244 10989291 55312611 19.8676
21 AX-182245558 AX-176883438 41594632 64808056 23213424 65894135 35.22836
22 AX-182254106 AX-182254849 23362715 47166308 23803593 50995436 46.67789
23 AX-182247423 AX-182255641 61540989 25421890 36119099 63374666 56.99296
24 AX-176882838 AX-182258490 25421890 5369465 20052425 66087774 30.34211
25 AX-182256313 AX-182254915 300 47760462 47760162 59109837 80.79901
26 AX-182256906 AX-176883149 54800530 55191917 391387 60534298 0.646554
Total 1027924550 1934654758 53.1322
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Trait Chromosome QTL Trial Flanking markers/QTL Interval  QTL position LR Additive = Dominant Main effect PVE% LOD
Number
BN 5 qBN-c05-1 T3 AX-182253211-AX-182247753 168.11 123 —0.7608 0.6414 —0.84306 81.34 7.5
BW qBW-c05-2 T4 AX-182253211-AX-182247753 168.11 123 —0.7608 0.6414 —0.84306 81.34 2.3
PH 9 qPH-c09-1 ™ AX-184973861-AX-176833420 20.01 16.25 —1.1294 —36.8499 32.62786 1.46 2.2
SYM qSYM_S-c9-1 T6 AX-182229530-AX-176883249 31.41 21.32 4.609 —-1.278 —0.27728 25.89 2:2
SYM qSYM-c09-1 T4 AX-182229530-AX-176883249 33.41 36.25 —67.663 —3.5229 0.052065 47.56 58
PH 11 qPH-c11-1 T3 AX-176836296-AX-182226957 51.11 87.89 —47.3789 41.377 —0.87332 38.42 18.3
SYM qSYM-c11-1 T4 AX-176836296-AX-182226957 58.11 36.52 21.2507 94.8709 4.464366 1.21 NA
SYM 15 qSYM_S-c15-1 T6 AX-176835896-AX-182239815 118.61 14.57 2.3089 —2.6836 —1.16229 8.99 24
SYM qSYM-c15-1 T3 AX-182239815-AX-182262522 126.81 54.63 —20.5227 —71.0843 3.463691 23.35 9.6
SYM qSYM-c15-2 T4 AX-182239815-AX-182262522 127.81 58.31 —28.2249 —91.8664 3.2548 22.00 9.1
SYM qSYM-c18-1 T4 AX-182256182-AX-176832479 291.41 47.34 -28.6191 94.3655 —3.29729 87.39 8.6
SYM 18 qSYM-c18-2 T4 AX-182256182-AX-176832479 299.41 4716  —68.1079 1.9272 —0.0283 87.84 8.6
SYM qSYM_S-c18-1 T7 AX-182256182-AX-176832479 306.41 15.29 8.7063 3.5054 0.402628 6.11 386
SYM qSYM_S-c18-2 17 AX-176835242-AX-182255051 312.61 15.7 8.8199 3.4573 0.391989 6.00 3.6
SYM qSYM-c18-3 T4 AX-176835242-AX-182255051 319.61 55.48 —68.3815 15185 —0.02216 87.35 8.6
SYM 21 qSYM-c21-1 T4 AX-182262518-AX-176832011 52.41 8.5 39.6384 0 0 8.47 16
SYM gSYM_S-c21-1 T6 AX-182255439-AX-176832011 55.41 14.11 —6.8642 4.7052 —0.68547 67.95 3.6
SYM 22 qSYM-c22-1 T3 AX-182254626-AX-182258142 4211 46.71 —51.8581 —1.0352 0.019962 80.33 NA
SYM qSYM-c22-4 T3 AX-182254626-AX-182258142 4411 57.51 —29.7937 —92.3846 3.10081 29.64 8.6
SYM qSYM-c22-2 T3 AX-182254626-AX-182258142 4711 54.42 -21.1143 —70.07 3.318604 25.73 NA
SYM qSYM_S-c22-1 T6 AX-182254626-AX-182258142 54.11 1.4 5.8566 —1.1561 —0.1974 21.07 3.6
SYM qSYM-c22-3 T3 AX-182258142-AX-182256858 62.11 49.24  —18.2436 —69.9692 3.835274 14.15 NA
SYM qSYM-c22-5 T3 AX-182258142-AX-182256858 63.11 46.82 —25.2317  —90.2036 3.875011 7.07 8.6
SYM gSYM_S-c22-2 17 AX-182256858-AX-182264770 82.81 18.16  —8.2598 5.1913 —0.6285 88.02 36
BW 24 qBW-c24-1 T6 AX-182258056-AX-176831424 81.31 17.94 —0.2815 —1.0112 3.592185 714 NA
SYM qSYM_S-c24-1 T6 AX-176834369-AX-182254666 109.71 2rar 10.583 1.7828 0.168459 26.26 35
PH 26 qPH-c26-3 T3 AX-182254129-AX-182226747 55.91 91.77  —47.1439 43.6916 —0.92677 0.02 18.5
BN qBN-c26-1 T6 AX-182226747-AX-180652868 110.51 34.83 —2.5734 8.3187 —3.23257 83.62 79

QTL nomenclature: qPH-c08-1 can be interpreted as: first letter “q” to represent QTL; second two letters to represent trait name (PH for plant height, SYM for number of
sympodial, BN for number of bolls and BW for boll weight) under irrigated conditions (if there is _S sulffix after the trait name), it means that the given trait was identified
under water stress conditions; hyphen followed by “c” and a numeral denotes the chromosome number (chromosome 8 in the above case) and last numeral prefixed
with a hyphen indicates the nth number of QTL identified for the given trait in the given chromosome. NA- not available.
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Year

Aug.,
2011-Dec.,
2011

Aug.,
2011-Dec.,
2011
Aug.,
2012-Dec.,
2012

Sep.,
2013-Jan.,
2014
Aug.,
2018-Dec.,
2018
Aug.,
2018-Dec.,
2018
Aug.,
2018-Dec.,
2018
Aug.,
2019-Dec.,
2019

Location and status
of phenotyping

Maize Research Station
(MRS),Vagarai; (Under
Irrigated control
conditions (IC))
MRS, Vagarai; (Under
water stress conditions
(W)

Cotton Research
Station
(CRS),Veppanthattai;
(Under rainfed
conditions (RF))
Eastern Block, TNAU,
Coimbatore; (IC)

Department of Cotton,
TNAU, Coimbatore; (IC)

Agricultural Research
Station, Aruppukottai;
(RF)

Cotton Research
Station (CRS),
Veppanthattai; (RF)
Department of Cotton,
TNAU, Coimbatore; (IC)

Elevation
above mean
sea level (m)

254

254

149

432

432

97

149

432

Coordinates
(Latitude
Longitude)

10.6844° N,
77.5727° E

10.6844° N,
77.5727° E

11.3794° N,
78.7297° E

11.0168° N,
76.9558° E

11.0168° N,
76.9558° E

9.56139° N,
78.1002° E

11.3794° N,
78.7297° E

11.0168° N,
76.9558° E

Soil

Black, clay
loam

Black, clay
loam

Black, clay

Mediumblack,
sandy clay
loam
Red sandy clay
loam

Black, clay

Black, clay

Red sandy clay
loam

Average weather parameters during

Cropping period

Temperature Rainfall
Maximum (°C) (mm)
Minimum (°C)
325 814
24.0
325 814
24.0
314 662
275
28.8 564
22.0
27.6 481
2158
38.2 616
221
32.3 580
26.1
28.6 501
20.3

Relative
humidity (%)

71.6

69.4

752

76.2

67.8

75.8

Phenotyping
data collected

PH, SYM, and
BN

PH, SYM, and
BN

PH, SYM, BN,
and BW

PH, SYM, BN,
and BW

PH, SYM, BN,
and BW

PH, SYM, BN,
and BW

PH, SYM, BN,
and BW

PH, SYM, BN,
and BW

Fx: Filial generation of MCU5 x TCH1218; PH, plant height (cm); SYM, number of sympodial branches; BN, number of bolls per plant; BW, boll weight (g).
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Trait Trial* MCU5 Mean TCH1218 Mean RILs Broad sense
heritability
Mean SD CV  Minimum Maximum Skewness yi Kurtosis f2
Plant Height T 116.99 124.66 100.03 2757 027  26.00 167.33 —1.51 7.08 0.58
T2 92.16 101.00 88.13 3107 035  10.00 159.33 -1.35 5.73 0.55
T3 42.00 60.58 95.02 4307 045  21.00 157.00 —1.01 3.00 0.45
T4 125.00 132.00 106.55 27.89 026  66.33 161.00 157 8.11 0.54
T5 102.95 100.25 112.82 2952 026  10.10 14319 —2.85 10.85 0.45
T6 83.00 87.00 8403 1308 0.15  46.50 122.83 —0.02 3.10 0.43
T7 107.50 137.00 11755 2075 017  69.33 185.00 0.45 2.84 0.58
T8 109.90 123.40 12032 1047 0.08 92 143.9 -0.23 2.48 0.41
Number of T 11.87 10.25 1423  6.04 042 2.00 285 -0.30 2.72 0.50
Sympodia T2 15.49 39.99 17.30 742 042 6.5 51.33 ~0.05 5.22 0.55
T3 1.83 3.66 521 248 047 1.00 12.00 -0.13 3.21 0.44
T4 4.00 3.66 223 085 038 1.00 5.00 0.50 3.25 0.48
T5 11.40 11.40 15.32 811 052 1.00 9.05 7.82 9.93 0.47
T6 75 10.58 1057 171  0.16 6.83 19.24 0.62 4.93 0.58
T7 9.33 19.67 14.34 318 0.22 5.67 24.00 0.18 2.76 0.47
T8 10.90 12.90 1521 151 0.09 11.2 18.8 -0.27 3.09 0.44
Number of T 10.80 9.10 6.80 370 054 1.33 25.00 1.37 6.96 0.55
Bolls per Plant T2 2.83 7.33 439 244 055 0.66 11.33 0.26 2.86 0.58
T3 2.66 5.16 13.038 6.62 0.50 2.50 27.00 ~0.46 2.85 0.41
T4 16.67 15.33 17.61 599 0.34 7.67 48.67 0.18 7.84 0.48
T5 24.00 21.00 2199 460 0.20 11.0 30.00 —0.52 2.48 0.49
T6 11.92 16.25 19.03 4.67 0.24 8.67 4317 0.64 5.26 0.45
T7 17.00 40.33 2306 670 0.29 8.33 45.00 0.64 3.45 0.58
T8 13.60 12.60 1517 295 0.19 8.80 22.97 0.19 2.78 0.57
Boll Weight T3 265 5.75 519 203 0.39 3.00 8.80 —-1.55 4.93 0.44
T4 473 5.00 419 114 027 2.50 10.67 ~0.55 12.49 0.44
T5 4.00 3.20 203 067 022 1.20 4.30 —0.002 235 0.58
T6 465 4.90 378 075 0.19 1.67 5.60 0.12 2.92 0.56
T7 3.47 4.51 367 063 017 2.15 6.13 0.12 3.25 0.41
T8 4.45 4.46 463 060 0.13 2.47 6.08 ~0.34 3.83 0.59

*As provided in Table 1; SD, standard deviation; CV%, coefficient of variation.
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TRupewr Water TRy, water
use use todf P
(gm~*day™) (gm~day”)

Daily VPD
environment

43.97 36.33 470,457 0.007

. 58.71 55.02 1.80,8 0.109
VPDi, =4.4kPa 69.12 68.60 0.19,8 0.857
VPDi,, =6.0kPa 77.91 76.40 054,8 0.606

Values in bold are significant at p<0.05. * Evidence of unequal variances.
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Explanatory variable % Variation Change

Water 277 -

VPDec +130 0001
Genotype 0 0215
Water x VPDyuc +24.3 0.001
Water x Genotype 0 0.200
VPD,., x Genotype +19 0009
Water x VPDy, x Genotype 0 0.521
Total variation 66.7 -

Variation (%) accounted for by including each term in the model is shown. Change was
deemed significant at p<0.05. Peak flower is defined as between 1,000- and 1,450-
day degrees.
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Genotype Origin Release Target environment

year reason for inclusion

CSX2027 CSIRO, Narrabii AU~ N/A  Rainfed

CSX8521 CSIRO, Narrabii AU~ N/A  Rainfed; good, iigated
yield potential

CSX5422 CSIRO, Narrabii AU~ N/A  Rainfed

Siokra L23 CSIRO, Narrabri AU~ 1993 Good agronomic WUE
pair; no VPD breakpoint;
examined by Devi and
Reddy (2018)

CS 50 CSIRO, Narrabri AU~ 1992 Poor agronomic WUE
pair; no VPD breakpoint;
examined by Devi and
Reddy (2018)

Sicot 41 (syn. CSIRO, Narrabri AU~ 1999 VPD breakpoint; closely

FM58) related to FM 9180
examined by Devi and
Reddy (2018)

DeltaPEARL Deltapine Australia 1999 VPD breakpoint; closely

(Closely related o Pty. Ltd., related to DP 555 BG RR

DP 555 BG RR)  Goondiwindi AU examined by Devi and
Reddy (2018)

RC-89(Syn. Rasi Seeds, Attur 1997 Irigated and more

Surabhi) India recently rainfed in Tamil
Nadu, India

Sicot B0BRF GSIRO, Narrabri AU~ 2006 Rainfed

Sicot 746B3F  CSIRO, Narabri AU~ 2016 Commercial iigated

Australian cultivar
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Genotype

Sicot 41
CoX5422
Sicot 80BRF
Sicot 746B3F
DeltaPEARL
CSX2027

CS 50

RC-89
Siokra L23
CSX8521

Breakpoint
(X)) =SE

53+05
43+05
48205
66223
45:04
Linear
Linear
Linear
Linear
Linear

Slope 1

1351
16.91
14.45
1247
17.39
11.87
12.39

12.77
10.48





OPS/images/fpls-13-893994/fpls-13-893994-t003.jpg
Environmental
conditions

Ton (°C)

Trac (°C)
RHyn (%)
RH e (%)
VP, (kPa)
VPD o (Pa)

Extreme VPD  High VPD.

268
407
220
53.0
19
6.0

VPD environment

251
377
310

Moderate
VPD

Low VPD

213

Data were collected from Narrabri, Australia, during the peak flowering of cotton

production.
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HKW KA KG KLW KL KW KD KR

CRI36 7.28 £1.42 25.62 + 3.32 21.61+1.45 2124+ 0.06 8.45 4+ 0.562 3.99 + 0.26 5.69 &+ 0.36 0.47 £0.01
Hai7124 7.5+0.82 24.82 +1.59 20.28 + 0.54 1.78 £ 0.08* 7.62 £0147 4.31+£0.18" 5.61+0.18 0.57 &+ 0.02**

*and ** mean significant at P < 0.05 and P < 0.01, respectively. Traits in the top horizontal row: 100-kernel weight (HKW, g), kernel area (KA, mm?), kernel girth (KG,
mm), kernel length to width ratio (KLW), kernel length (KL, mm), kernel width (KW, mm), kernel diameter (KD, mm), and kernel roundness (KR, mm).
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QTL name

qFOV7-A01-1
qFOV7-A05-1
qFOV7-A07-1
qFOV7-A09-1
qFOV7-D03-1
qFOV7-D03-1
qFOV7-D03-2
qFOV7-D05-1
qFOV7-D09-1

Environment

SM17
AC17
AM11
KC12
AC11
AC17
KC12
AM11
AC18

Left marker

Block89
Block1451
Block2022
Block2986
Block6644
Block6649
Block6766
Block7246
Block8062

Right marker

Block91
Block1453
Block2027
Block2987
Block6655
Block6654
Block6767
Block7250
Block8065

Peak marker

Block91
Block1452
Block2023
Block2987
Block6648
Block6654
Block6766
Block7246
Block8063

LOD

3
2
2
25
4.8
2
25
2
2

ADD

0.225
0.077
—0.165
0.162
—0.517
—0.223
—-0.113
0.154
—0.328

PVE

8.25
1.04
4.03
10.14
19.65
8.78
4.93
3.49
11.40

Physical interval (bp)

24580145-30697039
98049550-98784557
1578481-2229225
62986283-63102116
990342-3066473
1367607-2774877
215621563-29613781
27910706-29982056
1981138-2462936

Peak (bp)

29066170-30697039
98078364-98663351
1670902-1722583
63029492-63102116
1192410-1365428
1891687-2774877
215621563-22003728
27910706-28037736
2312126-2421587

Add and PVE represent the additive effect and phenotypic variation explained by the QTL, respectively.
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Env Parent RILs

Xinhai 14 06-146 Diff Mean Min Max SD Skewness Kurtosis
11AC 2 0.6 > 2.08 0 4 2.09 —0.04 -0.87
11AM 1.8 0.4 * 1.69 0 3.4 1.69 —0.25 -0.79
11KC 1.6 0.2 * 1.64 0.2 3.2 1.64 —0.23 -0.37
12AC 3 0.8 1.81 0.6 3.2 1.81 0.08 —0.48
12KC 2 0.4 * 1.62 0 3.2 1.62 0.04 -0.22
17SM 1.2 0 * 1.56 0 3.4 1.56 0.19 —0.33
17AC 2 0.6 * 1.64 0 3.2 1.64 -0.3 —0.36
18AC 1.8 0.4 ke 1.74 0 3.8 1.74 0.1 —-0.17

11AC: Disease grade in the adult stage in Alar in 2011; 11KC: disease grade in the adult stage of Korla in 2011; 12AC: disease grade in the adult stage in Alar in 2012;
12KC: disease grade in Korla in 2012; 11AM: disease level in the seedling stage in Alar in 2011; 17SM: disease level in the indoor seedling stage in 2017. 17AC: disease
grade in the adult stage in Alar in 2017. 18AC: disease level in adult plants in Aksu in 2018. Diff, difference. *P < 0.05; P < 0.01; **P < 0.001. SD, standard deviation.
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Traits Source Df Sum-Sq

DSR Genotypes 109 127.6456
Environment 7 40.0656
genotype x environment 763  852.9738

Mean-Sq

11711
5.7237
1.1179

F-value

5.903™
160.548"
1.442*

**indlicates significance at P < 0.01.
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Chr

AO1

A02
AO03
AO4
A0S
A0B
A07
AO08
A09
A10
A1

A12
A13
DO1

D02
D03
D04
D05
D06
Do7
D08
D09
D10
D11

D12
D13
Total

No. SNP markers

18904
25094
873
5385
7788
103562
88947
46482
14426
14795
20501
11927
33777
11723
15850
22293
34639
10251
8743
7078
19467
20960
7865
14638
1806
2920
570684

No. bin markers

213
136
75
81
141
342
198
178
195
1056
236
145
192
1056
110
163
153
89
88
96
138
110
70
131
58
53
3601

Total distance (cM)

148.04
78.32
119.06
110.86
126.76
92.44
130.55
81.89
116.37
135.91
146.22
119.78
99.73
55.68
70.88
83.75
56.17
79.87
89.21
97.56
83.58
74.99
61.44
105.48
77.46
4117
2483.17

Average distance (cM)

0.70
0.58
1.61
1.40
0.91
0.27
0.66
0.46
0.59
1.31
0.62
0.83
0.52
0.54
0.65
0.52
0.37
0.91
1.03
1.03
0.61
0.69
0.89
0.81
1.36
0.79
0.79

Max gap (cM)

12.41
4.42
14.97
6.67
9.80
10.76
9.80
13.38
12.61
19.30
15.90
15.83
10.24
17.76
10.48
10.08
6.09
10.48
10.57
12.62
18.12
14147
8.50
12.22
13.72
19.30
19.30

Gaps < 5¢cM (%)

96.70
100.00
90.54
93.75
95.71
99.41
96.45
98.87
98.45
95.19
98.72
95.83
97.91
98.08
98.17
98.77
99.34
96.59
94.25
95.79
98.54
97.25
95.65
96.92
89.47
98.08
96.71
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Trait

HKW

KLW

QTL

GHKW-D03-1

GgKW-D03-1

GKLW-D03-1

qKLW-D12-1

gKA-D03-1

qKG-D03-1

gKD-DO03-1

GKR-D03-1

gKR-D12-1

Env

16AYnc
17XJshz
17AYdc
16XJshz
BLUP
16XJshz
17XJshz
17AYdc
BLUP
16XJshz
17AYnc
BLUP
17XJshz
16XJshz
BLUP
17AYdc
16AYnc
BLUP
17XJshz
16XJshz
17AYdc
16XJshz
BLUP
17AYdc
16AYnc
BLUP
17XJshz
16XJshz
16XJshz
16AYnc
BLUP
17AYnc
16XJshz
17XJshz
BLUP

Position (cM)

9
17
18
18
18
16
17
18
18
16
22
21
20
20
20

5
10
10
17
18

5
10

8

5
10
10
17
18
16
18
21
22
19
20
20

Flanking markers

Marker149953 Marker150605
Marker150834 Marker150795
Marker150867 Marker150998
Marker150867 Marker150998
Marker150867 Marker150998
Marker151011 Marker151014
Marker150834 Marker150795
Marker150867 Marker150998
Marker150867 Marker150998
Marker151011 Marker151014
Marker151179 Marker151250
Marker151072 Marker151143
Marker195389 Marker195415
Marker195389 Marker195415
Marker195389 Marker195415
Marker150850 Marker149780
Marker149953 Marker150605
Marker149953 Marker150605
Marker150834 Marker150795
Marker150867 Marker150998
Marker150850 Marker149780
Marker149953 Marker150605
Marker149953 Marker150605
Marker150850 Marker149780
Marker149953 Marker150605
Marker149953 Marker150605
Marker150834 Marker150795
Marker150867 Marker150998
Marker151011 Marker151014
Marker150867 Marker150998
Marker151072 Marker151143
Marker151179 Marker151250
Marker195381 Marker195387
Marker195389 Marker195415
Marker195389 Marker195415

LOD

10.02
9.53
10.03
15.60
14.41
16.23
7.20
5.60
14.51
5.84
4.25
5.32
4.86
757
4.34
5.62
8.33
10.09
7.03
12.30
4.22
4.93
4.94
5.42
8.27
11.21
6.92
12.24
9.41
4.27
6.56
4.72
7.97
5.67
3.68

RZ(OA))

17.42
22.05
21.72
35.01
22.56
34.10
13.81
13.70
21.49
16.21
11.31
9.05
10.48
22.80
7.42
11.64
12.23
16.88
16.75
25.10
8.18
12.91
9.56
11.35
12.27
9.61
16.51
25.28
20.84
11.16
10.10
12.22
16.43
12.02
5.59

Add

-0.53
-0.48
-0.50
-0.79
-0.39
-0.21
-0.12
-0.12
-0.10
0.08
0.06
0.04
0.07
0.11
0.04
-1.29
-1.18
-0.84
-1.13
-1.60
-0.50
-0.57
-0.34
-0.15
-0.15
-0.09
-0.13
-0.21
-0.03
-0.02
-0.01
-0.02
-0.03
-0.02
-0.01

Traits column refers to the eight seed size and shape characteristics defined in Table 1. Env column denotes the five environments and BLUP. Logarithm of odds (LOD)

values, R?(%) — phenotypic variation explained by the QTL, and Add — additive effect, columns refer to statistical test values.
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Gene Position CRI36 Hai7124 Mutation type of gene Effect of SNP Annotation
(bp; HAU) base Base
GH_D03G0980 33,195,805 A m 5 Prime UTR premature start LOW Probable starch synthase 4,
codon gain variant chloroplastic/amyloplastic
33,196,654 T ¢} Synonymous variant LOW
GH D03G1091 36,671,507 C Ll Missense variant MODERATE Transcription factor PIF7
GH D03G1237 40,735,716 C A Missense variant MODERATE Endoglucanase 8
40,742,329 T C Missense variant MODERATE
40,738,388 C A Synonymous variant LOW
GH D03G 1448 45,225,097 C i Stop gained HIGH Heat shock cognate 70 kDa
protein
45,224,947 G C Missense variant MODERATE
45,223,335 ¢} Ll Synonymous variant LOW
GH D03G1453 45,306,561 G A Stop gained HIGH Heat shock cognate 70 kDa
protein
45,307,072 C w Splice acceptor variant and HIGH
intron variant
45,306,618 T c Missense variant MODERATE
45,306,849 T C Missense variant MODERATE
45,307,043 C A Missense variant MODERATE
45,306,838 T © Synonymous variant LOW
GH D03G 1458 45,427,060 C i Synonymous variant LOW Ubiquitin-conjugating enzyme
E27
GH D03G1466 45,632,073 G A Missense variant MODERATE THO complex subunit 4A
45,633,079 A C Missense variant MODERATE
45,633,104 A Ll Synonymous variant LOW
GH D12G2619 59,308,273 T C Synonymous variant LOW Transcription factor MYC4
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Trait HKW KA KG KLW KL KW KD KR

HKW 1

KA 0.949** 1

KG 0.794*  0.928" 1

KLW —-0.240" 0.006 0.393" 1

KL 0.572** 0.780% 0.961™ 0.617* 1

KW 0.889™ 0.798™ 0.505™ —0.586™ 0.265™ 1

KD 0.925™ 0.999" 0.911™ 0.001 0.780™ 0.801* 1

KR 0.2563" 0.009 -0.376" —0.989" —-0.603" 0.601** 0.013 1

** means significant at P < 0.01. Traits column refers to the eight seed size and
shape characteristics defined in Table 1.
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Roles of grafting

Improving resistance to biotic stress

Improving tolerance to abiotic stress

Reducing the cost of producing Fy-seeds

Specific role of grafting

Improving the resistance of scion to Verticilium wilt
Improving the resistance of scion to leaf curl disease
Improving the resistance of scion to bollworm
Improving the overwintering abilty of scion

Improving salt tolerance of scion

Improving drought tolerance of scion

Maintaining steriity for heterosis utiization

Omitling corresponding maintainer

Increasing the yield of scion under Verticilium wit stress

Reference

Lou (2010}, Zhang et al. (2012b)
Ulah et al. (2014), Nawaz et al. (2019)

Rui et al. (2005), Jin (2013)

Zhang et al. (2013)

Kong et al. (2012), Giu et al. (2015)

Luo et al. (2019)

Zhang and Zhou (2009), Zhang et al. (2015b)
Zhang et al. (2018), Zhou (2016)

Hao et al. (2010), Zhang et al. (2018)
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Comparison items Common cropping Perennial cropping Biannial cropping

Service life One season Usually 8 years Two seasons
Annual yield Low Medium High

Risk of pests and diseases Low High Medium
Adaptabilty to irregular rainfall Medium High Low

Annual labor costs Medium Low High

Annual costs of tillage and seeds Medium Low High

Annual fertiizer demand Medium Low High

Weed pressure Medium Low High

Loss of soil, nutrients and water Medium Low High

The data obtained from Zhang et al. (2020a).
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Main feature

Benefits

Reference

Perennial oot system

Low pruned stem

Indefinite inflorescences

Conserved costs for seed and tilage
Shortened the vegetative growth period
Monetizing from an eariier harvest
Reducing plant height

Increasing the number of fruit branches
Extended the flowering period
Increasing boll number and yield

Macharia (2013), Zhang et al. (2013)
Chamy (1979), Komala et al. (2019)

Mubvekeri et al. (2014)

Reddy and Thimmegowda (1997a), Macharia (2013)
Reddy and Thimmegowda (1997b), Chen (2008)
Plucknett et al. (1970), Macharia (2013)

Chen et al. (2008), Zhang et al. (2015a)
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Gene pool Genome Presently recognized species in Gossypium [Genome assignment, geographic origin]

Primary AD (7 species) G. hirsutum [(AD);, Central Americal, G. barbadense [(AD)z, South America), G. tomentosum [(AD)s, Hawailan Islands],
(7 tetraploids) G. mustelinum (AD)s, Brazil, G. darwinii [(AD)s, Galapagos Islands), G. ekmanianum [(AD)s, Dominican Repubiic],

G. stephensi [(AD)7, Wake Atol]
Secondary A (2 speces) G. herbaceun [Ar, Southern Africal (subs. afficanum [Asa, Southern Africal), G. arboretum (syn. G. aboreum) [Ag, Indus
(20-21 diploids) valley, Madagascar]

D (13-14 species)  G. thurberi [Ds, Mexicol, G. armourianum [Dz-1, Mexicol, G. harknessil [Dz-2, Mexicol, G. davidsonii [Ds-a, Mexico),
G. Kotzschianum [Ds_x, Galapagos Islands], G. aricum [Ds, Mexicol, G. raimondli [Ds, Perul, G. gossypioides [Ds, Mexicol,
G. lobaturn [D7, Mexico), G. triobum [Ds, Mexicol, G. laxum [De, Mexicol, G. turneri [Dio, Mexicol, G. schwendimanii
[Ds1, Mexico), {G: sp. nov. [Drz, Mexicol)®

F (1 specie) G. longicalyx [F+, Africa)
B (4 species) G. anomalum [B1, Africa (Angola, Namibia)}, G. triphylum (B, Namibia in Africa), G. capitis-viridis [Bs, Cape Verde Islands],
G. trifurcatum [B, Somalia)

Tertiary E (47 species) G. stocksi [E1, East Africa, Arabial, G. somalense [Ez, NE Africa), G. areysianum [Es, Arabia), G. incanum [Ea, Arabia),
(21-24 diploids) {G. benadirense [E, Somalia, Ethiopia, Kenyal)®, {G. bricchetti [E, Somalial)®, {G. vollesenii [E, Somalia]}*

C (2 species) G. sturtianum (C+, Australia] (var. nandewarense (G, Australial), G. robinsonii [Cz, Australie]

G (3 species) G. bicki [G1, Australia), G. australe [Gz, Australial, G. nelsoni [Gs, Australia]

K (12 species) G. exiguum [Ky, Australia), G. rotundifolium [Ka, Australia], G. populifolium [Ks, WA Australia], G. pilosum [Kas, WA Australial,

G. marchantii [Ks, Australia], G. londonderriense [Ks, Australia, G. enthyle [K7, Australia), G. costulatum [Ks, Australia),
G. cunninghamii Ko, Northern NT Australia), G. puichellum [Kio, WA Australia), G. nobile K11, Australia], G. anapoides
[Kiz2, Australia]

The data came from Wendel and Grover (2015), Shim et al. (2018), and Wang et al. (2018). The farther the genome from the primary gene pool s, the further the genetic approachabilty.
@ No formal name yet, ®<9no living materials of these species have been available for further study (Wang et al., 2018).
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FS* L-N1 ‘Mekhnat' ‘Namangan-77 Null hybrid ‘Ravnaq-2'

L-N1 o

‘Mekhnat' 14.4536 [

‘Namangan-77" 12,0712 2.8245 [

Negative control 16,3471 0.6766 3.5722 0

‘Ravnag-2' 6.1330 9.6794 6.9201 10.6081 0
FL L-N1 ‘Mekhnat' ‘Namangan-77" Null hybrid ‘Ravnaq-2'
L-N1 o

‘Mekhnat' 11.7285 o

‘Namangan-77" 12,3076 0.3164 0

Negative control 13.9208 2.0716 1.8033 0

‘Ravnag-2' 1.8802 11.0801 11.7439 13.5385 0

*FS, fibre strength; FL, fibre length; ‘Meknnat, recipient genotype; L-N1, donor genotype; ‘Revnaq-2" cotton cultivar; Nemangan-77, ‘standerd cotton cultiver (control; Null hybrid,

hybrids non-QTL allle.
Reqular Test: Medians significantly different if z> 1.9600, Bonferroni Test: Medians significantly different if z> 2.8070.
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Fs*

‘Andijan-35"
L-141
‘Namangan-77'
Negative control
‘Ravnag-1'

FS

‘Andijan-35"
L-141
‘Namangan-77"
Negative Control
‘Ravnag-1'

“Andijan-35'

“Andijan-35'
0
11.068
2.6431
2.0729
10.7707

L-141

o
15.1246
13.2007
45842
L-141

0
14,0499
13.2463

2.4982

Namangan-77

0
16131
13.5604
‘Namangan-77"

[
0.5291
14,5403

Null hybrid

0
11.2877
Null hybrid

o
13.4603

Ravnag-1

0
‘Ravnag-1’

0

*FS, fibre strength; FL, fibre length; “Andian-35', recipient genotype; L-141, donor genotype; Revnaq-1” cotton cultivar; ‘Nemangan-77', standard cotton cultivar (control; Null

hybrid, hybridis non-QTL allele.

Reqular Test: Medians significantly different if z > 1.9600. Bonferroni Test: Medians significantly different if z>2.8070.
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Traits® L141 Ravnag-1 ‘Andijan-35’ Namangan-77 Null hybrid

(A)

Fibre quality traits

FM (se) 4.16(0.03)" 437 (0.019F 4.76 (0,028 459(0.026) 4.70(0.027)"
FS (se) 4022 (0.237)" 36.79(0.151)" 3270 (0.229) 3117 (0.208)" 3196 (0216)
FU (se) 86.12(0.128)" 85.88(0.081)" 8352(0.12)° 836201117 83.41(0.116)
FE (se) 86/(0.067)° 9.4(0.043) 81(0.063" 8.4(0.058)° 8.6/(0.061)°
FL (se) 1.25 (0.004)" 1.23 (0002 1.12 (0.003) 1.10(0.003 1.10 0.003)"
Staple Len (se) 37.69(0.133)" 37.02 (0.085)" 3327 (0.125)° 33.00(0.115) 3337 (0.121)
No. samples/replications 773 190/3 87/3 103/3 93/3
Seed and lint percentage traits

Weight of 100 seeds. g (s.e) 14.39 (0,028 13.59 (0.03) 13.16 (0.03) 11.940.07¢ 12.99 (0.03)"
Lint% (s.e) 3291 (0298 3556 (0.12)" 3637 (0.11) 37.13(0.28) 36.27 (0.23)
Lint index (s.e.) 7.07 (0.09f 7.50 (0.04p 7.52 (0,04 7.06 (0,08 7.40 .07y
No. samples/replcations 3053 303 3013 3053 303
Traits L-N1 Ravnag-2 ‘Mekhnat' Namangan-77 Null hybrid
(B)

Fibre quality traits

FM (se) 4110029y 4.39(0.028 453 (0.027)" 458 (0.025)" 458 (0.026)"
FS (se) 3066 (0.185)" 33.19 (0.149) 30.15(0.173)" 31.08 (0.164) 30.00 (0.167)°
FU (s) 85.94(0.142)" 85.04(0.114 83.81(0.132)° 8364 (0.126)° 83.85(0.128)°
FE (se) 8.49(0.095)" 9.23(0.076)" 8.25 (0,089 858 (0.084)° 8.47 (0.086)"
FL (se) 1.21(0.003f 1.20 (0.002) 1.11(0.002) 1.11(0.002¢ 1.10 (0.002)"
Staple Len (se) 37.16(0.116)" 36.45 (0.093)° 33.45 (0.108)° 32.97 (0.103) 33.03(0.104)
No. samples/replications 81/3 126/3 93/3 103/3 100/3
Seed and lint percentage

traits

Weight of 100 seeds. g (s.e) 14.13 (0,053 12.36 (0.067)" 12.40 (0.066)" 12,50 (0.06) 11.94 (0,07
Lint% (s.¢.) 32.40 (0.43) 3690 (017)" 37.38(0.197)" 3624015 37.13(0.29)"
Lint index (s.¢.) 694 (012 7.23(0.046)* 7.41(0.092) 684 (0047 7.06 (0.08)
No. samples/replications 3053 303 3013 3053 303

*FE, elongation (or fibre elasticity, %); FM, micronaire; FS, fibre strength (g/tex); FL, fibre length or upper half mean (inches): FU, fibre uniformity (%).
Lint percentages Y (weight of nt fibores/weight of seed cotton) x 100; lntindex Y (Lint percentage x weight of 100 seeds)/seed weight percentage. The samples not connected by
same letter are significantly different at p <0.0001 [One-Way ANOVA, Tukey's HSD (honestly significant difference) test].
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Plant type

Fibre strength (FS)

Andian-35

L-141

BC5F1(Andijan-35 x L-141) x Andijan-35
BOSF2(Andian-35 x L-141) x Andijan-35
Fibre length (FL)

Andian-35

L-141

BC5F1(Andijan-35 x L-141) x Andijan-35
BOSF2(Andian-35 x L-141) x Andijan-35
Fibre strength (FS)

Mekhnat

L-N1

BCSF1(Mekhnat x L-N1) x Mekhnat
BOSF2(Mekhnat x L-N1) x Mekhnat
Fibre length (FL)

Mekhnat

L-N1

BOSF1(Mekhnat x L-N1) x Mekhnat
BC5F2(Mekhnat x L-N1) xMekhnat

Number of
plants

30
30
120
110

30
30
120
110

35
30
105
110

35
30
105
110

Minimum

297
345
306
300

1.09
122
114
11

28

348
293
291

1.09
147
113
11

Median

3215
36.25
359
383

112

1.21
1.18

28.7
39.35
327
306

1.1
1.21

1.18
114

Maximum

353
450
409
440

117

127
1.29

35
a2
368
446

118
127
126
128

Mean

3221
36.76
3531
36.19

113
127
1.21
1.18

29.35
3874
33.00
33.82

112
1.21

1.19
147

Std. Dev.

163
212
2.18
3.93

0.028
0.029
0.031
0.043

213

243
402

0.028
0.029
0.028
0.042

SE

0.297
0.387
0.199
0.374

0.005
0.005
0.003
0.004

059
037
024
0.39

001

0.00
0.00
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Plants No.plant Fs FL Genotyping  Genotype 7 pvalue  a-genotype h- genotype b- genotype

ratio (a:h)
Andijan-35xL-141

Recipient 30 322 1.13 A - - - - - -
Donor 30 368 127 B - - - - -
BC/F; 92 36.1 1.22 11 40:52 1.565 0211 40 52
BC:F; 92 35.8 1.20 11 41:51 1.087 0.297 4 51
BC:F, 88 356 1.18 11 39:49 1.136 0286 39 49
BO:F 141 359 1.20 111 6378 1.596 0207 63 78
BC:F 188 353 121 11 96:92 0833 0361 9% %
BC:F. 235 36.2 1.18 1z 58:116:61 0.115 0.944 58 116 61
‘Mekhnat' xL-N1
Recipient 30 29.4 112 A = - - = = =
Donor 30 38.7 1.21 B = el - b = -
BC/F 89 354 12 11 49:40 0910 0340 49 40 -
BO:F 54 352 1.18 11 25:29 0296 0586 25 29 -
BC:F 60 358 119 11 28:32 0267 0606 28 32 -
BC.F; 134 349 1.19 11 74:60 1.463 0.227 74 60 =
BCsF; 164 353 1.21 11 78:86 0.833 0.361 78 86 =

BCsF, 191 36.2 118 121 44:99:48 0.424 0.809 44 99 48
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FL, fibre length; FS, fibre strength; FM, fibre micronaire; FU, fibre uniformity; FE, fibre elongation; RD, fibre reflectance.
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Marker-2
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DAP Temp FM 2334GLT PHY 725 RF PHY 881 RF Pima S-7 Mean Average r*

16-17 HT 0.787 —-0.299 —0.987" -0.192 -0.820 —0.493
L -0.027 0.588 —0.460 -0.908 -0.863 -0.258
MT 0.440 0.146 -0.819 —0.600 -0.899 —0.424
22-23 HT 0.791 —-0.128 .702 -0.322 -0.300 -0.384
Ry 0.087 0.641 0.046 0.476 0.497 0.388
MT 0.395 0.368 -0.269 0177 0.200 0.002
30-32 HT 0.939 —0.994" -0513 —0.089 -0.939 -0.532
[hy 0.994* -0.941 —-0.082 -0.519 —0.994* -0514
MT 0.992* -0.994* -0.309 -0.309 —0.992" —-0537
36-37 HT 0.963" -0517 -0.650 -0.705 -0.429 —-0.624
[hy 0.437 0.299 0.139 0.085 0.392 0.168
MT 0.621 0.086 0078 -0.152 0.185 -0.048
Interval 16-23 DAP
HT 0.999" -0.541 -0.728 —-0.594 -0.566 -0.621
[hy 0.453 0.458 0.229 0.399 0.443 0.362
MT 0.787 0.040 -0.208 -0.026 0.023 -0.063
23-31 DAP HT 0.939 -0.994* -0.513 —-0.089 -0.839 -0.532
[y 0.994* -0.941 —-0.082 -0.519 —0.994* -0514
MT 0.992* —0.994* -0.309 -0.309 —0.992* -0.537
31-37 DAP HT —0.503 —-0.730 -0.102 -0.786 —0.999* -0.539
[hg 0.976" 0872 0979 -0.351 0345 0.500
MT —0.355 —-0.567 -0.239 -0.324 -0.273 -0.377

.988; r 0.01

000; "Excluding FM 2334GLT.
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Model

None
M= ~0024+(0.0080 x T)
None
M =0.045+(0.0038 x T)
M= —~0.125 +(0.0054 x T)
M = —0.052 +(0.0080 x T)
M= —-0051 +(0.0053 x T)
M =0.070+(0.0092 x T)
M =0.030+(0.0055 x T)
M =0.1084(0.0081 x T)
M = ~0.055 +(0.0059 x T)
M= 0067 +(0.0105 x T)
M= ~0.613 +(0.0254 x T)

M =0.134 + (0.0266 x T) — (0.000245 x T?)

M=
M=

0.388 + (0.0528 x T) - (0.000593 x T2)
0.404 + (0.0686 x T) — (0.000898 x T?)

SE (I°)

0.045

0.023
0.081
0.023
0.022
0.145
0.091
0.054
0.035
0.142
0.406
0.093
0.104
0.185

SE (b1)

0.0011

0.00085
0.00161
0.00054
0.00064
0.00416
0.0018
0.0013
0.0010
0.0041
0.0080
0.0052
0.0072
0.0126

SE (b2)

0.000066
0.000111
0.000193

R2

0.21

0.60
0.39
088
0.73
0.18
0.34
0.43
0.56
0.23
0.36
0.73
0.87
0.72

32

24
20
32
28
24
20

28
24
20
32
28
24

3FM = FM 2334GLT; P725 = PHY 725 RF; P881 = PHY 881 RF; S7 = Pima S-7.

bPD is the planting date. Time 0 was on 16 Apri, and 21, 40, and 62 represent the number of days after 16 April that each additional set of varieties were planted.

©| = intercept term for the model. The slope term for the linear model was by and for the quadratic model were by and bs.
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Trait Test Parent BILs SD Skewness Kurtosis CV (%)
Hai7124 CRI36 Min Max Mean
MIC Aync (2015) 3.40 3.80* 210 5.70 3.84 0.75 0.17 -0.34 19.45
Aync (2016) 3.67 4.33* 2.89 551 4.45 0.60 —-0.33 —-0.39 13.42
Hnsy (2016) 3.30 4.50* 2.20 5.90 3.66 0.66 0.57 0.17 17.92
Xijal (2016) nt nt 2.55 6.07 4.04 0.61 0.24 0.38 15.21
Aydc (2017) 4.22 4.37* 2.57 6.14 4.46 0.64 -0.10 —-0.35 14.24
Aync (2017) 3.91 417" 2.43 6.17 4.52 0.66 -0.12 —-0.19 14.65
Hbwx (2017) 3.91 4.10* 2.37 5.87 4.49 0.57 -0.28 0.28 12.64
Xjal (2017) 312 3.96* 2.35 5.59 3.85 0.62 0.22 —-0.10 16.08
Xjsh (2017) 3.16 327 2.28 5.84 3.99 0.72 —0.03 —0.52 18.04

*Difference was significant at P < 0.05 when the two parents were compared.

nt, not tested.

Anyang, Henan (Aync, 2015, 2016, 2017, and Aydc, 2017); Weixian, Hebei (Hbwx, 2016); Sanya, Hainan (Hnsy, 2016); and Alar, Xinjiang (Xjal, 2016, 2017); and Shihezi,

Xinjiang (Xjsh, 2017).
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Meta-QTL QTL name? LOD PVE Add Position 95% No. Reported previously
name (%) (cM) Confidence tests
CgMIC-At2-1 IgMIC-At2-1 3.63 5.16 —0.16 61.5 60.5-62.5 2
WaMIC-At2-1 3.86 5.56 -0.18 61.7 60-63.4 2
CqMIC-At3-1 WaMIC-At3-1 3.97 5.84 0.18 89.3 89.1-89.5 2
CqMIC-At3-2 WgMIC-At3-2 4.70 6.12 0.15 91.9 90.6-93.8 1
CgMIC-At3-1 IgMIC-At3-1 10.32 12.56 0.20 103.0 102.5-103.5 1
CgMIC-At3-2 IgMIC-At3-2 4.10 4.66 —0.11 123.0 121.5-123.5 1
CqMIC-At5-1 WaMIC-At5-1 4.33 7.02 0.24 0.0 0-0.8 1 Guo et al., 2007
CqMIC-At5-2 IgMIC-At5-1 5.09 8.89 0.22 66.0 65.5-66.5 2 Xiao et al., 2009; Tang et al., 2014; Huang
etal, 2017; Latyr et al., 2018; Tan et al., 2018
CqMIC-At5-3 WgMIC-At5-2 9.22 16.04 0.29 67.9 67-68 1 Xiao et al., 2009; Tang et al., 2014; Huang
etal, 2017; Latyr et al., 2018; Tan et al., 2018
CqMIC-At5-4 IgMIC-At5-3 3.10 4.22 —0.14 85.3 82.5-86.5 3 Xiao et al., 2009; Tang et al., 2014; Huang
etal, 2017; Latyr et al., 2018; Tan et al., 2018
CgMIC-At11-1 IgMIC-At11-1 3.75 5.95 0.18 18.0 17.5-18.5 6 Guo et al., 2007
WaMIC-At11-1 3.84 5.08 0.15 172 17.1-18.3 1
CqMIC-At11-2 WgMIC-At11-2 418 6.43 0.21 109.1 108.5-109.6 1 Guo et al., 2007
CgMIC-At11-3 WaMIC-At11-3 3.95 5.76 0.19 146.8 145.8-146.9 1 Tang et al., 2014
CgMIC-At11-4 WaMIC-At11-4 4.44 8.27 0.28 155.4 151.9-167.9 1 Tang et al., 2014
IgMIC-At11-2 4.31 8.71 0.29 156.0 165.5-1568.5 1
CqMIC-Dt3-1 IQMIC-Dt3-1 5.89 10.15 0.26 9.0 6.5-10.5 2 Rong et al., 2004; Jia et al., 2018; Latyr et al.,
2018
WaqMIC-Dt3-1 6.90 10.74 0.24 11.1 6.3-14.3 6
CgMIC-Dt3-2 WgMIC-Dt3-2 6.76 10.04 0.23 17.4 16.8-18.9 6
IgMIC-Dt3-2 5.63 7.69 0.21 17.0 16.56-18.5 74
CgMIC-Dt8-1 IgMIC-Dt8-1 4.65 6.54 —0.16 16.5 13.5-17.5 6 Guo et al., 2007; Yu et al., 2011; Li C. et al.,
2016; Fang et al., 2017; Jia et al., 2018; Liu
etal., 2018; Tan et al., 2018
WqMIC-Dt8-1 4.27 6.17 -0.13 16.3 14.4-19.4 4
CqMIC-Dt8-2 WqMIC-Dt8-2 3.88 5.59 —-0.11 224 20.5-26.7 1 Guo et al., 2007
CgMIC-Dt10-1 IgMIC-Dt10-1 3.84 6.17 0.16 69.5 68.5-70.5 2
WagMIC-Dt10-1 4.39 7.20 0.19 70.0 68.4-71.5 2
CqMIC-Dt10-2 WgMIC-Dt10-2 5.19 8.61 0.20 80.8 80.1-81.5 1
CgMIC-Dt10-3 WqMIC-Dt10-3 4.01 6.75 0.19 88.5 88.1-88.8 1
CgMIC-Dt11-1 WaqMIC-Dt11-1 4.43 7.06 0.26 229 22.3-23 1
CgMIC-Dt11-2 WgMIC-Dt11-2 4.04 6.60 0.26 32.4 30.4-33.9 1
CgMIC-Dt11-3 WgMIC-Dt11-3 4.21 6.12 —0.20 55.7 55-55.7 1
IgMIC-Dt11-1 3.59 5.41 —0.19 55.0 54.5-55.5 1
CgMIC-Dt12-1 WaqMIC-Dt12-1 5.83 9.35 —-0.22 71:2 65.6-72.9 2 Hulse-Kemp et al., 2015; Huang et al., 2017;
Jia et al., 2018; Latyr et al., 2018
CgMIC-Dt12-2 WqMIC-Dt12-2 3.71 7.90 —0.22 80.5 76.3-86.9 1

alg and Wq refer to QTLs from the methods ICIM-ADD and CIM, respectively; Cq refers to a consensus QTL identified by both methods; Add and PVE represent the
additive effect and explanation of phenotypic variation, respectively.
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Perennial Allotetraploids

Wild races of G. hirsutum

Wild races of G. barbadense

G. tomentosum

G. mustelinum
G. darwinii
G. ekmanianum

G. stephensii

Special agronomic traits

Resistances to several biotic and abiotic stresses and other useful traits in G. h. mair-galanet, palmeri, morrill, punctatum,
yucatanense, richmonidi, latifolum (Gao, 2004; Zhang et al., 2020a)

Long and high fiber quality, resistance to Verticilium wilt in G. b. brasiliense, peruriaxum, vitifolium (Gao, 2004; Zhang et al.,
2020a)

Tolerance to heat stress, source of the nectariless trait, resistance to tamished plant bug, fleahoppers, boll rot, bollworm,
jassids, and thrips, long fiber and high fiber fineness (Shim et al., 2018)

Long fiber (Wendel et al., 1994)

High fiber quality, resistance to Verticillum and Fusarium wilt, drought tolerance (Chen et al., 2015)

Tolerance to drought and salt stress (Ditta et al., 2018), fiber content is higher than wild coastal cotton (Krapovickas and
SEJO, 2008)

larger than average petal spot in comparison to the other Pacific cottons, dense leaf pubescence (Stephens, 1966), stems
pubescent with stellate hairs, lacke extrafloral nectaries at anthesis (Gallagher et al., 2017)
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Main aspects

Genetic researches

Reference

Heritabilty

Variabilty

Diversity

Immotalizing segregated genetic population
Genetic stabilty of agronomic traits

Observing hybridization variation for many years
Obsenving the variabiity by y-mutagenesis
Origin, distribution and evolution of cotton
Resistance to biotic stress

Environmental adaptabilty

Seed il content and seed index

De Souza and Da Silv (1987), Jarwar et al. (2018)
Simongulian and Uzakov (1969), Komala et al. (2018g)
Kumar et al. (2011), Komala et al. (2018g)

Muharmmad et al. (2015)

Wendel et al. (1994), D'Eeckenbrugge and Lacape (2014)
Taware (1990), Seo et al. (2006)

De Souza and De Holanda (1993)

Gotmare et al. (2004)
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Main objectives

Support approach

Reference

Lint production

Breeding new varieties

Producing Fa-seeds

Fixing heterosis
Assessing ratooning abilty of fiber trait
Assessing combination ability

Assessing heterotic effects

Assessing ratooning abilty of seed yield
Analysising genetic variabillty and heritability

Reddy and Thimmegowda (1997b), Komala et al. (2018b,d)
Komala et al. (2018d,¢)

Komala et al. (2018c,f, 2019)

Komala et al. (2018¢,d)

Komala et al. (2018¢.d)

Komala et al. (2018g)
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DEG

Gohir.A12G201300.1;
Gohir.D08G169900.1

Gohir.D05G079500.1

Gohir.A13G049200.1;
Gohir.A13G049200.2

Gohir.D11G154700.1

Description

Cytochrome
P450, E-class,
group I

Unknown
function

Amidase
signature (AS)
superfamily

Zinc finger,
RING-type

Pathway
description

Abscisic acid
degradation to
phaseic acid

Abscisic acid
biosynthesis

L-arginine
degradation x
(arginine
monooxygenase
pathway)

Protein
ubiquitination

BioCyc
pathway ID

PWY-5271

PWY-695

ARGDEG-V-
PWY

PWY-7511

Reaction description

2-cis-abscisate + a reduced
[NADPH-hemoprotein reductase] +
oxygen — 8'-hydroxyabscisate + an
oxidized [NADPH-hemoprotein
reductase] + H,O

(+)-cis-abscisic aldehyde + H,O + oxygen
— 2-cis-abscisate + hydrogen peroxide +
H+

A monocarboxylic acid amide + H,O — a
monocarboxylate + ammonium

4-guanidinobutyramide + H,O —
ammonium + 4-guanidinobutanoate

2-hydroxyisobutyramide + H,O —
2-hydroxy-2-methylpropanoate +
ammonium

Acetamide + H;O — acetate +
ammonium

Propionamide + H,O — propanoate +
ammonium

Acrylamide + H,O — ammonium +
acrylate

(Indol-3-yl)acetamide + H,O —
(indol-3-yl)acetate + ammonium

Pyrazinamide + H;O — ammonium +
pyrazine-2-carboxylate

An [E2 ubiquitin-conjugating
enzyme]-S-ubiquitinyl-L-cysteine + a
[protein]-L-lysine — an [E2
ubiquitin-conjugating enzyme]-
L-cysteine +a
[protein]-N6-monoubiquitinyl-L-lysine +
H+

BioCyc reaction
ID

1.14.13.93-RXN

1.2.3.14-RXN

AMIDASE-RXN

GUANIDINOBUTANA
MIDE-NH3-RXN

RXN-17608
RXN-14728
RXN-14727
R311-RXN
RXNN-404
PYRAZIN-RXN

RXN-15561
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Enriched GO terms

Protein dimerization activity (GO0046983, MF)

Protein binding (GO0005515, MF)

Regulation of transcription by RNA polymerase II (GO0006357, BP)

Hydrolase activity, hydrolyzing O-glycosyl compounds (GO0004553,
ME)

Cell wall (GO0005618, CC)

Carbohydrate metabolic process (GO0005975, BP)

Cellular glucan metabolic process (GO0006073, BP)
Xyloglucan metabolic process (GO0010411, BP)

Xyloglucan, xyloglucosyl transferase activity (GO0016762, MF)
Cell wall biogenesis (GO0042546, BP)

Apoplast (GO0048046, CC)

Photosystem I (GO0009522, CC)

Photosynthesis (GO0015979, BP)

Zinc ion binding (GO0008270, MF)

Sequence-specific DNA binding (GO0043565, MF)

Positive regulation of transcription, DNA-templated (GO0045893, BP)
Extracellular region (GO0005576, CC)

Plant-type cell wall organization (GO0009664, BP)

P-value

0.002475248

0.003164557

0.007142857

0.01663586

0.01663586
0.01663586
0.01663586
0.01663586
0.01663586
0.01663586
0.01663586
0.023076923
0.023076923
0.027874564
0.027874564
0.027874564
0.038461538
0.038461538

Upland cotton gene(s) within the GO category

Gohir.A13G035300.8, Gohir.A13G035300.7, Gohir.A13G035300.6,
Gohir.A13G035300.2, Gohir.A11G248400.1

Gohir.A06G098214.2, Gohir.A06G098214.1, Gohir.A03G025000.8,
Gohir.A03G025000.7, Gohir.A03G025000.6, Gohir.A03G025000.5,
Gohir.A03G025000.4, Gohir.A03G025000.3, Gohir.A03G025000.2,
Gohir.A03G025000.1

Gohir.A13G035300.8, Gohir.A13G035300.7, Gohir.A13G035300.6,
Gohir.A13G035300.2

Gohir.A05G005600.1, Gohir.D03G050800.1

Gohir.A05G005600.1, Gohir.D03G050800.1
Gohir.A05G005600.1, Gohir.D03G050800.1
Gohir.A05G005600.1, Gohir.D03G050800.1
Gohir.A05G005600.1, Gohir.D03G050800.1
Gohir.A05G005600.1, Gohir.D03G050800.1
Gohir.A05G005600.1, Gohir.D03G050800.1
Gohir.A05G005600.1, Gohir.D03G050800.1

Gohir.A12G229532.1

Gohir.A12G229532.1

Gohir.A10G205200.1, Gohir.A10G205200.2, Gohir.A10G205200.3
Gohir.A10G205200.1, Gohir.A10G205200.2, Gohir.A10G205200.3
Gohir.A10G205200.1, Gohir.A10G205200.2, Gohir.A10G205200.3
Gohir.A05G184100.1

Gohir.A05G184100.1
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Cotton gene ID  Description® Response (12 HAT vs. UTD) Response difference

Pima 379 CS-B15sh T™M-1 CS-B15shxPima379 ~ CS-B15shxTM-1 ~ TM-1xI

log:FC  FDR logoFC FDR logFC FDR logFC  FDR  logFC FDR logFC  FDR

Gohir A02G076500 - ~0028 0983 -5680 0000 0360 0661  —5652 0002 —603 0010 0387 0785
Gohir A03GO00035  ImjC/JmjN domain[Zine finger, CSHC2type 0127 0793 —17% 0000 067 0077 —1917 0015 —2468 006 0551 0362
Gohir A03G025000  LRR|F-box: ke domain superfamily 0087 0757 1284 0000 0233 0308 1198 0010 02 009 016 0702
Gohir A03GO46300  Cir copper transporter ~0669 0008 0274 0200 0930 0000 0944 0023 1200 oo 0429
Gohir AOIGI44000  Glycosyl transferase,family 8 —0611 0158 2599 0000 0743 006  —1958 0017 -1857 0049 0887
Gohir A0SG002900  Glycosyl transferase, amily 14 0049 0719 —0778 0000  -0254 002 0001 ~0s3 0046 0083
Gohir A0SGO05600  Glycoside hydrolase family 16 -0883 0488 532 0000 L7 0171 0038 ~6789 0019 0166
Gohir A0SG168300  Domain of unknown function DUF1084 -035%9 0001 0721 0000  -0271 0004 0035 -4 003 0534
Gohir AOSG184100  Expansin, cellulose-binding like domain 1200 0083 4412 0000 1746 0002 0004 2666 003 0507
Gohir A0SG288000  Protein kinase-like domain superfamily 1059 0000 225 0000 119 0000 0004 1067 oo 0763
GohirA05G328300 K homology domain, type 1 035 0078 —0608 0002 0351 004 0007 ~0959 0026 0987
Gohir A06G026300  Nucleotide-diphospho-sugar transferases 3402 000 0721 0199 344 0000 0019 2720 0040 0975
Gohir A0SGO49200 0124 0875 001 oo oan 0010 —325 0028 0410
Gohir A06G098214  LRR|F-box: ke domain superfamily 0153 0462 000 oms 05 0027 083 008 0905
Gohir A07G030300  Homeobox do ~0746 0000 1460 0000  -0610 0000 0009 —082 0018 0627
Gohir A07G147600  Zinc finger, FYVE/PHD-type. 09% 0017 2402 0000 0813 0019 0027 0014 0833
Gohir A07G180900  COBRA, plant ~0753 0051 000 069 0039 0007 002 0926
Gohir.AOTGI88800 - 0902 0005 2931 0000 10857 0000 0001 0010 0671
GohirAOSGISII00  Protein ENHANCED DISEASERESISTANCE2 0159 0467 —0708 0001 0369 005 002 0024 087
Gohir AOSGI60000  HAD superfamily ~0524 008 067 0019 0587 0035 0025 0047 089
GohirA09G112100  RNA recognition motif domain —103% 0005 082 0012 -0903 0005 0003 0023 0795
Gohir A09G213644  Protein kinase domain|NAF domain —01 06M6 0574 0000 0042 0812 0009 0019 0646
Gohir A0GO79400  Glycosyl transferase, family 1/family 4_5 0545 0074 000 0162 057 0002 0031 0365
Gohir AL0G205200  Zinc finger, GATA-ype —0089 0844 000 0004 0991 0003 oo 0895
Gohir AIG093500  Protein BRANCHLESS TRICHOME-like 0393 0008 000 03% 0003 0625 002 0034 0991
GohirAIG127900  Linker histone HI/HS, domain H15 0205 0206 0895 0000 012 0433 0690 00% 003 0755
GohirALIGI71000  Palmitoyltransferase, DHHC domai -0515 0002 ~109 0000 0430 0003 0554 0037 003 0599
GohirAlIG248400  Myc-type,basic helix-loop-helix (GHLH) domain =039 0062 0447 0023 —0408 0031 0838 0023 0047 0960
Gohir A1IG254800  NDRG|Alpha/Beta hydrolase fold -0770 002 287 0000  -1210 0000 2057 0001 002 o341
GohirA12G201300  Cytachrome P450, E-class, group | L6 0019 -8 007 2819 0001 3094 0021 0023 0388
GohirA12G229532  Photosystem I Psal, reaction center subunit X 587 0003 -53l6 0002 592% 0001 —1L122 0001 0008 0963
GohirA13G035300  Myc-type, basichhelix-loop-helix (GHLH) domain ~ ~2389 0001 0561 0258  —1687 002 2950 0004 0047 0355
Gohir AI3GO49200  Amidase signature (AS) superfamily 0128 043 0746 0000 0084 0563 0618 0030 0023 0349
Gohir AI3GO73900  Ran-interacting Mog! protein ~0060 0722 -059% 0000 028 002 —05% 0016 0015 0109
Gohir.D02G0S0200  ~ —0158 0482 —1473 000 -0509 00l —13I5 0002 0039 0251
GohirD02GO83700  ~ —0§74 0335 -5303 0000 —0715 033 —4428 0007 0021 0908
Gohir.D03G026100  NRAMP family 0105 066l L0 0000 -0173 03B 0936 0019 0019 0377
Gohir.D03GOS0800  Giycoside hydrolase family 16 —L02 04l -538 0000  -0728 0455 -3 0039 0019 0870
Gohir.DOSGO06300 ~0402 0766 -5281 0000 2054 0042 —4879 0021 0010 0132
GohirDOSGOI7200  ~ 0433 0473 0958 0002 0500 007  —1391 0014 0032 0893
GohirDOSGO48200  ~ 0409 0067 130 0000 0382 005 0931 0018 0010 0943
GohirDOSGO79500  ~ —0378 0094 —1250 000  -0M7 0464 —0872 0029 0027 0470
GohirDOSGI53000  ~ ~053 0053 -2069 0000 —1031 000  —163 0002 0015 0189
GohirDOSGI88000  ~ 0M5 038 0925 0000 0127 0381 -1070 0001 0027 0231
GohirD0SG203300 - —0082 0780 -1291 0000  —0169 0471 —1209 o001 0012 o832
Gohir.DO6GOS3801 - 4758 0004 2283 0100 [ ] 0009 0013 0269
GohirDOGG102000  ~ ~0226 0790 —4600 0000 0051 —4374 0003 0039 0305
Gohir.DUGG110600  HEAT repeat|Armadillo-type fold 0101 0303 0296 0002 0103 ~0397 0021 0035 0789
Gohir.DOGGI84100  Cytochrome P450, E-class, group | -0962 0000  -0016 0927 om0 06 0005 0012 0548
Gohir.DO7G023700  Zinc finger, CCCH-type 1006 0002 2208 0000 002 1202 0020 0039 o831
Gohir.D07G099500  Eukaryotic transh iation factor 3 subu —0483 0072 -23% 0000 0005 —1.904 0000 0010 0563
Gohir.DUSGI69900  Cytochrome P450, E-class, group | ~205 0019 -507 0000 007 —3020 0041 0047 0663
Gohir.DO9GI82000  Zinc finger, RING-type —143 0000 0626 0039 ool 2059 0001 0015 0134
GohirD11G120200  Heat shock factor binding 1 044 0008 022 0080 0002 ~06% 0013 0034 0961
GohirDIIGISH700  Zinc finger, RING-type 003 097 138 000 059 1375 0031 0041 0661
Gohir.DI1G264500  NDRG|Alpha/Beta hydrolase fold —0351 023 -2040 0000 0132 -1695 0002 0016 0936
GohirDI1G302700  SWEET sugar transporter 0270 0478 1769 0000 08 -2039 0003 0017 0314
GohirD12G079500 - —0011 0985 -15i8 0001 0410 —153% 0039 0041

GohirDI2GI4700 - —357 0000 —0101 0870 00 3477 0003 0021

AT i il i bl YT i e oot T e oty vt it v M0 Skt vaionitoa avallabiny.
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Gene ID

Gohir.A05G142700
Gohir.D04G063800
Gohir.A12G196800
Gohir.D08G261100
Gohir.A08G062000
Gohir.A07G037300
Gohir.A01G112300
Gohir.A13G053300
Gohir.A13G155500

Annotation

E3 ubiquitin ligase RBR family

E3 ubiquitin-protein ligase RNF126-like
F-box domain

PB1 domain|AUX/IAA protein

PB1 domain|AUX/IAA protein

PB1 domain|AUX/IAA protein

Auxin response factor

AP2/ERF domain

Oxoglutarate/iron-dependent dioxygenase

2FC, fold change; FDR, false discovery rate adjusted p-value.

FC

53.27
3.39
46.18
22.70
15.99
12.86
2.52
64.72
62.99

CS-B15sh

FDR

1.01304E-06
0.000648236
1.05598E-05
1.65682E-06
1.18976E-07
2.96185E-07
0.002911941
2.2273E-05
0.001143269

FC

105.57
9.25
182.22
72.07
48.63
39.61
6.77
48.59
422.12

TM-1

FDR

2.75142E-08
6.69535E-07
1.00358E-07
2.52846E-08
1.862E-09
2.63972E-09
1.33197E-06
1.59398E-05
2.76668E-07

FC

341
1.67
2.68
55.58
52.43
38.30
1.72
11.32
3.50

Pima 379

FDR

0.055206147
0.13905765
0.309769358
1.3395E-06
8.08049E-09
2.04864E-08
0.076405509
0.001791259
0.298534768

Levels of gene expression are detected in cotton lines CS-B15sh, TM-1, and Pima 379 at 12 h after spraying 1x (1.12 kgae ha™!) 2,4-D in 4-5 leaf stage cotton seedlings in the greenhouse.
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abscisic acid degradation
to phaseic acid
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Year Average rainfall Average relative Average high Highest temperature = Average temperature Normal irrigation Drought
(mm/day) humidity (%)  temperature (°C/day) recorded (°C) (°C /month) (m3/m2) irrigation®(m3/m?)

2019 0.85 39.2 27.9 38 211 0.45 0.032

2020 0.31 23.7 27.5 38 275 0.52 0.026

aPlants were only irrigated for about 3 h after sowing.
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Year Gene lines Plant height (cm) Fruiting branch Boll number Cotton seed yield Cotton seed yield
number (/plant) (/plant) (g/plant) (kg/plot)
2019 Drought WT 36.73 +£ 2.57 173+ 044 1.91+£0.29 5.48 +0.29** 1.24 £0.04
Ac1-SST9 39.36 + 1.36* 2.91 £0.51* 3.45 + 0.50* 7.35 +0.46™* 1.583 £ 0.07*
Ac1-SST26 39.09 + 1.36* 2.82 +£0.39" 3.36 £0.77* 6.78" £ 0.38™ 1.50 + 0.08**
Ac1-SST35 38.73 + 3.54* 3.00 £+ 0.74* 3.18 £ 0.72* 6.95 + 0.44** 1.48 + 0.06™
2019 Irrigation WT 86.27 £ 4.41 6.18 + 0.94 6.36 + 1.07 25.74 +£2.48 1151 +£0.76
Ac1-SST9 83.64 + 3.75 7.18 £ 1.03* 7.73+0.86* 29.08 +2.84 12.72 +£ 0.85*
Ac1-SST26 82.36 +3.28 7.45 + 1.08* 7.55 + 1.44* 28.41 £ 2.72* 12.19 £+ 0.68*
Ac1-SST35 81.55 +2.43* 719+ 0.72* 7.64+1.72* 28.87 £ 2.41* 12.66 + 0.72*
2020 Drought WT 32.42 £ 4.75 1.08 £0.28 0.756+0.43 3.44 £0.23 0.96 + 0.05
Ac1-SST9 36.42 £+ 2.25* 1.75 £ 0.60* 1.92 £+ 0.64* 417 £0.44* 1.17 £0.07**
Ac1-SST26 36.25 + 2.28* 1.83 £ 0.37* 1.33 £ 0.47* 4.25 +0.52** 1.16 + 0.05*
Ac1-SST35 36.58 + 2.06* 1.92 +0.28" 1.25 £ 0.43* 4.03 £ 0.24* 1.14 £ 0.08*
2020 Irrigation WT 85.36 + 4.60 6.36 + 0.98 6.73+0.86 31.44 + 2.56 1243 +£0.77
Ac1-SST9 82.09 + 3.32 7.91 +1.83* 8.36 + 1.82* 35.18 £ 1.74* 13.34 + 0.59*
Ac1-SST26 79.91 £+ 3.45* 773+ 1:.29* 7.82 + 1.34* 34.02 + 2.55* 13.34 + 0.34*
Ac1-SST35 82.27 +£3.44 7.64+£1.77* 7.91 4+ 1.38* 34.58 +£1.71* 13.63 + 0.23*

Plot size was 13.5 m?. Values are means + SD (*p < 0.05; **p < 0.01).
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Primer name Primer sequence

1-SST_F 5 —TCTAGA (Xbal) CCATGGAATCCAGAGAGATCGAG—3
1-8ST_R 5'—GAGCTC (Sacl) TGAGCACCTAACCAAACAACACA—3'
UBQ_F 5 —AGAGGTCGAGTCTTCGGACACC—3'

UBQ_R 5 —TGCTTGATCTTCTTGGGCTTGG—3

gRT 1-SST_F 5' —ATCGGGAACGGGCTTGAAAT—3'

gRT 1-SST _R 5' —TACCTCAAGCCGACACCAAC—3'

1-SST, primer for Ac1-SST gene; UBQ, primer for gRT-PCR of cotton internal
reference; qRT 1-SST, primer for gRT-PCR of Ac1-SST gene. The underlined
segments are the enzyme cleavage site.
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Designation Amino acid sequence Number of Titers from
amino acids rabbit serum

a-GQE GQEWHDTSEDQFR 13 1600~
a-PRN PRNTQRRRRRRRGGRNRTG 19 500
a-INK INKFGITKNGRKQFA 15 500

*The same titer was obtained for this antiserum in two productions.





OPS/images/fpls-13-814119/fpls-13-814119-g002.jpg
-£'€€09

-¢'€€09

M

- 1'€€09O

- (+)LY +0 €62

-{-o

(-)Ly -2

* %%k

-+ (+)LY 9964

-GLl4dva
-(-)LY €90
- (#)L¥ 29D
- (+)LY 19D
-/84va
-984va
-684va
-84va
-£84va
-284vd

* %%

- 1840

- |

- (+)LY 084va

*

-6.4V0

-8.4V0

*k %k

ol oot

-1.4V0d
-9.4v0d

XXX

-G.4VvQd

**ﬁl

- (<)L v2dva #

*k ke
T

-€44V0d

.ﬂ.

|

-(-)LY Z224dva #

- 124Vd

* k%

« 4 4

e *

-024vd
-(-) LY 694va

*kk

-894VQd

1

*

|

* k%

ﬂ

%%k %

- (<) 1Y 294va
-994va
-694vd
-$94va

* %%k
X.

-£94Vvd

f].

-294VdQd

Jxx

1

D





OPS/images/fpls-13-814119/fpls-13-814119-g001.jpg
oD

Treatment -*= Diseased 4 Healthy

1.51
-
4\
1.21
s o
0.91 - \
e
)
...................................... g ,................0
0.61 I. I """" J 'p. """ -
e
PRN GQE INK IgG

Antiserum





OPS/images/fpls-13-814119/cross.jpg
3,

i





OPS/images/fpls-13-895877/fpls-13-895877-g004.jpg
High-throughput
Incorporation into

breeding programmes
naging Soosors

Phenomics

Resistance reactions. Machine learning
and AT

Genomic selection






OPS/images/fpls-13-895877/fpls-13-895877-g003.jpg





OPS/images/back-cover.jpg
Advantages
of publishing
in Frontiers






OPS/images/fpls-13-815643/fpls-13-815643-g002.jpg
Location (cM)

50

100

150

Genetic Map

| I | I I I I I I I I I I I I I I I I I I I I I I I
AO01 A02 A03 A04 AD5 A0O6 AO7 A08 A09 A10 A11 A12 A13 DO1 D02 D03 D04 D05 Dos DO7 D08 D09 D10 D11 D12 D13

Linkage Group






OPS/images/fpls-13-815643/fpls-13-815643-g003.jpg
D09

D05

A0S A07 A09 D03

A01

qFOV7-D09-1
I
[T (TR [T

qFOV7-D05-1
I
T 11 A

qFOV7-D03-1
!

qFOV7-D03-1 qFOV7-D03-2
H I

T T T

qFOV7-A09-1

11 T

qFOV7-A07-1
|

([ [ N 111 (A I 10 N AT

qFOV7-A05-1
_
|1 . [ T N 1 11
qFOV7-A01-1
_

(N ]/ [l L N | _ [T
OO WO WwWOo Wwo W
OO0 OO W O WO WO WO WO W OO~~~ NN MM S <F
O ~ T AN ANOMOTSCTOLWLOOMMNOOOWOO ™~ ™ ™ v v v v





OPS/images/fpls-13-815643/fpls-13-815643-g004.jpg
LoglO(TMM+1)
GB_D03G0146 2

& & ol
b‘b/ QO S s
N o/
(5 X
Q s’
Qb
GB_D03G0217

. 401
(5]
5
S 30
1773
5
2
3 201
L
=
=
S 10

0.

*
=
B
=

il4

Relative expression level

1.00

0.75

0.501

0.25

0.00

06-146

Relative expression level

GB_D03G0217

GB_D03G0217

e

GB_D03G0217

1 CDS = Intronic M upstream ™ downstream I

[ [1990]1980] 1866| 780| 695 | 487 | 345 | [ 691 | 86| 1348 1422] 1463 l77lil996|
GB_D03G0156 : -
[os-146] Al clalcg alallosa6] Tl A]c]lcT]G6]clclalr]| 1]
GB_D03G0163 =~ 1.5 [Xinhait4]| T T T |G| Al G| G ||ximhaitd| c] G| T]A|lcCc]T]lA]lT|[G]|[C| A]
GB_D03G0165 GB_D03G0235
GB_D03G0173 !
GB_D03G0180 / \
0.5 o S
CE Duiedeis | [1844[1269] 735 | 621 | 347 [ 281 [ 223] | | 136 ] 251 | 438 | 473 |
]GB_00360217 . los-146| c| Tl c|l clclclalloea6] TG c]| 1]
GB_D03G0224 [Xinhaitd)| A | c | T | 7| Al 7] G| [ximaital] G| A] T
GB_D03G0227 GB_D03G0244
GB_D03G0228 869|711[682] 625[535/357 83 | | 297 1204 |
‘GB_003G0235 | 06-146 | T | & | T‘ A | T | A | G| | o6-146 | T | T |
Ixinhaita] Al Tl AlGlclLT] T] | Xinhaita| G | A |
|GB_D03G0244
GB_D03G0245
|GB_D03G0246 N
GB_D03G0249 | ]414]6911 717] 757 ] 793 | 815 ] 1159 [ 1265 | 2133 | 2297 ] 2521
GB_D03G0252 | 06-146 | A | C T|C|C|T|A|T‘CCG C|T|
GB_D03G0254 | ximaitd| G [ Al c|Gc|lA]lcl |l c] -] 1] cl]
GB_D03G0255 GB_D03G0268
R Pa0Ese ——
GB_D03G0261 : / '
‘ |GB_00360268 | [ 1896 [415] 118| | | 568 | 780 | 822 [ 2211
' ' fos146 | T [ G| c]| Jos1a6 | c| c| -] T
--gﬂ GB_D03G0270 [ Xinhaita| ¢ [ A| G| |[ximmaita| A | G| G| c |
GB_D03G0271
i GB_DO3GOZ75 GB_D03G0275
GB_D03G0277
GB_D03G0289 | ; : / s
1 | +1687 [ +1508 [ +520 | 428 | 828 | 1992 | 2246 | 2323 | -537 | -1316 | -1382 | -1454 | -1461 | -1630
QO\‘ & usj*' o [o6-146 | A | 6 [ | T[Aa]C Al G | A
; & § > W7 [ximaitd| ¢ | T | A]lAlGg|l | Aalc|l T A] T] 6| 7] T
& >
4 &
.\_\
GB_D03G0235 GB_D03G0244 GB_D03G0268 GB_D03G0275 Bl xin nai 14 [l o6-146
i 301 M, 2.0 1
— — 5 -
8 § 201 2 81
5 5 = 5
o 4 A z 4
2 .Z 101 = Z
= = S =
é &) [ é

GB_D03G0244

Ll

GB_D03G0244

—

GB_D03G0275

.nool.stom .lnl

GB_D03G0217

GB_D03G0275

S ——————

401

[
o

Relative expression level
o

y=36.9-155x R2;=0.76
)

e disease-resistant
® disease-susceptible

1.0 15

2.0

Disease severity rating





OPS/images/fpls-13-864850/fpls-13-864850-t001.jpg
Authors Year Mapping Traits Markers No. QTL QTL details
population
Liu H.Y. et al. (2017) 2017 188 Gh x Gh Amino acids SSRs, SRAPs, 56 On e3; ¢b, ¢6, ¢, ¢16,¢18, 621,22, €25, 23,1 G3, LG4,
RiLs RAPDs LG5, LGG, LG8, LG10, LG11
Liu et al. (2012) 2012 376lines Gh x  Protein contents 12 On ¢22, c25, c5, LG3, LG5, LG6
Gh Fp
Liu et al. (2013) 2013 188 Gh x Gh Amino acids SSRs, SRAPs, 35 A5, AB, A8, D15, D18, D22, D23, LG5, LG6, LG7, LG11, LG12
RiLs RAPDs
Song and Zhang (2007) 2007 140Gh x Gb ~ Amino acids, oil, SSRs 8,1 On D8
BC151 protein
Yu et al. (2012) 2012 146 Gh x Gb oil, protein 392 SSRs 17,22 Onci2
BiLs
Alfred et al. (2012) 2012 376 IF2 from 188 ail 388 SSRs 4 c18 (2), c22 (1) and LG 11 (1)
RiLs, Gh
Liu G.Z. et al. (2015) 2015 180 Accessions, Oil, protein 228 SSRs 15 15 SSRs on A3, A7, A9, A10, A12, A13, D2, D5, D6, and D9
Gh
Liu D.X. et al. (2015) 2015 270 RILs, Gh Qil, protein, fatty 1,675 SSRs 15 15 crude oil, 8 linoleic, 10 oleic, 13 palmitic and 12 stearic acid QTL
acids
Badigannavar and Myers 2015 75 Elite lines, Gh Oill, protein 234 AFLP 6 Chromosomes undetermined
(2015)
Shang et al. (2016) 2016 2 RIL pop and 2 Fatty acids 1,053 SSRs 24 On 13 chromosomes
BC pop, Gh
Zeng et al. (2016) 2016 277 Accessions, Qll, protein 24 SNPs 2 One main-effect QTN, one epistatic QTN
Gh
Du et al. (2018b) 2018b 316 accessions, Ol fatty acids, 390,000 SNPs 16 Protein, 21 oil and 87 fatty acids (palmitic, linoleic, oleic, myristic
Gh protein and stearic)
Yuan et al. (2018) 2018 196 Accessions, Oil, protein, fatty 41,815 SNPs 28 6 Protein, 2 myristic, 4 oleic, 8 stearic, 4 palmitic, 4 linoleic and 8 oil
Gh acids content QTL
Wang et al. (2019) 2019 180 RILs, Gh Qll, protein 7,083 SLAF-SNPs 17 Onci, c3, c5, ¢c12 (2), ¢15, ¢16, ¢c19 (3), c20, c21 (3), c24, and c25
Zhao et al. (2019) 2019 5083 Accessions, Oil 179 SSRs/11,975 8 Onct, ¢10, c12, ¢13, ¢15, ¢c17, c24
Gh SNPs
Ma et al. (2019) 2019 90 + accessions, Qil 15,369 SNPs 13 On 13 chromosomes including 1 on DO5 with a candidate gene
Gh
Liu et al. (2020) 2020 376 IF2 from 188 Qil 388 SSRs 8 Including a QTL on A02 with 2 candidate genes
RiLs, Gh
Zhu et al. (2020) 2020 325CSSLs, Gh Oil 11,653,661 SNPs 15 OnAO01 (4), A03, AO5, A07, A11, A12 (2), AO1 (2), AO3 (2), and A10
x Gb
Zhang et al. (2022) 2022 188 Gh x Gh Oil, fatty acids 388 SSRs 15 On ¢3(1), ¢c18(4), 1g3(2), g7, 1g8, c15(1), 196(3), c16(1), c15(1)
RiLs
Zhang et al. (2021) 2021 196 Gh x Gh Qil 8,295 39 c1(1), ¢3(1), c4(5), ¢5(2), c6(1), c7(2), c9(1), c10(3), c11(1), c12(2),
RiLs c13(3), c14(4), c15(3), c17(1), c19(1), c20(1), c22(1), c24(8)
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Gene

GhPEPCT1

GhPEPEC2

Ghfad2

BnFAD2

ghFAD2-1

BnFAD3

ghSAD-1

GhACCase

GhFATB
GhFAD2-1

GhKASII

GhPRXR1

Gh13LPAATS

GhWRII-7

GhWRI1

GhCIPK6

GhDGAT1

GhDOfl

GhA-
SAD6,GhD-
SAD8

A6desaturase

GhFAD2-1A/D

Transgenic event Maijor results
RNAi,Gh Up to 16.7% increase in oil
content
RNAI, Gh Seed oil increased by
7.3%

Suppression,Gh Oleic acid increased from
15 to 21-30%

Non-functional,Gh  Oil content reduced from

20t0 12%
RNAIi,Gh Oleic acid increased from
13t0 78%
Insertion,Gh 30% Alpha-linolenic
acid(ALA)
RNAI, Gh Stearic acid increased

from 2 to 40%

Overexpression, Gh 17-21% increase in
cottonseed oil content
RNAI, Gh Increase oleic acid content
by 156.96%, decreased
palmitic acid content by
21.28%, decreased linoleic
acid by 33.92%

RNAI, Gh Palmatic acid increased
from 25 t0 51%
VIGS,Gh Cottonseed oil content

decreased by18%
Transformed yeast 25-31% Increase in
palmitic and oleic acid
16-29% Increase in
tricacylglycerol(ATG)
Mutant Arabidopsis  Lipid content reduced by
3times
Arabidopsis Increased from 19.85 to
25.25% in cottonseed oil
content
Insertion, Gh Oil content reduced to
25.4-32.7% from 33.6%
Overexpression, Gh ~ 4.7-13.9% Increase in
cottonseed oil content
Overexpression,Gh Increased oil content
Overexpression,Gh  Increase of paimitoleic acid
by at least 4-5 folds.

Insertion, Gh y-linolenic acid

CRISPR/Cas9,Gh  Up to 77.72% increase in
oleic acid and decreased
concomitantly from 58.62
10 6.85% in linoleic acid
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Variations

Collection of variations within cotton association mapping panel, including single nucleotide polymorphisms (SNPs), insertion and deletions (InDels) and ariations (SVs)
ﬂb%lr - DI =
T T
HH HIEL T InDel n SV

Search for SNP/INDEL by ID. type physucal region, allele fi and possi ion effect. Each d has linked to its positi Jbrowse.
for this data at CononGVD Genet»c Variations: SNPs and INDELs

* Population cottonAD1.1245

* RefGenome Gossypium hirsutum

Variant ID

Variant Type

Chromosome between and
Maf between and

1361521 records were returned.

RefGenome Chr Position Variant ID Variant Type Ref Alt QUAL Maf intergenic/introgenic  Action

I Gossypium hirsutum D12 41820186 D12.41820186 SNP G A 837485 0.191 intragenic

Gossypium hirsutum D12 41822673 D12.41822673 SNP A G 910874 0.189 intragenic

Gossypium hirsutum D12 41823230 D12.41823230 SNP A C 746928 0.191 intragenic

v My Tracks ®
Currently Active
Recently Used

Back to browser | | X Ciear All Filters | Contains text | | 1,245 matching tracks

. - Category a Name

2 Annotation
1,245 CottonAD1.1245 InDel

383 CottonAD1.383 InDel
CottonAD1.283 snp
CottonAD1.419 InDel
CottonAD1 419 snp

0 pulation vanal

1 Reference sequence

v Track t 4
1,245 JBrowse/View/Track/Canvas!

Genome Track View Help

0 5,000,000 25,000,000 30,000,000 35,000,000 40,000,000

‘—SelectL ( €= Qe 012'
sy 41,820,150 41,820,175

) cottonAD1.1245-GH0086_snp M G->A
) cottonAD1.1245-GHO087_snp M[ G->A
€3 cottonAD1.1245-GH0088_snp M G->A
) cottonAD1.1245-GH0089_snp M G->A
) cottonAD1.1245-GH0090_snp M{ G->A
) cottonAD1.1245-GH0091_snp M G-=A
&) cottonAD1.1245-GH0092_snp MI G->A
3 cottonAD1.1245-GH0093_snp M G->A
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@ Data sources
Sources Types Descriptions and formats
Genome sequence (.fa)
Sononer ([ EAgtAt b Annotatons (o)
SSR markers (.fa)
NCBI& Population Resequencing data (.fq)
In-house genotype RNA-seq data (.fq)
data
Fields& Population .
Traits data (.txt
Iy Phenotype ()

\

Data processing

Descriptions

Terms

Orthologous genes
Orthologous genes AR oo
: SSR/SNP/InDel
Marker locations [y genomes

population diversity and
structure

Genetic diversity

phenotype-GWAS and
eGWAS

GWAS

:(\\\/ Data application

Gene or sequence search

Q Gene ID convert

T Gene and marker
=== visualization in JBrowser

@ GWAS visualizer

@ Downloadable sources
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CottonGVD

Home

Toolbox Vv Help v Login Register

Welcome to CottonGVD

Cotton Genomic Variation Database (CottonGVD) is a user-friendly variation database of cotton (Gossypium spp).
Cotton is one of the most important economic crops in the world. In recent years, new reference genomes of some
important cotton varieties have been decoded. More and more cotton germplasm resources and genus Gossypium
have been re-sequenced, resulting in a large number of SNP and Indel data, which provides a good opportunity for
researchers to compare the genomic variation between cotton germplasm resources, explore the evolutionary
relationship between cultivated species and wild species, develop biomarkers for gene research, and conduct genome-
wide association study (GWAS). (More)

Resources

p
VA S

/

” o’

Collection of cotton reference genome assemblies, annotations and gene expressions.

GWAS Populations

News

G. arboreum
cottonA2.215

G. hirsutum
cottonAD1.419
cottonAD1.1245
cottonAD1.383

G.barbadense
cottonAD2.365

[2021-07-01] The version 1.0 of CottonGVD has been
released.

[2021-04-01] The beta version of CottonGVD has been
released.

[2021-03-30] Gossypium hirsutum 1245 GWAS data
released.

[2020-12-30] Gossypium hirsutum 419 GWAS data released.

[2020-12-20] Gossypium arboreum 215 GWAS data
released.

More

*
o

Collection of cotton phenotypes and related genetic locus, including GWAS, eGWAS signals.

Variations including single nucleotide polymorphisms (SNPs),

insertion and deletions (InDels).

Collection of cotton populations and and provides necessary information to understand the population
structures.

Tools

oo § \?_7;
O
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Search genes, mRNA, ipts by dataset, genome location, yword. For keyword, y P f homologs, KE /E ber, GO term, or InterPro
* Species Gossypium hirsutum v
+ Dataset Gossypium hirsutum (AD1) TM-1' genome CRI_v1
* Feature Type mRNA v
Genome Location che | chr or scaffold between oo P and P
Gene/Transcript ID Gh_D07G106100
Keyword
[ o IR
1 records were returned.
Name Type Location
Gh_D07G106100.1 mRNA D07:13638993-13641296
Resource Type mRNA Name Gh_D07G106100.1
Identifier Gh_D07G106100.1 Location D07:13638993-13641296
Organism G. hirsutum
Sequence v Blast vs arabidopsis
Annotation
e query query_length match description organism exp score pid align_length query_start
Relationship
SCARECROW- Arabidopsis
Gh_D07G106100.1 767 AT1G07530.1 tike 14 o 0.00E+00 1938.00 56.27 702 87
»
> Blastvsnr
> Blast vs swissprot
> Blast vs uniprot_trembl
> GO
> IPR
> Kegg2pathways

Kegg2orthologs

SSR Name BNLO162B

* Marker Mapped in Species Gossypium hirsutum x v

+ Genome Gh_CRI x v

Chr/Scaffold chr or scaffold between  location start position and | location end position

=R e

SSR Name Type Location
BNLO162B SSR Marker D11:17120629-17120389
BNLO162B SSR Marker D11:51005392-51005339

Resource Type SSR Marker SSR Marker ID BNLO162B Subject ID D11

Identify 856 alignment length 243 mismatches 23

gap opens 5 q. start 1 q.end 233

s. start 17120629 s.end 17120389 evalue 1e-62

bit score 244

Sequence Length 263
C TACCACGACC TCC
Sequence AAAGATTAAAC
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Trait Source

FS Genotype (G)
Environment (E)
G x Einteraction

FL. Genotype (G)
Environment (E)
G x Einteraction

FM Genotype (G)
Environment (E)
G x Einteraction

Df

249

1992
249

1992
249

1992

Sum_Sq

8690
4955
4750
3926
737
1897
313.9
235.6
186.1

Mean_Sq

34.9
619.3
2.4
16.77
92.14
0.95
1.261
29.446
0.093

F_value

18.615
330.336
1272
20.219
118.144
1.221
19.291
450.539
1.429

Percentage (%)

47.24
26.94
25.82
59.85
11.23
28.92
42.67
32.03
25.30

Pr (>F)

<2616
<2616

1.63e-08"*
<2e-16™
<2e-16™

2.26-06"
<2616
<2616
<2616

= significant at P < 0.001.





OPS/images/fpls-12-753755/fpls-12-753755-t002.jpg
Chr SNP Genetic Avarage Number of Spearman

marker distance distance gap
number (cM) (cM) (>5cM)

chr01(A01) 966 190.12 0.20 2 0.99809

chr02(A02) 63 214.75 3.46 16 —0.98800
chrO3(A03) 1781 185.26 0.10 1 0.99384

chr04(A04) 521 216.65 0.42 1 —0.99864
chrO5(A05) 645 184.35 0.29 1 —0.99435
chrO6(A06) 313 227.05 0.73 7 —0.98693
chr07(A07) 86 199.88 2.35 8 —0.98696
chr08(A08) 1576 211.13 0.13 4 —0.54889
chrO9(A09) 2580 196.32 0.08 1 —0.99484
chr10(A10) 615 184.90 0.30 1 —0.97394
chr11(A11) 667 196.57 0.30 2 —0.99725
chr12(A12) 358 178.56 0.51 3 —0.99735
chr13(A13) 4054 179.39 0.04 1 —0.97012
chr14(D02) 2284 183.58 0.08 0 0.99700

chr15(D01) 1169 181.76 0.16 0 —0.99090
chr16(D07) 1106 159.11 0.14 0 —0.99883
chr17(D03) 603 157.45 0.26 2 —0.98077
chr18(D13) 587 182.94 0.31 0 —0.99828
chr19(D05) 1007 179.89 0.18 1 —0.99764
chr20(D10) 615 186.67 0.30 3 —0.99866
chr21(D11) 189 188.20 1.00 7 —0.99466
chr22(D04) 31 165.02 5.50 7 —0.93831
chr23(D09) 642 151.39 0.24 0 —0.99751
chr24(D08) 1387 188.51 0.14 0 —0.96497
chr25(D06) 361 189.79 0.53 1 —0.99851
chr26(D12) 224 17122 0.77 6 —0.99459

Total 24425 4850.46 0.20

~
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