
ABSTRACT 

SHRESTHA, NAVIN. Genomic Analyses of Bacterial Blight Resistance, Fiber Quality Traits 

and Introgression of Thrips Resistance in Upland Cotton. (Under the direction of Dr. Vasu 

Kuraparthy). 

 

Cotton (Gossypium spp.) is a globally important economic crop and a major source of 

natural fiber, oil, and protein. Upland cotton is prized for its lint but its production is impacted by 

the complicated relationship between fiber quality and yield. It is also threatened by various 

biotic factors such as cotton bacterial blight (CBB) caused by Xanthomonas citri subspecies 

malvacearum (Xcm) and insect pests like thrips (Franklineilla spp.).  

To study the genetic basis of fiber quality, yield and plant height traits, as well as 

resistance to Xcm and thrips, a series of genetic analyses were performed. To analyze the 

quantitative trait loci (QTL) responsible for fiber quality, yield and plant height traits, an F5:6 and 

F6:7 recombinant inbred line (RIL) population of 110 individuals, obtained through intraspecific 

G. hirsutum crosses (NC05AZ06 x NC11-2100) was phenotyped for fiber quality, yield and 

plant height traits, and genotyped with Cotton 63K single nucleotide polymorphism 

(CottonSNP63K) array. We developed high-density linkage maps and identified 30 QTL on 15 

different chromosomes, 14 of which were major QTL and three were major stable QTL. 

Candidate gene analysis of the major stable QTL of micronaire and fiber elongation and the plant 

height with the highest phenotypic variance explained (20.02% PVE) revealed five putative 

genes linked to fiber quality and yield traits and one to plant height trait. 

To identify the genomic region controlling resistance to Xcm, an F6 RIL population from 

a cross between Acala Maxaa x Arkot 8102 was developed. This population was genotyped with 

the CottonSNP63K array and phenotyped with Xcm race 18. The results of this analysis revealed 

that resistance to Xcm in Arkot 8102 was controlled by a single locus BB-13. The BB-13 locus 



was mapped within the 0.95 cM interval near the telomeric region in the long arm of 

chromosome D02. Flanking SNP markers, i04890Gh and i04907Gh of the BB-13 locus, 

identified from the linkage analysis, targeted it to a 371 Kb genomic region. Candidate gene 

analysis identified thirty putative gene sequences within this genomic region. Nine of these 

putative genes, and two NBS-LRR genes adjacent to the targeted region, were putatively 

involved in plant disease resistance and are possible candidate genes for BB-13 locus. 

Interspecific hybridization and backcrossing was performed to introgress thrips resistance 

from Pima cotton (G. barbadense L.) cv. Coastland 320 (CL320) into Upland cotton (G. 

hirsutum L.) cvs. Acala Maxxa (AM) and Fiber Max 966 (FM966). Two backcross populations 

from interspecific crosses óCL320 x AMô and óCL320 x FM966ô were developed and screened 

for thrips resistance in the field in summer 2020, 2021 and 2022. Eleven AM derived BC2F2 

resistant introgression lines (ILs) and 21 FM966 derived BC2F2 resistant ILs were genotyped 

using CottonSNP63K array to identify the Pima introgressions. By using the introgression size 

values of Ó300 Kb for interstitial and Ó100 Kb for terminal introgressions, a total of 201 

introgressions were identified in Acala Maxxa derived 11 BC2F2 ILs and 198 in Fiber Max 966 

derived 21 BC2F2 ILs. Nine chromosomes, viz., A01, A08, A09, A10, A11, D10, D11, D12, and 

D13 were found to have contributed to thrips resistance. In conclusion, our current research 

findings; the identified QTL for fiber quality, yield and plant height traits, CBB resistant locus 

(BB13), introgression lines with thrips resistance, and the candidate genes could help breeders 

develop cotton cultivars with high fiber quality, increased yield, and improved resistance to 

biotic stresses. 
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CHAPTER 1 

Review of Literature 

1.1 Cotton Production and Economic Value 

Cotton is an important cash crop which is primarily cultivated for natural fiber to 

manufacture textiles, and with secondary value for its seed to produce oil and livestock feed 

(Hinze & Kohel, 2011; Bellaloui et al., 2015; Arora et al., 2017). Cotton contributes to 81% of 

global natural fiber and 27% of the worldôs textile production (FAO, 2021). 

Cotton is an important field crop in the United States with 4,157,053 ha. harvested in 

2021 (USDA-NASS, 2021). The top five countries that produces cotton are China, India, the 

United States (the U.S.), Pakistan, and Brazil accounting for around two-third of the worldwide 

cotton production (Townsend, 2020). The U.S. is the third-largest cotton producer and the 

leading cotton exporter of the world (Meyer, 2022a). Cotton is currently being grown in 17 

southern-tiered ñCotton Beltò States that runs from east coast to west coast stretching from 

Virginia to California, covering around 10 million acres (NCCA, 2022). Among these 17 States, 

Texas is the largest producer which contributes around 40 % of the U.S. cotton production, other 

major cotton producing States being Georgia, Mississippi, and Arkansas (Meyer, 2022b). The 

Unites States Division of Agriculture (USDA) has categorized cotton-producing states into four 

regions. The Southwest region (Kansas, Oklohama, and Texas) that produces the most upland 

cotton; the Midsouth or Delta region (Arkansas, Louisiana, Mississippi, Missouri, and 

Tennessee) that ranks to number two for producing Upland cotton; the Southeast region 

(Alabama, Florida, Georgia, North Carolina, South Carolina, and Virginia) that ranks to number 

three, and the West region (Arizona, California, and New Mexico) that produces the least Upland 



  

 

 

 

2 

 

cotton (Mumma & Hudson, 1999; AgMRC, 2022). Cotton in the U.S. is planted as early as 

March and as late as June and harvested from August to December (Meyer, 2022b). Harvesting 

from this acreage results in about 14 million bales (equivalent to 6.7 billion pounds) of cotton 

(NCCA, 2022). The U.S. alone contributes to one-third of the worldôs commerce in raw cotton 

(Meyer, 2022a). The annual value of the U.S. cotton industry accounts for more than $21 billion, 

employing around 125,000 people in cotton farming and processing (Meyer, 2022a). 

Besides cotton lint, cotton is also a source of cottonseed oil, cottonseed meal and 

cottonseed hulls. Cottonseed production averages to 5.0 million tons per year (NCCA, 2022). 

Cottonseed oil is an important source of vegetable oil, whereas cottonseed meal and cottonseed 

hulls are used as feed for livestock as a source of protein (AgMRC, 2022). 

1.2 General Challenges in Cotton Production in the United States 

Cotton production is hindered by both biotic and abiotic factors. Abiotic factors such as 

drought, salinity, and temperature stress causes decrease in yield and fiber quality (Bange et al., 

2016; Jans et al., 2021) due to osmotic imbalance, membrane disorganization, inhibition of cell 

multiplication, thereby hampering the process of photosynthesis and hyperproduction of reactive 

oxygen species (Sharif et al., 2019).  Besides abiotic factors, the cotton production is also 

affected by biotic factors such as diseases and pests, that also cause a significant reduction up to 

50% in the yield (Bird & Blank, 1951). Cotton pests are generally divided into two categories 

based on their mouthparts- chewing and piercing-sucking (Anees & Shad, 2020). Insect-pests of 

major economic concern are cotton bollworm, plant bugs, stink bugs, aphids, thrips, spider mites, 

and whiteflies. Except bollworms, all of them have piercing-sucking mouthparts. Introduction of 

the Bt-transgenic cotton has nullified the threat of economically important caterpillars such as 
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cotton bollworm [Helicoverpa zea (boddie)], tobacco budworm [Heliothis virescens (Fabricius)], 

pink bollworm [Pectinophora gossypiella (Saunders)], beet armyworm [Spodoptera exigua 

(Hubner)], and fall armyworm [S. frugiperda (J.E.Smith)]. However, the yield losses in non-Bt 

transgenic cotton due to these caterpillars still prevail (Jindal et al., 2022). 

Plant bugs such as tarnished plant bug [Lygus lineolaris (Pialisot de Benuvois)], the 

western tarnished plant bug [L. hesperus (Knight)], the cotton fleahopper [Pseudatomoscelis 

seriatus (Reuter)], the clouded plant bug [Neurocolpus leucopterus (Say)], and the verde plant 

bug (Creontiades signatus), having piercing-sucking mouthparts feed on squares and young bolls 

(Cotton Incorporated, 2023a). 

There are three stink bugs - green stink bug [Acrosternum hilare (Say)], southern green 

stink bug [Nezara viridula (L.)], and brown stink bug [Euschitus servus (Say)], which feed on 

seed through their piercing and sucking mouthparts by enzymatically liquifying the seed content 

(Cotton Incorporated, 2023b). 

 The cotton aphid (Aphis gossypii) affects the cotton plant by sucking the sap from 

phloem tissue secreting the excessive sugar as honeydew. Plants severely infested with the 

aphids are stunted with reduced yield and if honeydew happens to come in contact with open 

bolls causes lint staining also known as ñsticky cottonò (Cotton Incorporated, 2023c). 

Thrips are the early season pest of seedling cotton, which feed on cellular fluids of 

terminal tissues through their piercing and sucking mouthparts. Tobacco thrips [Frankliniellla 

fusca (Hinds)] is the major thrips species, followed by western flower thrips [F. occidentalis 

(Pergande)], and flower thrips [F. tritici  (fit ch)]. Impact caused by thrips on lint yield is 
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debatable (Cotton Incorporated, 2023d) where they cause cotton maturity delays and associated 

fiber quality and yield losses. 

The two spotted spider mite [Tetranychus urticae (Koch)] affects the cotton plant by 

sucking cell contents from leaves, and the damage is often compounded by drought (Cotton 

Incorporated, 2023e). 

 Among several species of whiteflies, the sweetpotato whitefly [Bemisia tabaci 

(Gennadius)] biotype B is an important economic pest. They feed on plant nutrients through their 

piercing-sucking mouthparts, thereby causing stunted and poor growth, defoliation, boll shed, 

and ultimately reducing the yield (Cotton Incorporated, 2023f). 

Pathogens that cause diseases in cotton include fungi, bacteria, nematodes, and viruses. A 

complex disease, cotton boll rot, is caused by several fungi- Fusarium moniliforme, 

Colletotrichum gossypii, C. capsici, Aspergillus flavus, A. niger, Rhizopus nigricans, 

Nematospora nagpuri, and Botryodiplodia sp., affecting the bolls causing rotting of the seeds 

and finally impacting the fibers. The worst form of boll rot is anthracnose, caused by 

Colletotrichum gossypii Southw., which can affect the cotton of all growth stages and all tissues, 

causing seedling and young plants to wilt and die. This disease impacts the yield of cottonseed 

(Chohan et al., 2020). The other fungal pathogens that affect cotton seedlings causing seedling 

root rot are Fusarium, Rhizoctonia, Pythium and Thielaviopsis (Chohan et al., 2020). 

Fusarium wilt and verticillium wilt of cotton, are caused by soil-borne pathogenic fungi  

Fusarium oxysporum f.sp. vasinfectum and Verticillium dahliae respectively. Symptoms of 

fusarium wilt is generally displayed after seedling stage and peaks at the squaring stage 

characteristically resulting in chlorotic patches in leaves that gradually become necrotic and then 
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defoliation occurs (Davis et al., 2007), whereas the verticillium wilt occurs before the squaring 

stage and peaks at the boll-setting stage with yellow mottled or defoliating symptoms (Hu et al., 

2015). These two fungal diseases are also major constraints to cotton production. 

        The viral diseases include cotton leaf curl disease (CLCuD) and cotton leaf crumple disease 

(CLCrD), caused by Begomovirus, which is transmitted by whitefly (Bemisia tabaci). CLCuD is 

prevalent in the Old World cottons whereas CLCrD in New World cottons (Monsoor et al., 

2011). CLCuD leads to leaf injury including swollen veins, leaf curl, enation and stunted plant 

growth. CLCuD affects both fiber yield (Ahmed, 1999) and fiber quality (Idris, 1990). CLCrD 

causes floral distortion, hypertrophy of interveinal tissue resulting in downward curling of 

leaves, and foliar mosaic (Brown & Nelson, 1987). Losses due to CLCrD ranges from 21% to 

86% (Allen et al., 1960; Brown et al., 1987; Van Schaik et al., 1962). 

        Cotton bacterial blight (CBB) caused by Xanthomonas citri subsp. malvacearum (Xcm) is 

one of the economically important diseases. Symptoms appear as water-soaked lesions on the 

abaxial surface of cotyledonary and true leaves. Symptoms may also appear on petals and stems. 

Disease lesions may be surrounded by a yellow halo and turn into black/brown lesions over time. 

Infection on the bracts along with the secondary boll rotting fungi leads to boll rot. Apart from 

affecting the yielding ability of the plants through photosynthetic inhibition, severe infection also 

affects the fiber quality (Bird & Blank, 1951). Furthermore, soil nematodes such as root-knot 

nematode (Meloidogyne incognita), reniform nematode (Rotylenchulus reniformis), and sting 

nematode (Belonolaimis longicaudatus) cause a significant cotton yield reduction (Tarazi et al., 

2019). 

 



  

 

 

 

6 

 

1.3 Evolution and Genetic Diversity of Cotton 

Wild Gossypium species are the habitat of arid and semi-arid regions of the tropics and 

subtropics (Wendel & Grover, 2015) across all continents except Antarctica and Europe (Viot & 

Wendel, 2023). Morphology of Gossypium species ranges from herbaceous perennials to small 

shrubs to tree-like plants, however, most of them are shrubs (Fryxell, 1979; Wendel & Grover, 

2015). 

Gossypium diverged from its closest relatives Kokia and Gossypioides approximately 

12.5 million years ago (MYA) (Cronn et al., 2002; Wendel et al., 2009). For the next, 5-7 million 

years, the wild Gossypium species, which are diploid (2n=2x=26), existed in four major lineages 

corresponding to three continents: Australia (C-, G-, and K- genomes), the Americas (D-

genome), and Africa-Arabia ( two lineages: one (Africa) consisting the A-, B-, and F-genomes, 

and the second (Arabia) containing the E-genome species) (Wendel & Cronn, 2003). Within 

these eight diploid genomes exist 45 species of cotton, of which A genome diploid is the only 

species consisting of spinnable fibers (Yuan et al., 2015; He et al., 2020). The D- genome is 

referred to as New World diploids whereas the rest of the genomes as Old World diploids 

(Wendel & Cronn, 2003). 

A genome African species (G. arboreum (Ga)-like) underwent trans-oceanic drift of 

either seeds or perhaps mature capsules to the New World where it hybridized with a D-genome 

American species (G. raimondii (Gr)-like) to form an allopolyploid species (2n=4x= 52, AADD) 

(Chen et al., 2020; Viot & Wendel 2023), which occurred 1-2 MYA (Wendel & Cronn, 2003).  

A-genome progenitor of the allopolylpoids served as female parent as the New World polyploid 

contain Old World cytoplasm (Wendel & Cronn, 2003). After hybridization and genome 

doubling of the Old World A genome and the New World D genome ancestors, allotetraploid 
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Gossypium species were divided into seven different polyploid lineages- G. hirsutm (AD)1, G. 

barbadense (AD)2, G. tomentosum (AD)3, G. mustelinum (AD)4, G. darwinii (AD)5, G. 

ekmanianum (AD)6, and G. stephensii (AD)7 (Gallagher et al., 2017). G. hirsutum is native to 

Central America (Brubaker & Wendel, 1994) whereas G. barbadense to South America (Percy 

& Wendel, 1990). G. tomentosum is endemic to the Hawaiian islands (DeJoode & Wendel et al., 

1992), while G. darwinii is found on the Galapagos islands (Wendel & Percival, 1990). G. 

mustelinum is scattered in northeast of Brazil (Wendel et al., 1994), and G. ekmanianum is 

endemic to Dominican Republic (Grover et al., 2015). G. stephensii was recently identified at 

Wake Atoll in the western Pacific Ocean (Gallagher et al., 2017). 

Among these seven allotetraploid cotton species, two of them; G. hirsutum and G. 

barbadense are domesticated and cultivated. G. hirsutum, also known as Upland cotton with 

broad adaptation and high yield potential, is widely cultivated, accounting for over 95% of global 

cotton production (Chen et al., 2007). G. barbadense, also known as Pima cotton, which has 

high-quality and extra-long fibers, contributes about 2% of the global cotton production (Chen et 

al., 2007). Even though the two diploid species, G. arboreum and G. herbaceum, belonging to A 

genome is domesticated, its contribution to the global cotton production is negligible, however, it 

is used for non-industrial-textile consumption in Asia (Ulloa et al., 2007). 

1.4 Molecular Marker Resources in Cotton 

Molecular markers (genetic markers) are one of the most important genetic tools that 

have been instrumental in enhancing genetic gain crop improvement programs. A molecular 

marker is a specific sequence of DNA at a known location on a chromosome. Chronologically, 

restriction fragment length polymorphisms (RFLPs) were the first known type of molecular 
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markers implemented in plants. RFLP are hybridization based markers. In cotton, Reinisch et al. 

(1994) constructed the first linkage map of 4,675 cM length with 41 linkage groups by using 705 

RFLPs in an interspecific cross (G. hirsutum x G. barbadense). Thereafter, these markers were 

used in linkage map construction in cotton (Paterson et al., 2003; Rong et al., 2004; Chee et al., 

2005). RFLPs made a substantial contribution to the study of cotton genome and trait genetic 

analyses (Sabev et al., 2020). However, this technique is slow, expensive, and time-consuming 

compared to other PCR based molecular marker techniques. 

Random Amplified Polymorphic DNA (RAPD) then came into existence which were the 

PCR based molecular marker. This technique was used in cotton to distinguish the cotton 

varieties resistant to jassids, aphids, and mites (Geng et al., 1995), to evaluate genetic 

relationship among cotton genotypes (Shu et al., 2001), to identify the QTL for stomatal 

conductance (Ulloa & Meredith, 2000), and to construct linkage maps and analyze QTL (Zhang 

et al., 2003; Lin et al., 2009). However, the main drawback of RAPD technique is its 

reproducibility (Penner et al., 1993). To overcome this problem, Amplified Fragment Length 

Polymorphism (AFLP) technique was developed (Vos et al., 1995). This technique combines the 

reliability of RFLP with the ease of RAPD. AFLP markers have been used for analyzing genetic 

diversity (Abdalla et al., 2001; Rana & Bhat, 2004), and construction of genetic linkage map and 

QTL analysis (Zhang et al., 2005). However, this technique requires high quality DNA and 

AFLP are dominant markers in nature and could not detect homozygous or heterozygous 

individuals (Vos et al., 1995). This issue of detecting only dominant markers of AFLP was 

overcome by Simple Sequence Repeats (SSRs), also known as microsatellites. SSRs are co-

dominant markers which can differentiate heterozygotes from homozygotes. The advantages of 

SSRs are that they are highly polymorphic and reliable (Powell et al., 1996). SSRs are utilized in 
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QTL analysis of cotton fiber length (Wang et al., 2017), analysis of genetic diversity (Tyagi et 

al., 2014), and several disease resistance genes have been tagged such as resistance to bacterial 

blight (Xiao et al., 2010), root knot nematode (Jenkins et al., 2012), and verticillium wilt (Baytar 

et al., 2017). 

Even though the SSRs possessed sufficient polymorphism than single nucleotide 

polymorphic (SNPs) markers, its usage is being decreased (Katageri et al., 2020). Alterations of 

single nucleotides (A, T, C, G) in sequence of the individual genome are referred to as single 

nucleotide polymorphisms (SNPs). Even though SNPs are less polymorphic than SSR markers 

due to their biallelic nature, this demerit is overcome by being abundant, ubiquitous, and 

compatible to high-throughput sequencing (or next-generation sequencing (NGS)) technology 

(Mammadov et al., 2012). SNPs markers detect the genes due to the variations on the sequences 

of nucleotides, which may be non-synonymous or synonymous. The most commonly used NGS 

technique to identify and assay SNPs is genotyping by sequencing (GBS) (Elshire et al., 2011). 

GBS approach has been used to identify genes responsible to drought stress (Magwanga et al., 

2018), to construct high density linkage map and identify QTL for morphological traits (plant 

height, height of first fruiting branch code, number of vegetative shoots) (Qi et al., 2017). 

Recently, high-density fixed SNP arrays, which provide genotyping data for large 

number of SNPs for all the individuals in a population, were developed in cotton (Pandey et al., 

2017). Array based SNP genotyping is more expensive compared to GBS. However, they offer 

better SNP coverage and density than using GBS in cotton. Therefore, fixed arrays with 63K 

(Hulse-Kemp et al., 2015), and 80K (Cai et al., 2017) SNPs are in use in developing high density 

linkage maps in cotton.  
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1.5 Cotton Genome Sequencing 

Whole genome sequencing has become an essential tool for evolutionary, functional, 

QTL analysis, and population genomic studies (Fang et al., 2017; Shen et al., 2019; Tang et al., 

2015; Wang et al., 2006). 

G. raimondii was the first species to have its draft genome sequenced and assembled 

through whole genome sequencing strategy (Wang et al., 2012; Paterson et al., 2012). The D 

genome has the smallest and simplest genome compared to other 8 diploid genomes, and G. 

raimondii is the only D genome contributor while hybridizing with G. arboreum or G. 

herbaceum, A genome contributor, to form allotetraploid G. hirsutum and G. barbadense. Thus, 

G. raimondii was used as the first cotton species to be sequenced (Wang et al., 2012). The 

genome assembly length of G. raimondii was ~740 Mb (Wang et al., 2012; Paterson et al., 

2012). Until now, three G. raimondii assemblies have been reported from accessions D5-3 (Wang 

et al., 2012), Ulbrich (Paterson et al., 2012), and D5-4 (Udall et al., 2019). D5-4 is the latest G. 

raimondii genome available having the genome size ~761 Mb (Udall et al., 2019). 

            Draft genome of G. arboreum was sequenced using next generation sequencing 

technology (Li et al., 2014). Though the annotated gene numbers of G. arboreum were similar to 

that of G. raimondii, the assembly size of G. arboreum was 1,694 Mb, which is more than 

double in size (Li et al., 2014). The G. arboreum genome was updated by Du et al., in 2018. The 

latest genome assembly of G. arboreum is more complete and accurate, reducing the ambiguous 

and missassembled sequences, resulting in the genome size of 1,637 Mb (Huang et al., 2020). G. 

arboreum genome was later on updated using PacBio long reads, resulting in the assembly size 

to 1,710 Mb (Yang et al., 2020). 
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Recently, G. hirsutum and G. barbadense, the two important fiber producing 

allotetraploid species, were also sequenced. G. hirsutum accession Texas Marker-1 (TM-1) was 

sequenced utilizing NGS technology annotating 76,943 genes (Li et al., 2015; Zhang et al., 

2015). Draft genome of G. barbadense cv. Xinhai21 was sequenced using three next generation 

sequencing platforms, Roche 454, Illumina Hi Seq2000, and PacBio SMRT resulting in the  

genome assembly of 2.17 Gb along with 77,526 annotated genes (Liu et al., 2015; Yuan et al., 

2015). 

Till now there are seven assemblies of G. hirsutum acc. TM-1, and one for the cultivar 

ZM24 genome (Chen et al., 2020; Hu et al., 2019; Huang et al., 2020; Li et al., 2015; Wang et 

al., 2019; Yang et al., 2019; Zhang et al., 2015). Between TM-1 and ZM24, comparative 

genomic studies found that there are three inversions >4Mb (large scale inversion) at 

chromosome 8, which resulted in different isolated haplotypes and suppressed meiotic 

recombination in these regions (Yang et al., 2019). The latest genome assembly size is 2,290 Mb 

and 99.2% of sequences were anchored and distributed along 26 chromosomes (Hu et al., 2019). 

This genome assembly of G. hirsutum could replace earlier assemblies and be referred as 

chromosome grade reference genome.  (Huang et al., 2021). 

For another cultivated tetraploid cotton, G. barbadense, genome assemblies for three 

accessions- Xinhai21 (Liu et al., 2015), 3-79 (Chen et al., 2020, Wang et al., 2019, Yuan et al., 

2015), and Hai7124 (Hu et al., 2019) have been reported. The latest reference genome of G. 

barbadense accession 3-79 has the size of 2,267 Mb anchoring 97.7% of the sequences (Wang et 

al., 2019). 
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ABSTRACT 

In cotton, most agronomic traits are controlled by polygenes. In this study, 110 F6 

recombinant inbred lines (RILs), derived from Upland cotton cross NC05AZ06 x NC11-2100, 

were used to develop a linkage map and to identify QTL for six fiber quality traits, three yield 

traits, and plant height. These RILs were genotyped using the CottonSNP63K array, and 

phenotyped for fiber quality, yield traits and plant height in two-year field trials. Analysis of 

variance revealed significant (p < 0.05) differences among RILs for all traits studied, and the 

heritability estimates were moderate (30-60%) to high (>60%). Both positive and negative 

correlations were observed for fiber quality and yield traits. A total of 3,774 polymorphic SNP 

markers were used to develop a genetic map with an average marker density of 1.54 SNP/cM. 

Thirty QTL for fiber quality traits, yield traits, and plant height were detected on 15 different 

chromosomes, explaining 6.80-20.02% of the phenotypic variance (PVE). Of these, 14 were 

major QTL (PVE >10%) and three major QTL were detected in both years. Candidate gene 
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analysis in the major QTL detected in both years and plant height QTL with PVE of 20.02 % 

revealed five putative genes for fiber quality traits and one putative gene for plant height. The 

linkage map and identified QTL along with the candidate genes in the study could serve as 

additional breeding resources for Upland cotton genetic improvement.  
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2.1 INTRODUCTION  

 

Cotton (Gossypium spp.) is one of the worldôs most important natural fiber crops. The 

genus Gossypium consists of more than 50 species including four cultivated species G. hirsutum 

L. (2n=4x=52, (AD)1), G. barbadense L. (2n=4x=52, (AD)2), G. herbaceum L. (2n=2x=26, A1), 

and G. arboreum L. (2n=2x=26, A2) (Wendel & Cronn, 2003; Wendel et al., 2009; Grover et al., 

2015; Wendel & Grover, 2015). G. hirsutum, also known as Upland cotton with broad adaptation 

is widely cultivated, accounting for over 95% of global cotton production (Chen et al., 2007). G. 

barbadense, also known as Pima cotton, contributes about 2% of the global cotton production 

(Chen et al., 2007). Upland cotton has high yield potential but its fiber quality is moderate 

compared to superior fiber quality of Pima cotton (Ulloa et al., 2000). Fiber quality is a key 

factor that determines the price of the fabric and competitiveness of US cotton in international 

trade (Estur, 2004). In addition, US cotton faces competition from Asiaôs hand-harvested cotton 

in international markets. Further, the emergence of chemically produced synthetic fibers compete 

with cotton fiber in the global marketplace. Despite these challenges, US cotton maintains 

relevance and competitive advantage in the international market due to its premium fiber quality. 

Therefore, improving the fiber quality and lint yield has been the major objectives of cotton 

improvement programs in the US (Campbell et al., 2018). 

Narrow genetic diversity in the cultivated gene pool (Wendel et al., 1992; Bowman et al., 

1996; Campbell et al., 2010) has been a significant hurdle for cotton breeders to develop cotton 

varieties with improved fiber quality and high lint yield. Further, a strong negative correlation 

exists between fiber yield and many fiber quality traits (Al-Jibouri et al., 1958; Meredith & 

Bridge, 1971; Shen et al., 2007; Qin et al., 2008; Desalegn et al., 2009; Campbell et al., 2012; Yu 

et al., 2013, Abdelraheem et al., 2020). Improvement of fiber quality is also challenged by the 
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negative interactions among fiber quality traits themselves (Weaver et al., 2009; Ulloa and 

Meredith, 2000). These challenges have slowed the development of cotton varieties with 

multiple beneficial traits (Worley et al., 1976; Calhoun & Bowman, 1999; Ulloa, 2006). 

Numerous studies were conducted to transfer the superior fiber quality of Pima cotton into 

Upland cotton (He et al., 2007; Lacape et al., 2010; Yu et al., 2011; Lacape et al., 2013; Zhu et 

al., 2020). However, the efforts to improve the fiber quality of G. hirsutum by hybridization with 

G. barbadense was not successful because F2 and later generations tend to preferentially 

eliminate G. barbadense alleles (Stephens, 1949; Gore et al., 2014). Eliminating alleles from one 

of the parents result in segregation distortion and deviation of the expected phenotypic ratios. 

This hybrid breakdown causes a reduction in vigor and fertility in advanced generations of 

interspecific breeding populations (Stephens, 1950; Gore et al., 2014). Furthermore, quantitative 

trait loci (QTL) identified from interspecific populations are reported to be rarely used in cotton 

cultivar development due to the linkage drag (Tang et al., 2015). Therefore, Upland cotton 

intraspecific populations represent a better option for breeding cotton cultivars for superior fiber 

quality and yield (Shen et al., 2007; Tang et al., 2015).   

Marker-assisted selection (MAS) is being increasingly used in cotton breeding to enhance 

selection efficiency, reduce breeding cycles and lower the costs in the breeding programs (Wen 

et al., 2018; Ma et al., 2019). For MAS, the availability of high-density genetic linkage map is a 

prerequisite for identifying quantitative traits and characterizing candidate genes within these 

QTL regions. Numerous linkage maps have been constructed and used in QTL mapping in 

interspecific populations (Paterson et al., 2003; Han et al., 2004; Mei et al., 2004; Lacape et al., 

2005, 2009; Yu et al., 2010; Ma et al., 2019). However, they have had little significance in 

Upland cotton breeding program because the markers exhibiting polymorphism in interspecific 
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crosses may not show polymorphism in Upland cotton (Fang et al., 2014). Efforts have also been 

made for QTL mapping in Upland cotton intraspecific populations (Shappley et al., 1998; Ulloa 

et al., 2005, Shen et al., 2007; Zhang et al., 2012; Wang et al., 2015). However, due to low 

polymorphism and marker density in Upland cotton, most intraspecific maps did not meet the 

requirements for MAS and map-based cloning (Fang et al., 2014; Li et al., 2016). This limitation 

could be overcome by using single nucleotide polymorphisms (SNP) markers. The SNP markers 

abundant in the genome are highly polymorphic, and are compatible with high throughput 

genotyping platforms (Ball et al., 2010; Mammodov et al., 2012; Kumar et al., 2019). 

Development of next-generation sequencing (NGS) and improved in silico methods have 

enabled the development of SNPs for genome wide analyses in cotton (Zhu et al., 2014; Hulse-

Kemp et al., 2015a). At present, two SNP arrays are available in cotton; a 63K SNP array and an 

80K SNP array (Hulse-Kemp et al., 2015b; Cai et al., 2017). These SNP arrays have been used to 

assess genetic diversity (Billings et al., 2021), perform genome-wide association studies 

(GWAS) (Sun et al., 2017; Cai et al., 2017; Song et al., 2021; Gowda et al., 2022), construct 

genetic maps (Hulse-Kemp et al., 2015b; Zhang et al., 2019; Zhu et al., 2021) and detect QTL 

for fiber quality traits, yield traits and morphological traits (Li et al., 2016; Zhang et al., 2019; 

Zhu et al., 2021). However, only a few studies have reported their use in identifying novel and 

stable QTL, and develop functional markers for fiber quality traits, yield traits, and plant height 

in intraspecific Upland cotton populations. 

In this study, an Upland cotton recombinant inbred line (RIL) population genotyped with 

Cotton 63K single nucleotide polymorphism (hereafter, referred to as CottonSNP63K) array was 

used to construct a high-density linkage map which in turn was used to map the QTL for six fiber 

quality traits, three yield traits, and one architectural trait, plant height in Upland cotton. 
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2.2 MATERIALS AND METHODS  

2.2.1 Plant Material 

 

Two G. hirsutum accessions, NC05AZ06 and NC11-2100, were crossed to develop a RIL 

population of 110 lines. NC05AZ06 is a sub-okra germplasm line possessing superior fiber 

quality and high yield (Andres et al., 2013) while accession NC11-2100 (TEX 2324; PI 607650) 

has shorter, coarser, and weaker fiber than NC05AZ06. NC11-2100 is a landrace from India, 

which was obtained from the U.S. National Cotton Germplasm Collection (NCGC), USDA-

ARS, College Station, Texas. The germplasm line NC05AZ06 was used as a female parent in 

crosses with accession NC11-2100 to develop F1 seeds at the Central Crops Research Station in 

Clayton, North Carolina. The flowers from F1 plants were manually selfed to obtain F2 seeds in 

the summer nursery. The F2 and subsequent generations were manually selfed in the field to 

obtain F5. One hundred and ten F5:6  and F6:7 RILs were used for yield trials in 2017 and 2019, 

respectively.  

2.2.2 Phenotyping and phenotypic data analysis 

 

The RIL population of 110 lines with their two parents and four checks, viz., DP-393 

(PI 635100, possess high fiber quality and high yield), SG-747 (PI 656375, high yielder with 

wide adaptability), UA-222 (PI 664929, possess excellent fiber quality, and yield in dry land and 

irrigation system), and UA-48 (PI 660508, possess high fiber quality with high yield) were 

planted in randomized complete block design (RCBD) with two replicates at Clayton, North 

Carolina in month of June 2017 and June 2019. Each line was planted in a single row plot of 

length 6.1 meters (20 ft) with a plant density of 2-3 seeds per foot using a two-row cone planter. 

At crop maturity architectural trait plant height (PH, cm) was measured on five randomly 

selected plants from each plot by wooden measuring stick, and the average height was computed. 
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In both years, forty fully opened bolls from each plot were hand-harvested to determine yield 

components including boll weight (BW, g), lint percentage (LP, %), and lint index (LI, g). The 

fully opened bolls from the top, middle, and bottom portions of the plants in the middle of each 

plot were collected. Traits BW, LI and PH were measured only in 2017. Seed cotton samples 

were ginned using a 10-saw gin (Compass Systems, Ohio, US). Approximately 15 g of fiber 

samples were tested for the fiber quality parameters using high-volume instrument (HVI) at 

Cotton Incorporated in Cary, North Carolina. The fiber quality traits evaluated were micronaire 

(MIC, µg/inch), upper half mean length (UHML, inches), fiber uniformity (FU, %), fiber 

strength (FS, g/tex), fiber elongation (FEL, %), and short fiber content (SFC, %). All the 

phenotypic trait definitions and abbreviations used were as described in the CottonGenôs ñCotton 

Trait Ontologyò guidelines (Yu et al., 2021; https://www.cottongen.org/data/trait_ontology). 

The descriptive statistics for the phenotypic data of the RILs, and the significance of 

differences for each trait between the two parents were calculated by using PROC GLM in SAS 

version 9.4 (SAS Institute, Cary, NC) as ɛ Ŭ ɓ Ůij i j ijy = + + +, where yij is a predictor of the 

phenotypic value, ɛ is the overall mean response, Ŭi is the average effect of genotype i, ɓj  is the 

average effect of replication j, and Ůij is a random error. The correlation among different traits 

were calculated using ñcorrplotò package (Wei & Simko, 2021) and the significance level was 

estimated using ñggcorrplotò package (Kassambara, 2019) with p.mat function in R software 

version 4.1.3 (R Core Team, 2022). Broad-sense heritability (h2
bs) was estimated from variance 

components obtained from SAS PROC VARCOMP as h2
bs = genotypic variance/genotypic 

variance + (error variance / r), where r = number of replicates for a single test. For combined 

data, heritability estimates were calculated as, h2
bs = genotypic variance / [genotypic variance + 

(G x E variance / r) + (error variance/nr)], where r = number of replicates, and n= number of 
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years. Heritability was classified as low (<30%), moderate (30 - 60%), and high (>60%) as 

suggested by Johnson et al. (1955). 

2.2.3 Marker genotyping 

 

Leaf tissue samples of the first or second true young leaves of two weeks old seedlings of 

the F5:6 RIL population, and their parents were collected in a 2 ml centrifuge tube and immersed 

immediately in liquid nitrogen. Genomic DNA was extracted with the DNeasy Plant Mini Kit 

(Qiagen LLC-USA, German Town, Maryland). DNA samples were quality checked and 

quantified using a NanoDrop NDï1000 spectrophotometer (Thermo Fisher Scientific, 

Massachusetts, USA). Phenotyped RILs and the parental accessions were genotyped with the 

CottonSNP63K array (Hulse-Kemp et al., 2015b) at Texas A&M Institute for Genome Sciences 

and Society. Candidate SNP markers suitable for further analysis were filtered as follows: First, 

missing markers from parental lines were removed resulting in 54,969 markers. Then 

heterozygous markers and monomorphic markers from parental lines were removed, producing 

48,494 and 8,318 markers respectively. Second, heterozygous markers and SNPs from RILs with 

missing values of more than 30% were eliminated yielding 7,133 SNPs. Third, markers without 

any chromosomal information when aligned to the G. hirsutum cv. TM1 CRI_v1.0 reference 

genome (Yang et al., 2019) were removed resulting in 6,304 markers. Alignment to the reference 

genome was performed using CottonGenôs BLAST+ tool (Yu et al., 2021).  

2.2.4 Map Construction 

 

Candidate SNPs were scored as per the definition of JoinMap software version 5.0 (Van 

Ooijen, 2018) for constructing linkage map. The redundant markers with 100 percent similarity 

identified through the JoinMap software were removed. The 3,774 non-redundant markers were 
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used to construct a linkage map by JoinMap using the logarithm of odds (LOD) threshold of 9.0. 

Marker orders were estimated using the regression mapping algorithm. Map distances in centi-

Morgan (cM) were calculated using the Kosambi mapping function (Kosambi, 1943). However, 

some of the non-redundant markers could not be mapped due to the inability of some of the 

groups to be merged due to insufficient linkage in that particular group. The chi-square (ɢ2) test 

(p<0.05, df=1) was conducted for each locus to analyze the segregation distortion (SD) against 

the expected 1:1 ratio in a RIL population (Appendix A). A SD region refers to the region where 

at least three adjacent loci demonstrated segregation distortion (Yu et al., 2011). 

The marker order in the G. hirsutum cv. TM1 CRI_ v1.0 reference assembly (Yang et al., 

2019) was compared with the marker order of the constructed linkage map using Clico FS online 

software (http://clicofs.codoncloud.com) (Cheong et al., 2015). The results were visualized in a 

circos plot to compare the collinearity between the genetic map and the sequence-based physical 

map. Pairwise recombination fraction and LOD scores were visualized using pull.rf( ) function 

via the R package óqtlô (Broman, 2010) in R software version 4.1.3 (R Core Team, 2022).  

2.2.5 QTL analysis 

 

All six fiber quality traits (MIC, UHML, FU, FS, FEL, and SFC), three yield traits (BW, 

LP, and LI), and plant height (PH) related QTL were detected through WinQTLCart software 

version 2.5 (Wang et al. 2012), using the composite interval mapping approach (Zeng, 1994). 

For traits BW, LI and PH, one-year (2017) data were used to identify QTL. Alleles from parental 

accession NC05AZ06 (P1) were coded as ñ0ò, the alleles from accession NC11-2100 (P2) were 

coded as ñ2ò, the missing and heterozygous markers were coded as ñ* (asterisk)ò. The LOD 

score 3.0 was used as a threshold to declare suggestive QTL. QTL were calculated using a 

permutation test with 1,000 repetitions for all the traits with a significance level of p <0.05, and a 

http://clicofs.codoncloud.com/
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mapping step of 1.0 cM. The QTL nomenclature was as described in the CottonGen guidelines 

(Yu et al., 2021).  

Visual representations of the linkage groups with identified QTL were generated with 

MapChart software version 2.32 (Voorrips, 2002). QTL with PVE greater than 10% were 

regarded as major QTL and the QTL present in both years were considered a stable QTL. 

Therefore, the QTL found across the years within the same genomic region with PVE > 10% is 

considered as a major stable QTL.  

To compare the location of mapped QTL in the present study with the previous studies, 

we utilized Tripple MegaSearch tool (Jung et al., 2021) of CottonGen database (Yu et al., 2021; 

https://www.cottongen.org/tripal_megasearch?datatype=tripal_megasearch_qtl). A total of 

4,214 documented QTL for ten traits including MIC (1100), UHML (18), FU (552), FS (1167), 

FE (712), SFC (24), LP (575), LI (29), and PH (37) were utilized for comparison (Appendix B). 

We also utilized our labôs previous linkage and QTL mapping studies to find the common and 

uniquely mapped QTL (Zhang et al., 2019; Zhu et al., 2021) (Appendices C & D).  

2.2.6 Candidate Gene Analysis 

 

The detected major stable QTL for MIC and FEL, and the plant height QTL with the 

highest PVE were used to identify the candidate genes through the cotton functional genomic 

database (CottonFGD, (Zhu et al., 2017). The m-RNA expression of the identified genes in the 

fiber developmental stages of the cotton genetic standard G. hirsutum cv. TM1 (Yang et al., 

2019) was obtained from the CottonFGD database. The identified genes whose expression levels 

exceeded that of the housekeeping gene Polyubiquitin 11 (Gh_D10G015900: UBQ11) were 

considered as upregulated and were implied as probable candidate genes. The polyubiquitin gene 

sequence from the studies of Artico et al. (2010), and Smitha et al. (2019) was utilized to find its 

https://www.cottongen.org/tripal_megasearch?datatype=tripal_megasearch_qtl
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closest homolog (UBQ11) through BLAST search. For MIC, tissues at 20 and 25 days post 

anthesis (DPA) were used, whereas, for FEL, tissues at 15 and 20 DPA were utilized. Since there 

is no expression data for the temporal apical meristem growth in the CottonFGD, we considered 

the genes that are expressed abundantly in stem as potential candidate genes for the PH (Ma et 

al., 2019). The expression profile of the candidate genes is presented as a heatmap utilizing R 

package ópheatmapô (Kolde, 2019). 

2.3 RESULTS 

2.3.1 Analyses of the phenotypic traits 

 

The descriptive statistics for six fiber quality traits (MIC, UHML, FU, FS, FEL, and 

SFC), three yield traits (BW, LP, and LI), and plant height trait (PH) for parents and RILs are 

presented in Table 2.1. For the fiber quality traits, UHML, FS, and FEL were significantly (p < 

0.05) higher {14.14% (2017), 2.53% (2019), 52.21% (2017), respectively} in parental accession 

NC05AZ06 than in accession NC11-2100 in one of the years, while the SFC of the parental 

accession NC11-2100 was significantly (p < 0.05) higher (22.22%) than NC05AZ06 in 2017 

field trail. Nonetheless, there were no significant differences between parents for the traits MIC 

and FU. For yield component traits, BW, LP, and LI were significantly (p < 0.05) higher 

(35.95%, 11.48%, 25.84% respectively) in NC05AZ06 than in NC11-2100 in the 2017 field trial. 

The plant height (PH) of NC11-2100 was significantly (p < 0.05) higher (36.77%) than 

NC05AZ06 in 2017 field trials.  

A combined analysis of variance (ANOVA) over two years (2017 and 2019) and 

ANOVA results for each year; 2017 and 2019, along with the broad sense heritability estimates 

are presented in Table 2.2. Over two years, genotypes and year, and genotype x year interaction 

are statistically significant for all fiber quality traits and one yield trait (LP). This imply 



  

 

 

 

33 

 

significant environmental effects on these traits. ANOVA for BW, LI, and PH shows that the 

genotypes are statistically significant for these traits. The broad-sense heritability estimates (h2
bs, 

%) varied from one year to another. In general, across two years, it ranged from moderate (30 - 

60%) for LP (52.37%) to high (>60%) for MIC (88.56%), UHML (90.54%), FU (72.42%), FS 

(89.54%), FEL (92.29%), and SFC (65.65%) (Table 2.2). The h2
bs estimates for BW, PH, and LI 

are 41.07%, 48.99%, and 60.05%, respectively. 

The correlation coefficients among fiber quality, yield, and the plant height (PH) are 

presented in Figure 2.1. Most fiber quality traits were significantly correlated with one another in 

the RIL population. In general, the fiber quality traits UHML, FU, and FS were significantly 

positively correlated with one another, but UHML had a negative correlation with MIC, FEL, 

and SFC.  The LP, an important agronomic trait that contributes to lint yield, had a significant 

positive correlation with MIC and SFC, but significant negative correlation values with UHML, 

FU, and FS (Figure 2.1). One of the yield traits, LI, is significantly positively correlated with 

BW, and significantly negatively correlated with FU, and FS (Figure 2.1). However, there is no 

correlation between PH and other agronomic traits measured in this study. 

2.3.2 Linkage map  

 

Out of 63,058 SNPs used in the genotyping, 8,318 (13.19%) markers were polymorphic 

between the two parents. Different steps were carried out to filter 63,058 SNPs resulted in 3,774 

non-redundant markers. These 3,774 SNP markers were used for constructing linkage map. 

However, 6.81% of high quality non-redundant SNPs could not be mapped because of 

insufficient linkage. Only 3,517 markers were mapped to 26 linkage groups (LGs) (Figure 2.2; 

Supplemental Figure S2.1). The LOD value of 9.0, generated 52 LGs. Of the 52 LGs, 49 were 

merged into 26 chromosomes. The remaining three LGs with 22 markers could not be assigned 
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to any of the chromosomes. The constructed genetic linkage map spanned a total of 5,059.57 cM 

in length, with an average distance of 1.54 cM between markers (Table 2.3). The genetic length 

of 26 LGs ranged from 114.18 cM for Chr.A02 to 288.73 cM for Chr.D05 (Table 2.3). Based on 

alignment results against the G. hirsutum cv. TM1 CRI_v1.0 reference genome (Yang et al., 

2019), 1,456 (41.40%) SNP markers on 13 LGs were mapped to the A subgenome 

chromosomes, and 2,061 (58.60%) SNP markers on the remaining 13 LGs were mapped to the D 

subgenome chromosomes (Table 2.3). Of the total (5,059.57 cM) genetic length, the size of A 

subgenome was 2223.45 cM and that of D subgenome was 2836.11 cM (Table 2.3). The average 

SNP density of A subgenome was 1.6 SNP/cM whereas that of D subgenome was 1.48 SNP/cM 

(Table 2.3). Markers were not evenly distributed on chromosomes, ranging from as high as 248 

on Chr.D06 to as low as 67 markers on Chr.A03. There were a total of 68 gaps (>10 cM) with 34 

on the A subgenome and 34 on the D subgenome (Table 2.3). 

2.3.3 Segregation distortion 

 

Among the 3,517 mapped SNPs, 269 SNPs (7.65%) showed segregation distortion 

(p<0.05, df=1) which were unevenly distributed on 26 chromosomes. The most distorted 

markers were on Chr.D10 (67), with the highest distortion rate (33.16%) (Table 2.3). The other 

distorted markers were present on Chr.A13 (38), Chr.D08 (24), Chr.D02 (23), Chr.A07 (16), 

Chr.D04 (14), Chr.D13 (11) and Chr.D01 (10) (Table 2.3). Twenty-three segregation distorted 

regions (SDRs) were found on 14 chromosomes with 12 SDRs on the A subgenome and 11 on 

the D subgenome (Table 2.3; Figure 2.2; Supplemental Figure S2.1). 
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2.3.4 Collinearity analysis and quality check of linkage map 

 

The constructed genetic map when aligned to the G. hirsutum cv. TM1 CRI_v1.0 

reference genome (Yang et al., 2019), indicated good congruence between the genetic map and 

the sequence-based physical map, suggesting there are no major structural changes in the 

chromosomes of the current mapping population (Figure 2.3a). Although there was a high 

correspondence between linkage map and the sequence based physical map, we cannot rule out 

the possibility of structural variations within the SDRs. The SNP-based genetic map of 5,059.57 

cM corresponded to 2,226.63 Mb of the sequence-based physical map, which represented 

96.05% of the sequence-based physical map (Supplemental Table S2.1 & Appendix E). 

Coverage of the individual chromosomes ranged from 80.68% to 99.89% of the sequence-based 

physical map. D subgenome had a relatively higher coverage of the physical map, which was 

98.12%, whereas A subgenome had a relatively lower coverage of 93.98% (Supplemental Table 

S2.1).   

The estimated recombination fraction and LOD scores plot for all pairs of markers 

suggest a high correlation between markers (Figure 2.3b).  The yellow color shows a high 

correlation (small recombination fraction and large LOD) between markers indicating marker 

linkage while the blue color shows low correlation (large recombination fraction and small LOD) 

values indicating unlinked markers. The yellow squares seen in the plot indicate the regions with 

tight linkages or the probable conserved regions with less recombination. The plot also indicates 

a high quality of linkage map with no recognizable errors in grouping of the markers (Figure 

2.3b). 
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2.3.5 QTL analysis 

 

QTL mapping using the composite interval mapping identified a total of 30 QTL, with 21 

QTL for fiber quality traits, 6 for yield traits, and 3 for PH (Table 2.4). Overall, the PVE by the 

QTL ranged from 6.8% to 20.02% (Table 2.4). The negative additive effects of a QTL indicate 

that the allele is derived from the female parent NC05AZ06; otherwise, the allele derived from 

the male parent NC11-2100 (Table 2.4). Of the 30 QTL, 14 had a negative additive effect and 16 

had a positive additive effect. These 30 QTL were mapped in 15 chromosomes. A total of 12 

QTL were localized in the A subgenome and 18 QTL in the D subgenome (Table 2.4). Among 

30 QTL identified, three QTL (qMIC.NN-RIL_D11-2017/2019.1, qFEL.NN-RIL_D04-

2017/2019.1, and qFEL.NN-RIL_D11-2017/2019.1) were considered as major stable QTL as 

they were detected across both years with PVE>10% (Table 2.4).  

2.3.5.1 QTL detected for fiber quality traits 

 

For MIC, seven QTL were detected on Chr.A07, Chr.A09, Chr.A11, Chr.D06, Chr.D08, 

and Chr.D11 (Figure 2.2) explaining 6.8-12% of the PVE (Table 2.4). Among these, favorable 

alleles for QTL, qMIC.NN-RIL_A07-2017.1, qMIC.NN-RIL_D06-2017.1, and qMIC.NN-

RIL_D06-2019.1 were derived from NC05AZ06, whereas NC11-2100 conferred for qMIC.NN-

RIL_A09-2017.1, qMIC.NN-RIL_A11-2017.1, qMIC.NN-RIL_D08-2019.1 and qMIC.NN-

RIL_D11-2017/2019.1.  

For UHML, two QTL were identified, explaining 8.7ï9.6% of PVE (Table 2.4) on 

Chr.A08, and Chr.D11 (Figure 2.2). Of these QTL, qUHML.NN-RIL_D11-2017.1 had positive 

effects contributed by NC05AZ06, and qUHML.NN-RIL_A08-2017.1 had favorable alleles from 

NC11-2100.  
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For FU, four QTL were identified across Chr.A07, Chr.A08, Chr.D06, and Chr.D11 

(Figure 2.2) explaining 9.1ï15.2% PVE (Table 2.4). One QTL (qFU.NN-RIL_A07-2019.1) had 

effects contributed by NC05AZ06, and the other three QTL (qFU.NN-RIL_A08-2017.1, 

qFU.NN-RIL_D06-2019.1, and qFU.NN-RIL_D11-2017.1) had desirable alleles from NC11-

2100.  

For FS, two QTL were detected across Chr.A08, and Chr.D06 (Figure 2.2) explaining 8.6 

- 9% PVE. (Table 2.4). These two QTL (qFS.NN-RIL_A08-2019.1, and qFS.NN-RIL_D06-

2019.1) were contributed by NC11-2100.  

For FEL, three QTL were identified across three chromosomes; Chr.D01, Chr.D04, 

Chr.D11 (Figure 2.2) explaining 8.1ï15% of PVE (Table 2.4). All three QTL (qFEL.NN-

RIL_D01-2017.1, qEEL.NN-RIL_D04-2017/2019.1, and qFEL.NN-RIL_D11-2017/2019.1 were 

contributed by the parental accession NC05AZ06 (Table 2.4).  

For SFC, a total of three QTL were mapped on Chr.A10, Chr.A13, and Chr.D06 (Figure 

2.2) explaining 9.7-12.7% PVE (Table 2.4). Of these three QTL, one QTL (qSFC.NN-RIL_D06-

2019.1) was contributed by the accession NC05AZ06 and two (qSFC.NN-RIL_A10-2019.1, and 

qSFC.NN-RIL_A13-2019.1) were contributed by the accession NC11-2100.  

2.3.5.2 QTL detected for yield traits and plant height 

 

For BW, three QTL were mapped on Chr.D04, Chr.D05, and Chr.D10 (Figure 2.2) 

explaining 9.45-10.82% PVE (Table 2.4). Favorable alleles for the QTL, qBW.NN-RIL_D04-

2017.1, and qBW.NN-RIL_D05-2017.1 were contributed by NC11-2100, whereas for the QTL 

qBW.NN-RIL_D10-2017.1, it was contributed by NC05AZ06. For LP, one QTL was mapped on 

Chr.A08 (Figure 2.2), explaining 11.3% PVE (Table 2.4). The QTL (qLP.NN-RIL_A08-2017.1) 

was identified in 2017 and the alleles for this QTL were contributed by NC05AZ06. Similarly, 
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QTL identification for LI resulted in two QTL (qLI.NN-RIL_A08-2017.1, and qLI.NN-RIL_A12-

2017.1) on Chr.A08 and Chr.A12 (Figure 2.2) explaining 8.76-10.47% PVE (Table 2.4).  The 

parental accession NC05AZ06 contributed favorable alleles for LI. Three QTL were identified 

for PH on Chr.D02, Chr.D06, and Chr.D11 (Figure 2.2) explaining 7.8 - 20.02% PVE (Table 

2.4). Of these three QTL, alleles for one QTL (qPH.NN-RIL_D02-2017.1; PVE=8.8%) was 

contributed by the parent NC05AZ06 and the alleles for other QTL (qPH.NN-RIL_D06-2017.1, 

PVE=20.02%, and qPH.NN-RIL_D11-2017.1; PVE=7.8%) were contributed by the parent 

NC11-2100. 

2.3.5.3 Major QTL and major stable QTL  

 

In total, fourteen major QTL were identified for MIC, FU, FEL, SFC, BW, LP, LI, and 

PH (Table 2.5). For MIC, three major QTL were detected in Chr.A07 and Chr.D06, and one 

major stable QTL in Chr.D11 (Table 2.5). For FU, two major QTL were found in Chr.D06, and 

Chr.D11 (Table 2.5). The other two major stable QTL were identified for the trait FEL in 

Chr.D04, and Chr.D11, respectively (Table 2.5).  For the trait SFC, two major QTL were 

identified in Chr.A13, and Chr.D06 (Table 2.5). The trait BW possessed one major QTL in 

Chr.D04 (Table 2.5). Similarly, the traits LP, LI, and PH, each contained one major QTL in 

Chr.A08, Chr.A08 and Chr.D06, respectively (Table 2.5). 

2.3.5.4 QTL Validation 

 

QTL validation resulted in 12 QTL that shared the same genomic location (genetic 

distance window of 10-20 cM) with previously reported QTL (Zhang et al., 2019; Zhu et al., 

2021; Jung et al., 2021), including 10 QTL in D subgenome and 2 in A subgenome. These 12 

shared QTL included four QTL for MIC, one for UHML, three for FU, one for FS, two for  FEL,  
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and one for SFC (Table 2.4). Two of these shared QTL were stable QTL (qMIC.NN-RIL_D11-

2017/2019.1, and qFEL.NN-RIL_D11-2017/2019.1). Eighteen QTL were unique QTL with nine 

QTL in A subgenome and nine QTL in D subgenome, including three for MIC, one for UHML, 

one for FU, one for FS, one for FEL, two for SFC, one for LP, two for LI, three for BW, and 

three for PH. Of the 18 unique QTL, nine are major QTL, and one of them was a major stable 

QTL (qFEL.NN-RIL_D04-2017/2019.1) (Table 2.4), which might be a good addition to the 

existing QTL. 

2.3.5.5 Candidate Gene Analysis 

 

Candidate gene analyses was performed for the three major stable fiber quality QTL (one 

MIC and two FEL QTL) and one major PH QTL with PVE 20.02% (Table 2.5). Mining the 

candidate gene sequences in the MIC QTL ñqMIC.NN-RIL_D11.1ò on Chr.D11, we identified 

280 expressed genes (Appendix F). Of these, Actin-7 (ACT7), Arabinogalactan peptide 14 

(AGP14), and Annexin D2 (ANN2) were highly expressed with reports of their involvement in 

the secondary cell wall synthesis of cotton fiber (20-45 DPA) (Figure 2.3c) (Cao et al., 2021; Li 

et al., 2005; Liu et al., 2008; Liu et al., 2013; Tang et al., 2014; Zhang et al., 2016). For FEL, the 

number of expressed genes in the QTL, qFEL.NN-RIL_D04.1 and qFEL.NN-RIL_D11.1 were 75 

and 84, respectively (Appendices G & H)). Of these, Tubulin alpha-2 chain (tba-2) gene on 

chromosome D04 was upregulated (Figure 2.3d). This study also identified Tubulin beta-5 chain 

(TUBB5) upregulated in the FEL QTL on D11 (Figure 2.3e). For PH, 281 genes were expressed 

in the QTL ñqPH.NN-RIL_D06-2017.1ò on Chr.D06 (Appendix I). The putative candidate gene 

Auxin-repressed 12.5 kDa protein (CmDRM1) was found to be upregulated (Figure 2.3f). Thus, 

candidate genes analysis revealed six putative genes related to fiber quality and plant height traits 

(Table 2.6). 
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2.4 DISCUSSION 

 

Estimation of the heritability of traits is crucial for breeders as it aids in understanding the 

genetic variation underlying the phenotypic traits for their genetic improvement (Robinson et al., 

1949; Johnson et al., 1955; Holland et al., 2003). In the current study, the heritability for six fiber 

quality traits, three yield traits, and PH (Table 2.2) ranged from 41.07% to 92.29%. FEL has the 

highest heritability (92.29%) whereas BW is the trait with the lowest heritability (41.07%). 

Although a range of heritability estimates were reported (Zhu et al., 2021; Zhang et al., 2019; Li 

et al., 2016), fiber quality traits in general show moderate to high heritability (Meredith & 

Bridge, 1984; Paterson et al., 2003). High heritability of the fiber quality traits suggests the 

variation observed in our mapping study might be useful for cotton genetic improvement. The 

phenotypic trait correlation may be beneficial in developing selection criteria to improve fiber 

quality and yield traits. A negative correlation was observed between LP and fiber quality traits 

UHML (-0.55), FU (-0.29), and FS (-0.42). This is consistent with previous reports of negative 

correlations between yield trait LP and UHML, FU, and FS (Shen et al., 2005; Li et al., 2016; 

Zhu et al., 2021). MIC showed negative correlations of -0.45 with UHML, which agrees with the 

result obtained by Lacape et al. (2005), Desalegn et al. (2009), and Zhu et al. (2021). In the 

current study, 8,318 (13.19%) polymorphic markers between the two parents from 63,058 SNP 

markers were identified, of which 3,774 (6.0%) SNPs were non-redundant. This is the highest 

polymorphism reported to date followed by 5.0% (Zhang et al., 2019), 4.7% (Zhu et al., 2021), 

and 4.15% (Li et al., 2016) in Upland cotton genotyped with the CottonSNP63K array. The 

distribution and density of the markers were adequate for genetic analysis of agronomic traits in 

the current study. The genetic map obtained from 3,517 mapped markers spanned a total length 

of 5,059.57 cM, which is relatively longer than the ones previously reported. Comparatively 
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longer length of the genetic map in the current study may be due to either higher marker 

polymorphism and/or better population size compared to previous studies (Hulse-Kemp et al., 

2015b; Li et al., 2016; Zhang et al., 2019; Zhu et al., 2021). In the current study, we used the 

mapping population of 110 RILs, which are average in size for QTL mapping studies. Small 

mapping population size would result in lower genetic map resolution and might not have 

allowed us to detect all the possible minor QTL. However, our results from 110 RILs showed 

that all the chromosome linkage maps showed good marker coverage (~96%) in comparison to 

the physical map, which is within the range of physical map coverage (92.50 to 97.99%) of the 

previously reported linkage maps (Li et al., 2016; Tan et al., 2018; Gowda et al., 2022). Further, 

our study using a population size of 110 RILs is sufficient to identify QTL with major effects 

(Xu, 2003) as well as detecting 16 QTL with minor effects. Thus, our study has provided 

important information on QTL for fiber quality, yield and plant height traits. The average marker 

density of the map was 1.54 SNP/cM that falls within the range of 0.68 SNP/cM to 1.66 SNP/cM 

for reported intraspecific maps (Li et al., 2016; Zhang et al., 2019; Zhu et al., 2021). Further, 

more markers were mapped to D subgenome (56.05%) than to A subgenome (43.95%) (Table 

2.3), which could be attributed to relatively higher number SNPs of D subgenome represented in 

the CottonSNP63K array. This distribution of markers agrees with previous studies (Hulse-Kemp 

et al., 2015b; Li et al., 2016; Ulloa et al., 2017; Zhang et al., 2019; Zhu et al., 2021; Gowda et al., 

2022). 

Segregation distortion is the deviation of the genotypic frequencies from Mendelôs 

segregation ratio (Lyttle, 1991). In the current study, 7.65% of the mapped markers showed 

segregation distortion (Table 2.3), which falls within the range of 5.6 % to 13.29 % for the 

reported Upland intraspecific maps (Zhang et al., 2019: Li et al., 2016; Hulse-Kemp et al., 
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2015b). Most of the distorted markers (203 out of 269 markers) were located on a few 

chromosomes (8 chromosomes; viz., Chr.A07, Chr.A13, Chr.D01, Chr.D02, Chr.D04, Chr.D08, 

Chr.D10, and Chr.D13), which is in accordance with previous reports (Zhu et al., 2021; Zhang et 

al., 2019; Li et al., 2016, Hulse-Kemp et al., 2015b). In addition, more distorted markers were 

located on the D subgenome than on the A subgenome (176 versus 93) (Table 2.3; Appendix A), 

which agrees with the previous reports (Yu et al., 2011; Li et al., 2016).      The constructed 

linkage map in our study covered 96.05% of the Upland cotton genome, which falls under the 

range of 92.57%-98.8% as reported by Li et al. (2016) and Zhang et al. (2019) in Upland cotton 

intraspecific population. This could be because the 63K SNP array had higher representation of 

D genome markers than the A genome (Hulse-Kemp et al. 2015b). Similar observations made by 

Li et al. (2016) where two chromosomes in A subgenome represented lower coverage percentage 

(Chr12-10.91%, and Chr10-70.34%) than other eleven A chromosomes, and an overall lower 

coverage of A subgenome than D subgenome.  

Out of thirty QTL identified in the current study (Table 2.4), fourteen were major QTL, 

including three major stable QTL (Table 2.5). The distribution of QTL was not uniform in the A 

and D subgenomes. This agrees with the previous reports (Paterson et al., 2003; Rong et al., 

2007, Lacape et al., 2010; Abdelraheem et al., 2020, and Zhu et al., 2021) of mapping more QTL 

on D subgenome than on A subgenome. The possible reasons for this could be that the 63K SNP 

array had higher representation of D genome markers than the A genome (Hulse-Kemp et al. 

2015b) leading to the higher marker density and map resolution and detection of higher number 

of QTL in the D subgenome The other possible reasons could be the higher level of gene 

expression diversity and higher number of genes under positive selection in the D subgenome 

than in the A subgenome (Chen et al., 2020). The landrace accession NC11-2100 contributed for 
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53% of the QTL identified whereas NC05AZ06 contributed for 47% of the QTL. However, most 

of the major (PVE>10%) fiber quality traits and yield traits QTL were contributed by the parent 

NC05AZ06.    

A total of twelve QTL identified in the current study were also reported by previous 

studies (Zhang et al., 2012; Zhang et al., 2015; Jamshed et al., 2016; Ma et al., 2017; Li et al., 

2018; Tan et al., 2018; Zhang et al., 2019 and Zhu et al. 2021) and eighteen QTL were unique to 

the current study (Table 2.4; Supplemental Tables S2.8, S2.9 & S2.10). Two major stable QTL 

qMIC.NN-RIL_D11-2017/2019.1 and qFEL.NN-RIL_D11-2017/2019.1 in the current study were 

reported by Zhu et al. (2021) and Li et al. (2018) respectively. The major stable FEL QTL 

qFEL.NN-RIL_D04-2017/2019.1  and major PH QTL qPH.NN-RIL_D06-2017.1 (PVE: 20.02%) 

were unique to the current mapping population, which might be a good addition to the QTL 

mapping efforts among cotton research community and serves as an additional source of allelic 

variation for the cotton genetic improvement.  

Identifying candidate genes for the mapped QTL could add validity to the trait discovery 

and help in laying the foundation for fine mapping and biochemical isolation of genes underlying 

these traits. The three candidate genes, viz., ACT7, AGP14 and ANN2 (Table 2.6; Figure 2.3c) 

associated with the major stable MIC QTL were identified to play roles in cytoskeleton 

development and secondary cell wall synthesis, and cotton fiber growth and development (Li et 

al., 2005; Liu et al., 2008; Liu et al., 2013; Tang et al., 2014; Zhang et al., 2016), based on 

functional genomic analyses. Two upregulated genes, tba-2 and TUBB5, one each in the genomic 

region of two major stable QTL of FEL were found to play critical role in cytoskeleton synthesis 

and fiber development (Han et al., 2013; Li et al 2018; Logon and Menko 2019; Salih et al., 

2016) (Table 2.6; Figure 2.3d & 2.3e). In the major PH QTL (PVE= 20.02%) region, identified 
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candidate gene (CmDRM1) with upregulated expression (Table 2.6; Figure 2.3f) was associated 

with decreased hypocotyl/plant height in plants (Park and Han, 2003; Zhao, 2014). Thus, 

CmDRM1 might be a promising candidate gene for plant height. Further studies are needed to 

elucidate their function of these six candidate genes with substantially high expression levels and 

their roles in fiber development and plant height.  

The identified major stable QTL and the putative genes could be used for cotton 

improvement through MAS and for the molecular genetic analysis of important variations 

underlying fiber quality traits, yield traits, and plant height in cotton. Validating the effects of 

these QTL and the putative genes in diverse environments of cotton production and genetic 

backgrounds of tetraploid cotton is needed to effectively utilize these QTL in cotton 

improvement programs. 
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Figures 

 

Figure 2.1. Pearson correlation coefficient for fiber quality traits, yield traits, and architectural trait (PH), 

in intraspecific G. hirsutum RIL mapping population (NC05AZ06 x NC11-2100). The correlation 

coefficients are computed from the average phenotypic data of the mapping population over two years for 

all the traits except BW, LI, and PH, which were calculated based on one-year data.  Cross (X) symbol 

indicates a non-significant relationship between the traits. 
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Figure 2.2. Genetic map of fifteen upland chromosomes constructed in an intraspecific G. hirsutum RIL 

mapping population (NC05AZ06 x NC11-2100). The remainder eleven chromosomes that did not harbor 

any QTL are provided in Supplemental Figure S2.1. In the figure, genetic distance in cM is depicted on 

the left side of the chromosome and their marker names on the right side. The positions of identified QTL 

for each trait in the map are represented by color-coded bars spanning the region. The color codes for 

each trait are depicted in the legend on the right-hand side. The segregation distortion in these linkage 

groups are depicted as violet-colored bars. 
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Figure 2.3 

a. Circos plot showing collinearity between the genetic map and the physical map (Chr.A01-Chr.A13, 

Chr.D01-Chr.D13) of Upland cotton developed by using recombinant inbred line mapping population 

genotyped by 63K SNP array. Each connecting line in the circos plot represents one mapped SNP marker. 

b. Pairwise recombination fraction and logarithm of odds (LOD) analysis on 26 linkage groups (LGs). 

The upper triangle represents the estimated recombination fraction for all pairs of SNPs, and the higher 

marker correlation is represented by yellow color. The lower triangle represents estimated LOD scores, 

and the higher LOD score between markers is represented by yellow color. Thus, the yellow diagonal 

from LG01: LG01 to LG26:LG26 demonstrates linkage within linkage groups. There were no linkage 

signals indicating correlation between marketers of 26 linkage groups, however the yellow squares in the 

Chr.A13, Chr.D06 and Chr.D08 depict the probable tight linkage or less recombination within the 

markers of the yellow squares. 

c-f. Top 10 highly expressed genes within the genomic regions of major stable QTL of the micronaire 

(MIC), fiber elongation (FEL), and plant height (PH). Housekeeping gene UBQ11 is included as a 

reference gene to compare the mRNA expression (FPKM). (c) Candidate genes for MIC on Chr.D11. 

Candidate gene Gh_D11G246300, Gh_D11G264300, and Gh_D11G235300 codes for Actin-7 (ACT7), 

Arabinogalactan peptide 14 (AGP14) and Annexin D2 (ANN2). (d) Candidate genes for FEL in Chr.D04. 

Candidate gene Gh_D04G181300 codes for Tubulin alpha-2 chain (tba-2). (e) Candidate genes for FEL 

in Chr.D11. Candidate gene Gh_D11G355300 codes for Tubulin beta-5 chain (TUBB5). (f) Candidate 

genes for PH in Chr.D06. Candidate gene Gh_D06G149900 codes for Auxin-repressed 12.5 kDa protein 

(CmDRM1). 
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Tables 

Table 2.1. Phenotypic trait performance of the RIL population and their parents (NC05AZ06 and 

NC11-2100) evaluated in the field at Central Crops Research Station, Clayton, NC in years 2017 

and 2019 

Type of 

Phenotype 

Phenotypic 

Trait a Year 

Parents RILs 

NC05AZ06 

(P1) 

NC11-2100 

(P2) 
Diff.  Min.  Max. Mean SD 

LSD 

0.05 

Fiber Quality 

MIC 

(µg/inch) 
2017 5.075 4.27 ns 3.1 5.9 4.67 0.52 0.6 

 2019 4.34 4.82 ns 2.92 5.7 4.29 0.54 0.57 

UHML 

(inches) 
2017 1.13 0.99 *  0.9 1.2 1.04 0.05 0.06 

 2019 1.07 1.05 ns 0.85 1.1 0.98 0.05 0.04 

FU (%) 2017 84.32 82.82 ns 80.4 85.6 83.13 1.1 1.47 

 2019 84 82.6 ns 78.8 84.1 81.53 1.13 1.52 

FS (g/tex) 2017 27.85 26.1 ns 21.5 31.4 26.36 1.94 1.91 

 2019 28.35 27.65 *  20.8 32.5 26.6 2.28 2.03 

FEL (%) 2017 8.25 5.425 *  4.8 9.1 6.79 0.89 0.82 

 2019 6.85 6.95 ns 4.8 8.1 6.1 0.69 0.37 

SFC (%) 2017 7.65 9.35 *  6.4 10.9 8.33 0.9 1.18 

 2019 6.1 8 ns 6.1 14.9 10.01 1.95 2.96 

Yield 

component 

related 

BW (g) 2017 5.18 3.815 *  2.68 5.28 4.01 0.51 0.8 

LP (%) 2017 41.25 37 *  32.9 44.5 38.91 0.02 0.02 

 2019 42.5 45 ns 38.9 48.78 43.61 2.04 2.22 

LI (g) 2017 7.84 6.23 *  4.48 7.89 6.24 0.67 0.87 

Architectural PH (cm) 2017 34.4 47.05 *  23.2 58.8 39.58 8.02 11.26 
a
 MIC, micronaire; UHML, upper half mean length; FU, fiber uniformity; FS, fiber strength; FEL, fiber elongation; SFC, short fiber content; 

LP, lint percentage 
ns

 no significant difference between the parents 
*
 significant difference between the parents at p=0.05 

LSD; least significant difference 

Min.; minimum value of each trait for 110 RILs 

Max; maximum value of each trait for 110 RILs 

Mean; mean value of each trait for 110 RILs 

SD; standard deviation 
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Table 2.2. ANOVA (mean squares) and broad sense heritability (h2
bs) for quality traits, yield traits, and plant height of the 

recombinant inbred lines evaluated across 2 years (2017 & 2019), and each year - 2017 and 2019 at Central Crops Research Station, 

NC 

 

Source of 

Variation 
DF 

Mean squaresa 

MIC UHML FU FS FEL SFC LP BW LI  PH 

Combined (2017 & 2019) 

Genotype 109 0.83***  0.01***  2.74***  14.13*** 2.14***  4.40***  3.70***  - - - 

Year 1 14.86*** 0.34***  
277.83**

*  
6.29* 51.40*** 

323.03**

*  

188421**

*  
- - - 

Genotype x 

year 
109 0.13** 0.001*** 1.13***  1.86***  0.20***  2.44***  3.38***  - - - 

Replication 

(Year) 
2 0.71***  0.005*** 0.06À 0.55À 0.144À 2.00À 0.69À - - - 

Error 219 0.08 0.0007 0.55 0.97 0.104 1.21 0.60 - - - 

Broad 

sense 

heritability 

(h2bs) 

 88.56 90.54 72.42 89.54 92.29 65.65 52.37 - - - 

2017 

Genotype 109 0.45***  0.006*** 1.89***  6.604*** 1.42***  1.29***  
0.0009**

*  
0.380*** 0.70***  94.29*** 

Replication 1 0.55* 0.008* 0.04À 0.05À 0.02À 0.25À 0.001*** 0.06À 1.07* 303.97** 

Error 109 0.09 0.00 0.53 0.92 0.17 0.35 0.00 0.14 0.17 32.28 

Broad 

sense 

heritability 

(h2bs) 

 68.39 70.92 59.52 76.30 78.31 61.83 79.94 41.07 60.05 48.99 

 



  

 

 

 

51 

 

Table 2.2 (continued) 

 

2019 

Genotype 109 0.509*** 0.006*** 1.967*** 9.405*** 0.932*** 5.462*** - - - - 

Rep 1 0.879** 0.003** 0.086À 1.056À 0.270* 3.752À - - - - 

Error 109 0.083 0.0004 0.579 1.03 0.04 2.11 - - - - 

Broad 

sense 

heritability 

(h2bs) 

 71.88 85.85 58.59 80.85 92.63 54.68 - - - - 

a 
MIC, micronaire; UHML, upper half mean length; FU, fiber uniformity; FS, fiber strength, FEL, fiber elongation; SFC, short fiber content; LP, lint percentage; LI, lint index; PH, plant height 

* 
significant at the 0.05 probability level 

** 
significant at the 0.01 probability level 

***
significant at the 0.001 probability level 

À
not significant 
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Table 2.3. Details of the linkage map constructed using the CottonSNP63K array and the RIL population of cross between 

NC05AZ06 and NC11-2100 

 

Chrom

osomes 

Linkage 

group (LG) 

No. of LGs 

merged 

No. of 

markers 

Chromosome 

size (cM) 

Mean distance 

(cM) 
Gapsa >10cM 

Distorted 

locib 

No. of Segreated 

distorted regionc 

A01 LG09 0 112 175.911 1.57 3 4 0 

A02 LG52 0 98 114.18 1.16 1 1 0 

A03 LG33 2 67 142.48 2.12 1 3 0 

A04 LG17 2 78 150.98 1.93 3 5 1 

A05 LG07 0 144 223.78 1.55 5 3 0 

A06 LG22 2 72 120.78 1.67 3 5 1 

A07 LG13 2 135 212.65 1.57 5 16 2 

A08 LG10 0 105 145.94 1.38 2 1 0 

A09 LG15 2 137 200.30 1.46 2 5 1 

A10 LG21 2 111 208.95 1.88 4 6 1 

A11 LG34 2 74 142.06 1.91 1 4 1 

A12 LG28 2 103 161.08 1.56 2 2 0 

A13 LG03 0 220 224.30 1.01 2 38 5 

A subgenome 1456 2223.45 1.6 34 93 12 

D01 LG05 0 181 206.56 1.14 2 10 0 

D02 LG01 0 177 240.02 1.35 3 23 1 

D03 LG18 2 110 181.29 1.64 3 3 0 

D04 LG19 0 73 144.79 1.98 1 14 2 

D05 LG11 4 176 288.72 1.64 4 7 1 

D06 LG02 2 248 203.77 0.82 0 8 1 

D07 LG08 2 123 175.48 1.42 1 2 0 

D08 LG06 2 231 248.04 1.07 3 24 3 
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Table 2.3 (continued). 

 

D09 LG14 2 154 193.05 1.25 2 1 0 

D10 LG04 0 202 213.10 1.05 1 67 2 

D11 LG24 4 116 250.71 2.16 4 5 0 

D12 LG12 4 123 281.89 2.29 5 1 0 

D13 LG51 2 147 208.64 1.41 5 11 1 

D subgenome total 2061 2836.11 1.48 34 176 11 

Total   3517 5059.56 1.54 68 269 23 
 

a
Gap; distance between two adjacent markers >10cM 

b
Distorted markers; Markers showing segregation distortion (chi-square test p<0.05) 

c
No. of segregation distortion region; region with at least three adjacent loci showing significant segregation distortion 
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Table 2.4. Quantitative trait loci (QTL) for six fiber quality traits, three yield traits and one architectural trait identified in the 

recombinant inbred line (RIL) population phenotyped at the Central Crops Research Station, Clayton, NC in years 2017 and 2019 

 

Trait
a QTL  

Chrom

osome 
Year 

Flanking 

Marker  

Peak 

(cM) 

Range 

(cM) 
Range (bp) LOD  

PVE 

(%)b AEc Reported QTL 

in literature d      

MIC 

qMIC.NN-RIL_A07-

2017.1 
A07 2017 

i40137Gh - 

i21325Gh 
127.36 

113.33 - 

128.64 

24158480 - 

27455485 
4.09 10.9 -0.16 Unique 

qMIC.NN-RIL_A11-

2017.1 
A11 2017 

i42030Gh - 

i16169Gh 
112.71 

111.48 - 

112.93 

115225144 - 

115635715 
3.24 7.3 0.13 Unique 

qMIC.NN-RIL_D06-

2017.1 
D06 2017 

i26025Gh - 

i20451Gh 
137.56 

121.89 - 

141.15 

33344812 - 

56755488 
4.24 10.2 -0.15 

Zhu et al. 2021; 

Jamshed et al., 

2016 

qMIC.NN-RIL_A09-

2019.1 
A09 2019 

i06154Gh - 

i47492Gh 
139.01 

136.74 - 

141.46 

69204198 - 

70222114 
3.45 7.8 0.14 Unique 

qMIC.NN-RIL_D06-

2019.1 
D06 2019 

i10770Gh - 

i10868Gh 
46.31 

25.61 - 

50.53 

4095944 - 

8427364 
4.29 10.4 -0.16 

Zhu et al. 2021; 

Zhang et al., 

2015 

qMIC.NN-RIL_D08-

2019.1 
D08 2019 

i29135Gh - 

i25340Gh 
162.21 

151.83 - 

167.49 

9001189 - 

19116856 
3.09 6.8 0.13 

Zhang et al., 

2012 

qMIC.NN-RIL_D11-

2017/2019.1 
D11 

2017/2

019 

i07331Gh - 

i33954Gh 
101.81 

77.55 - 

103.49 

24718044 - 

58975549 
4.91 12 0.17 Zhu et al., 2021 

UH

ML 

qUHML.NN-RIL_A08-

2017.1 
A08 2017 

i36319Gh - 

i27958Gh 
71.84 

58.98 - 

79.89 

10276348 - 

97978772 
4.1 9.6 0.01 Unique 
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Table 2.4 (continued). 

 

 
qUHML.NN-RIL_D11-

2017.1 
D11 2017 

i21605Gh - 

i52191Gb 
119.41 

108.64 - 

125.77 

18977909 - 

21769097 
3.61 8.7 -0.01 Zhu et al., 2021 

FU 

qFU.NN-RIL_A08-

2017.1 
A08 2017 

i53203Gb - 

i38287Gh 
49.71 

39.01 - 

50.88 

103104070 - 

106355538 
3.4 9.2 0.30 Unique 

qFU.NN-RIL_D11-

2017.1 
D11 2017 

i52191Gb - 

i49454Gh 
102.81 

93.24 - 

108.64 

21769097 - 

28523977 
4.56 12.7 0.36 

Tan et al., 2018 

 

 

 

qFU.NN-RIL_A07-

2019.1 
A07 2019 

i01364Gh - 

i60923Gt 
27.41 

21.21-

27.48 

2709029 - 

3097984 
3.19 9.1 -0.31 Zhu et al., 2021 

qFU.NN-RIL_D06-

2019.1 
D06 2019 

i31103Gh - 

i30675Gh 
99.91 

86.11 - 

107.10 

23820744 - 

29850102 
5.48 15.2 0.40 

Ma et al., 2017; 

Jamshed et al., 

2016 

FS 

qFS.NN-RIL_A08-

2019.1 
A08 2019 

i47607Gh - 

i32704Gh - 
34.41 

33.14 - 

34.59 

109619600 - 

110110128 
3.64 9 0.70 Unique 

qFS.NN-RIL_D06-

2019.1 
D06 2019 

i59371Gb - 

i49476Gh 
133.81 

125.45 - 

146.17 

51561957 - 

58203695 
3.45 8.6 0.67 

Jamshed et al., 

2016 

 

FEL 

qFEL.NN-RIL_D01-

2017.1 
D01 2017 

i51821Gb - 

i28760Gh 
30.71 

20.31 - 

34.57 

60942452 - 

62441085 
3.14 8.1 -0.24 

Jamshed et al., 

2016; Li et al., 

2018 

qFEL.NN-RIL_D04-

2017/2019.1 
D04 

2017/2

019 

i12789Gh - 

i12867Gh 
120.71 

110.49 - 

126.97 

51342136 - 

53286022 
4.77 12.7 -0.24 Unique 
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Table 2.4 (continued). 

 

 
qFEL.NN-RIL_D11-

2017/2019.1 
D11 

2017/2

019 

i07630Gh - 

i52468Gb 
25.21 

18.19 - 

28.43 

67718542 - 

69713764 
5.02 15 -0.26 Li et al., 2018 

SFC 

qSFC.NN-RIL_A10-

2019.1 
A10 2019 

i34508Gh - 

i33631Gh 
21.01 

10.007 - 

24.844 

111077262 - 

112174684 
3.668 9.7 0.62 

Zhang et al., 

2019 

qSFC.NN-RIL_A13-

2019.1 
A13 2019 

i56461Gb - 

i48543Gh 
128.01 

120.633 

- 

133.959 

74621252 - 

85033384 
4.005 10.7 1.17 Unique 

qSFC.NN-RIL_D06-

2019.1 
D06 2019 

i59371Gb - 

i49476Gh 
142.41 

125.458 

- 

146.178 

51561957 - 

58203695 
5.085 12.7 -0.72 Unique 

BW 

qBW.NN-RIL_D04-

2017.1 
D04 2017 

i29833Gh - 

i12582Gh 
60.71 

52.868 - 

61.388 

6437158 - 

7415294 
3.85 10.82 0.15 Unique 

qBW.NN-RIL_D05-

2017.1 
D05 2017 

i16813Gh - 

i16828Gh 
76.11 

71.319 - 

81.779 

29649888 - 

31378250 
3.39 9.45 0.14 Unique 

qBW.NN-RIL_D10-

2017.1 
D10 2017 

i11763Gh - 

i34595Gh 
78.01 

67.703 - 

78.06 

8699416 - 

10312087 
3.43 9.58 -0.14 Unique 

LP 
qLP.NN-RIL_A08-

2017.1 
A08 2017 

i04527Gh -

i04529Gh 
0.51 0 - 1.699 

117200544 - 

117260584 
3.48 11.3 -1.53 Unique 

LI  
qLI.NN-RIL_A08-

2017.1 
A08 2017 

i42952Gh - 

i30849Gh 
73.11 

66.219 - 

84.547 

8528436 - 

93020024 
3.79 10.47 -0.21 Unique 
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Table 2.4 (continued). 

 

 
qLI.NN-RIL_A12-

2017.1 
A12 2017 

i31412Gh - 

i22689Gh 
140.81 

137.82 - 

143.353 

2347068 - 

2540739 
3.22 8.76 -0.19 Unique 

PH 

qPH.NN-RIL_D02-

2017.1 
D02 2017 

i24977Gh - 

i44745Gh 
172.61 

162.536 

- 

181.999 

62764196 - 

65013153 
3.5 8.8 -2.15 Unique 

qPH.NN-RIL_D06-

2017.1 
D06 2017 

i26025Gh - 

i11229Gh 
133.91 

121.898 

- 

142.368 

33344812 - 

57063380 
7.03 20.02 3.12 Unique 

qPH.NN-RIL_D11-

2017.1 
D11 2017 

i06726Gh - 

i06833Gh 
233.31 

225.907 

- 

241.415 

1609734 - 

3559309 
3.168 7.8 1.94 Unique 

a
MIC, micronaire; UHML, upper half mean length; FU, fiber uniformity; FS, fiber strength; FEL, fiber elongation; SFC, short fiber content; LP, lint percentage 

 

b
PVE; phenotypic variance  explained 

 

c
AE; additive effect 

d
The identified QTL in the current study which were also reported by previous studies are provided with the citations and the QTL unique to current study has been labeled 

as ñUniqueò 
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Table 2.5. Major quantitative trait loci (QTL) for six fiber quality traits, yield traits (BW, LP & LI) and plant height (PH) identified in 

the recombinant inbred line (RIL) population phenotyped at the Central Crops Research Station, Clayton, NC in years 2017 and 2019 

Trait a QTL  
Chromo

some 
Year 

Flanking 

Marker  

Peak 

(cM) 
Range (cM) Range (bp) LOD  

PVE 

(%)b 
AEc 

MIC 

qMIC.NN-RIL_A07-

2017.1 A07 2017 

i40137Gh - 

i21325Gh 127.36 113.33 - 128.64 24158480 - 27455485 4.09 10.90 -0.16 

qMIC.NN-RIL_D06-

2017.1 D06 2017 

i26025Gh - 

i20451Gh 137.56 121.89 - 141.15 33344812 - 56755488 4.24 10.20 -0.15 

qMIC.NN-RIL_D06-

2019.1 D06 2019 

i10770Gh - 

i10868Gh 46.31 25.61 - 50.53 4095944 - 8427364 4.29 10.40 -0.16 

qMIC.NN-RIL_D11-

2017/2019.1 D11 

2017/

2019 

i07331Gh - 

i33954Gh 101.81 77.55 - 103.49 24718044 - 58975549 4.91 12.00 0.17 

FU 

qFU.NN-RIL_D11-

2017.1 D11 2017 

i52191Gb - 

i49454Gh 102.81 93.24 - 108.64 21769097 - 28523977 4.56 12.70 0.36 

qFU.NN-RIL_D06-

2019.1 D06 2019 

i31103Gh - 

i30675Gh 99.91 86.11 - 107.10 23820744 - 29850102 5.48 15.20 0.40 

FEL 

qFEL.NN-RIL_D04-

2017/2019.1 D04 

2017/

2019 

i12789Gh - 

i12867Gh 120.71 110.49 - 126.97 51342136 - 53286022 4.77 12.70 -0.24 

qFEL.NN-RIL_D11-

2017/2019.1 D11 

2017/

2019 

i07630Gh - 

i52468Gb 25.21 18.19 - 28.43 67718542 - 69713764 5.02 15.00 -0.26 

SFC 

qSFC.NN-RIL_A13-

2019.1 A13 2019 

i56461Gb - 

i48543Gh 128.01 120.63 - 133.95 74621252 - 85033384 4.00 10.70 1.17 

qSFC.NN-RIL_D06-

2019.1 D06 2019 

i59371Gb - 

i49476Gh 142.41 125.45 - 146.17 51561957 - 58203695 5.08 12.70 -0.72 

BW 

qBW.NN-RIL_D04-

2017.1 D04 2017 

i29833Gh - 

i12582Gh 60.71 52.86 - 61.38 6437158 - 7415294 3.85 10.82 0.15 
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Table 2.5 (continued). 

 

LP 

qLP.NN-RIL_A08-

2017.1 A08 2017 

i04527Gh -

i04529Gh 0.51 0.00- 1.69 

117200544 - 

117260584 3.48 11.30 -1.53 

LI  

qLI.NN-RIL_A08-

2017.1 A08 2017 

i42952Gh - 

i30849Gh 73.11 66.21 - 84.54 8528436 - 93020024 3.79 10.47 -0.21 

PH 

qPH.NN-RIL_D06-

2017.1 D06 2017 

i26025Gh - 

i11229Gh 133.91 121.89 - 142.36 33344812 - 57063380 7.03 20.02 3.12 

 
a
MIC, micronaire; UHML, upper half mean length; FU, fiber uniformity; FS, fiber strength; FEL, fiber elongation; SFC, short fiber content; BW, boll weight; LP, lint percentage; LI, lint index; PH, 

plant height 

 b
PVE; phenotypic variance explained 
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Table 2.6. Putative genes related to fiber quality tratis (MIC and FEL) in the stable QTL regions identified in both years (2017 and 

2019) and the putative genes associated to plant height in the QTL regions with the highest PVE 

QTL name Chromosome Gene name Annotation Gene identifier Start (bp) End (bp) 
Functional role of the 

candidate gene 

qMIC.NN-

RIL_D11.1 
D11 

ACT7 Actin-7 Gh_D11G246300 43,879,104 43,882,223 

Probable role in 

trafficking of cellulose 

during secondary cell wall 

synthesis (Cao et al., 

2021: Zhang et al., 2016; 

Li et al., 2005) 

AGP14 
Arabinogalactan 

peptide 14 
Gh_D11G264300 53,288,227 53,288,496 

Reported higher 

expression during 

secondary cell wall 

synthesis (Liu et al., 2008; 

Liu et al., 2013) 

ANN2 Annexin D2 Gh_D11G235300 34,999,961 35,002,670 

Involved in actin 

polymerization (Tang et 

al., 2014) 

qFEL.NN-

RIL_D04.1 
D04 tba-2 

Tubulin alpha-2 

chain 
Gh_D04G181300 52,384,129 52,386,342 

Probable role in providing 

fiber cell with elasticity 

and mechanical strength 

(Logon and Menko 2019; 

Chen et al., 2021) 

qFEL.NN-

RIL_D11.1 
D11 TUBB5 

Tubulin beta-5 

chain 
Gh_D11G355300 69,211,149 69,214,446 

qPH.NN-RIL_D06-

2017.1 
D06 CmDRM1 

Auxin-repressed 

12.5 kDa protein 
Gh_D06G149900 45,942,821 45,944,203 

Involved in decreased 

hypocotyl length or plant 

height (Park and Han 

2003; Zhao 2014) 
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Supplemental Figure S2.1. Genetic map of eleven upland chromosomes constructed in an intraspecific G. hirsutum RIL mapping population 

(NC05AZ06 x NC11-2100). There were no identified QTL in these eleven linkage groups. Genetic distance in cM is depicted on the left side of 

the chromosome and their marker names on the right side. The segregation distortion in these linkage groups are depicted as violet-colored bar
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Supplemental Table S2.1. Collinearity analyses of the linkage maps developed in the current study 

with sequence based physical  map of Upland cotton (TM1 CRI_v1.0) 

Linkage 

Group 

Physical 

Map 

Reference 

genome 

length (bp) 

Start End 

Genome 

length 

spanned by 

linkage 

groups (bp) 

Genom

e 

coverag

e 

percent

age 

LG9 A01 115951030 629120 115879000 115249880 99.40 

LG52 A02 105672547 2023909 102695843 100671934 95.27 

LG33 A03 110122549 183990 106747727 106563737 96.77 

LG17 A04 84627626 1677254 84203809 82526555 97.52 

LG7 A05 108863339 9945437 104484564 94539127 86.84 

LG22 A06 126108316 7915017 125584748 117669731 93.31 

LG13 A07 96727820 72218 95704598 95632380 98.87 

LG10 A08 125568199 922199 117269402 116347203 92.66 

LG15 A09 83560072 443409 80108956 79665547 95.34 

LG21 A10 114813049 1832149 114172833 112340684 97.85 

LG34 A11 119360914 22225527 118521312 96295785 80.68 

LG28 A12 105775796 482823 96820511 96337688 91.08 

LG3 A13 108606954 918626 108146256 107227630 98.73 

A-

subgenome  1405758211   1321067881 93.98 

LG5 D01 64531584 423671 63789854 63366183 98.19 

LG1 D02 71136581 95972 70913509 68707768 96.59 

LG18 D03 53683183 567856 53379480 52811624 98.38 

LG19 D04 56270632 602945 55804739 55201794 98.10 

LG11 D05 64082227 293945 63619075 63325130 98.82 
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Supplemental Table S2.1 (continued). 

 

 

 

 
 

LG2 D06 66011140 1117452 65915813 64798361 98.16 

LG8 D07 58837282 1431164 58173348 56742184 96.44 

LG6 D08 68676610 337877 67637932 67300055 98.00 

LG14 D09 52558513 1268777 51998550 50729773 96.52 

LG4 D10 65683246 261932 65087833 64825901 98.69 

LG24 D11 72546720 1063752 72330196 71266444 98.24 

LG12 D12 62677315 57429 62664360 62606931 99.89 

LG51 D13 63922515 268475 63779634 63511159 99.36 

D-subgenome 820617548     805193307 98.12 

Total   2226375759     2126261188 96.05 
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ABSTRACT 

 

Cotton bacterial leaf blight (CBB), caused by Xanthomonas citri subsp. malvacearum (Xcm) has 

periodically been a damaging disease in the U.S. Identification and deployment of genetic 

resistance in cotton cultivars is the most economical and efficient means of reducing crop losses 

due to CBB. In the current study, we developed an F6 recombinant inbred line (RIL) population 

from a cross between Acala Maxxa X Arkot 8102 and genotyped it with the cotton single 

nucleotide polymorphism (SNP) 63K array and phenotyped the population with race-18 of CBB. 

Molecular genetic mapping showed the CBB resistance in cultivar Arkot 8102 was controlled by 

a single locus (BB-13). The BB-13 locus was mapped within the 0.95 cM interval near the 

telomeric region in the long arm of chromosome D02. Flanking SNP markers, i04890Gh and 

i04907Gh of the BB-13 locus, identified from the linkage analysis, targeted it to a 371 Kb 

genomic region. Candidate gene analysis identified thirty putative gene sequences in the targeted 

genomic region. Nine of these putative genes, and two NBS-LRR genes adjacent to the targeted 

region, were putatively involved in plant disease resistance and are possible candidate genes for 

BB-13 locus. Genetic mapping and genomic targeting of the BB-13 locus in the current study will 

help in cloning the CBB resistant gene and establishing the molecular genetic architecture of the 

BB-13 locus towards developing durable resistance to CBB in cotton. 

 

Keywords: cotton bacterial leaf blight, disease resistance, SNP markers, Xanthomonas, genetic 

mapping 
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3.1 INTRODUCTION  

 

Cotton lint is the primary source of natural fiber and its seeds are a source of plant oil and 

animal feed. Cotton lint is indispensable for global textile and apparel manufacturing which are 

valued at $748 and $786 billion, respectively (Voora et al. 2020). Cotton belongs to the genus 

Gossypium that comprises over 50 recognized species (Wendel and Grover 2015). Among the 

cultivated cotton species, two are diploids (Gossypium arboreum and G. herbaceum) and two are 

tetraploids (G. hirsutum and G. barbadense). Due to its superior productivity and adaptability, G. 

hirsutum is the most widely grown cotton species in the world, accounting for 96 percent of total 

production (Meyer 2021). Annual business revenue stimulated by cotton in the U.S. economy 

exceeds $140 billion, making cotton Americaôs number one value-added crop (National Cotton 

Council 2019). 

G. hirsutum, also called Upland cotton, is affected by biotic and abiotic stresses throughout 

the U.S. cotton belt. Among the biotic stresses, cotton bacterial blight (CBB) caused by 

Xanthomonas citri subsp. malvacearum (Xcm) was first documented in 1891 (Atkinson 1892). 

Typical CBB symptoms appear as water-soaked lesions on the abaxial surface of cotyledonary 

and true leaves. Symptoms may also appear on petals and stems. Disease lesions may be 

surrounded by a yellow halo and turn into black/brown lesions over time. Infection on the bracts 

along with the secondary boll rotting fungi leads to boll rot. Apart from affecting the yielding 

ability of the plants through photosynthetic inhibition, severe infection also affects the fiber 

quality (Bird and Blank 1951). CBB has the potential to cause significant yield losses. For 

instance, in New Mexico, Xcm infected roughly 40,000 acres in 1949, resulting in 35 to 50% 

yield losses (Bird and Blank 1951). 
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Bacterial pathogens, such as Xcm, use Type III secreted effectors (T3Es) to cause disease in 

susceptible plant hosts (Feng and Zhou 2012). Plant genomes encode immune receptors known 

as Nucleotide Binding Site Leucine Rich Repeat receptors (NBS-LRRs) that recognize specific 

effectors, directly or indirectly, and mount a defense response (De Young and Innes 2006). 

Often, NBS-LRR mediated defense responses include a hypersensitive response (HR), in which 

locally infected cells undergo rapid death that minimizes pathogen growth and spread (Doyle et 

al. 2013). Resistance triggered through NBS-LRRs and effectors is known as gene-for-gene 

resistance (Flor 1971).  

In 2011, an outbreak of CBB started in Northeastern Arkansas and spread throughout the 

Central Delta (Phillips et al. 2017). In 2012, Mississippi State University reported that Xcm had 

spread to 23 counties due to the cultivation of vulnerable cultivars. In 2015 and 2016, CBB was 

problematic in Georgia, Mississippi, and Texas, among other states (Roberts 2016; Phillips et al. 

2017). There are 22 known Xcm races that infect cotton (Delannoy et al. 2005), with r ace-18 

historically being the most prevalent in the United States. Initially, it was thought that the 

outbreak might be due to mutations that allowed the pathogen to overcome existing resistance or 

introduction of a new race of the pathogen. However, genomic sequencing and pathogenicity 

assays suggested that the recent outbreak was not due to genetic evolution in Xcm strains to 

circumvent existing resistance (Phillips et al. 2017; Wheeler et al. 2021). Notably, the bacteria 

can survive in seeds, even acid-delinted seed (Alexander 2009) and recent studies revealed that 

the percentage of susceptible Upland cotton cultivars has increased dramatically since 2009 

(Phillips et al. 2017), which has likely contributed to the re-emergence of this disease. Hence, 

there is an urgent need to rapidly deploy cultivars with resistance to CBB in cotton.  
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Identification and accurate genomic location of CBB resistant genes is a prerequisite for 

leveraging genomics and molecular biological resources for developing durable resistance to 

CBB disease. To date, more than 20 sources of resistance and two polygene complexes have 

been identified that confer resistance to CBB (Green and Brinkerhoff 1956; Innes 1969; Knight 

1963; Wallace and El Zik 1989). However, the exact locations of resistance genes in the cotton 

genome have yet to be determined. The CBB resistance in G. hirsutum cv. S295, effective 

against all known races of Xcm (Girardot et al. 1986; Wallace and El Zik 1989), was mapped as 

a major gene and QTL on chromosome 14/(D02) using RFLP, SSR, AFLP and SNP markers, all 

using bi-parental mapping populations (Wright et al. 1998; Rungis et al. 2002; Xiao et al. 2009; 

Yang 2013). Additionally, a recent genome-wide association study (GWAS) of CBB resistance 

suggested that there are as many as eleven QTL for CBB resistance mapped on chromosomes 

A01, A05, D02, D08, and D10 (Elassbli et al. 2021). The current study aims to precisely map the 

CBB resistance gene(s) using linkage mapping in Upland cotton. 

3.2 MATERIALS & METHODS  

3.2.1 Plant materials 

 

In the current study, two accessions from the diversity panel of Upland cotton (Tyagi et al. 

2014), Acala Maxxa (PI 540885) and Arkot 8102 (PI 595852) (Bourland et al. 1997) were 

crossed to develop a recombinant inbred line mapping population. The female parent Acala 

Maxxa was susceptible (water-soaked lesions) whereas the male parent Arkot 8102 (G. hirsutum 

cv. Miscot T8-27 × G. hirsutum cv. Stoneville 825) was resistant (hypersensitive response) to 

race-18 of Xcm (Figure 3.1) (Bourland and Bridge 1988). One hundred and ten F6 lines were 

developed using the single seed descent method by manual self-pollination of F2 and subsequent 

generation plants. Parental accessions Acala Maxxa and Arkot 8102 were evaluated for their 
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response to races 1 (strain BLX718), 2 (strain BLX719), 3 (strain BLX720), 12 (strain BLX721), 

and 18 (strains BLX910 and AP16) of Xcm.  

3.2.2 Phenotyping 

 

The RILs and its parental accessions (Acala Maxxa and Arkot 8102) along with 

accession DES-56 (PI 529520) as the CBB susceptible control were evaluated for response to 

Xcm race-18 (strain BLX910) infections. For each accession and line, two replicates (pots) of 4 

plants each were inoculated with Xcm bacterial culture. The Xcm race-18 was obtained from leaf 

samples from Dr. Terry Wheeler of Texas A&M University, Lubbock, TX. Isolate from a single 

bacterial colony was grown on NYGA medium (with peptone, yeast, glycerol, and 1% agar) with 

streptomycin at 30°C for 48 hours (Daniels et al. 1984). Cells were suspended to an optical 

density of 0.1 (OD600) in 10 mM MgCl2 (~5×107 cfu/ml). Cotton seeds were planted in 3.5-inch 

pots with two replicates per pot and grown in the greenhouse (28°C, 50% humidity, 16 hours 

light, 8 hours dark). Seven days after planting, the cotyledons of seedlings were infiltrated with 

~0.1 ml of bacterial inoculum with a needleless syringe and 3-5 replicates were inoculated for 

each cotton line. The infiltration process was carried out in an inoculation room maintained at 

50% humidity. Three hours after inoculation, seedlings were moved to a growth chamber set at 

30  temperature, 80% humidity and 14-hour day length. Seven days post inoculation, infiltrated 

leaves were assessed for response to the pathogen. A susceptible response was characterized by 

water-soaked lesions, while a resistance response was characterized by the hypersensitive 

necrotic response. Mock infections without Xcm were also performed to confirm the symptoms 

of bacterial infections. Pearson's Chi-square statistic was utilized to verify the Mendelian 

monogenic segregation ratio for the CBB resistance in the RIL population. The resistant male 
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parent Arkot 8102 was also infiltrated with Xcm races 1, 2, 3, 12, and 18 to determine its 

response to various races of Xcm, following the same procedure described above. 

3.2.3 DNA isolation and genotyping  

 

Young leaf tissues from three- to four-week-old accessions of the F6 RILs and parents 

were collected in 2 ml centrifuge tubes and frozen in liquid nitrogen. The leaf tissues were 

ground using the YG5 3422011 macerator (BTLab systems, St. Louis, MO) and the DNA was 

isolated following a modified small-scale DNA extraction protocol using the DNeasy Plant Mini-

Kit (Qiagen USA, Germantown, MD). The NanodropTM spectrophotometer ND1000 was used to 

estimate the quality and quantity of DNA in the samples. High-quality DNA (1.8 Ò 260/280 Ò 

2.0 and 260/230 > 1.5) was utilized for genotyping using the Cotton SNP 63K array (Hulse-

Kemp et al. 2015) following the standard Illumina protocol at Texas A&M Institute for Genome 

Sciences and Society. The amplified and fragmented DNA samples were purified before 

hybridizing with the bead array. After the single bead extension followed by staining, the 

samples were imaged in Illumina iScan (Illumina Inc., San Diego, CA, USA) array scanner. The 

image files were analyzed in Genome Studio 2.0 using the curated cluster file for obtaining 

information on the 63,058 SNP calls.      

3.2.4 Linkage map construction 

 

The genotypic data of the RIL population having 63,058 candidate SNPs were filtered to 

remove poor quality SNPs using following criteria - first, monomorphic markers and missing 

markers in parents were removed; second, minor allele frequency was set to 0.05 in RILs, and 

third, SNPs having missing markers in more than 30% in RILs were removed. For the mapping 

purposes, the phenotype of the RILs with susceptible response was coded as ñaò, the resistant 
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phenotype was coded as ñbò and missing/unknown phenotype as ñuò. For the genotypic data, the 

homozygous SNP alleles of Acala Maxxa were coded as ñaò and homozygous SNP alleles of 

Arkot 8102 as ñbò, heterozygous alleles as ñhò and unknown/missing data as ñuò. Linkage 

mapping of CBB resistance was performed using JoinMap 5.0 software (Van Ooijen 2018) using 

the logarithm of the odds threshold (LOD) of 9.0, maximum likelihood algorithm and the 

Kosambi mapping function. Segregation distortion was calculated using the Chi-square test at 

the probability value of 0.05. The segregation distortion regions (SDR) were identified when a 

minimum of three adjacent SNP markers showed segregation distortion. The pairwise 

recombination matrix and LOD score plot were performed using the R/QTL package (Broman et 

al. 2003) in RStudio. The physical location of the markers was obtained from CottonGen Blast+ 

online tool (https://www.cottongen.org/blast) utilizing G. hirsutum cv. TM1 CRI v1 reference 

genome (Yang et al. 2019). Compliance of linkage groups and physical map groups were 

performed using ClicO FS online tool (http://103.47.253.210:3000/) (Cheong et al. 2015). The 

linkage map of chromosome arm with CBB resistance was reconstructed in RECORD software 

(Van et al. 2005). Iteration-based ñRecombination counting and orderingò algorithm and 

Kosambi mapping function were used for the reproducible and collinear ordering of the markers 

with 1000 steps. The linkage map and its collinearity with the sequence-based physical map were 

drawn using MapChart version 2.32 software (Voorrips 2002). 

3.2.5 Candidate gene analysis 

 

For targeted genomic mapping of CBB resistant genes and to identify possible candidate 

genes, the genome was scanned using closely linked SNP markers in the reference genome G. 

hirsutum cv. TM1 CRI v1 (Yang et al. 2019). Enrichment and domain analysis of identified 

candidate genes was performed using the cotton functional genomics database 
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(https://cottonfgd.org/analyze/) (Zhu et al. 2017). To enable the comparison of the physical 

position of the resistance gene from the previous studies to the current study, the BLAST search 

for the marker utilized in the previous studies was performed. The marker sequences from these 

studies were obtained from the CottonGen database (Yu et al. 2021). The BLAST search was 

performed using G. hirsutum cv. TM1 CRI v1 (Yang et al. 2019) reference genome. The 

genomic positions of the major genes/QTL      controlling CBB resistance reported in the 

previous studies and the current study were visualized using MapChart version 2.32 software 

(Voorrips 2002) 

3.3 RESULTS 

3.3.1 Phenotyping 

 

To explore sources of resistance to CBB, 104 RILs at the seedling stage, was challenged 

with Xcm race-18. Bacteria were infiltrated into cotyledons and resistance was observed as dead 

or necrotic tissue surrounding the site of inoculation indicating the hypersensitive response, 

whereas susceptibility was characterized by water-soaked lesions (Figure 3.1). Out of 104 lines 

screened, 54 (51.92%) lines showed a resistant CBB response and 50 (48.08%) lines showed a  

susceptible CBB response (Figure 3.1). This 1:1 ratio of phenotypic segregation (T test statistic = 

0.15, p = 0.69), suggests that CBB resistance in accession Arkot 8102 is controlled by a single 

locus with a major phenotypic effect. A consistent hypersensitive resistance response was 

observed in Arkot 8102 infiltrated with various races of Xcm (races 1, 2, 3, 12, and 18), 

suggesting Arkot 8102 carries broad-spectrum resistance gene(s) to CBB.  
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3.3.2 Linkage mapping 

 

SNP marker analyses of the genotypic data in the RILs showed that out of 63,058 SNP 

markers, 5,714 (9.06%) markers were polymorphic between parents Acala Maxxa and Arkot 

8102. A total of 2,745 non-redundant SNPs were used for the construction of the linkage map. 

Mapping of these polymorphic markers at the LOD score 9.0 threshold yielded a total of 105 

linkage groups. Ninety-two of these groups, consisting of 2,630 SNP markers, were merged into 

26 linkage groups. Thirteen groups consisting of 104 nonredundant SNP markers and eleven 

problematic SNPs could not be assigned. The 26 linkage groups spanned 4,942.62 cM with a 

marker density of 1.88 SNP/cM (Supplemental Table 3.1). A-genome spanned 2,508.73 cM with 

1,250 markers and D-genome spanned 2,433.90 cM with 1,380 SNP markers. Chromosome D08 

had the highest marker density of 1.14 SNP/cM   while Chromosome D11 had the lowest marker 

density of 4.18 SNP/cM. A total of 289 SNP markers (10.99 %) showed segregation distortion in 

the mapped markers (Supplemental Table S3.1 & Appendix J). Higher distorted SNP markers 

were observed in the D-genome (166 SNPs) compared to the A-genome (123 SNPs) 

(Supplemental Table S3.1 & Appendix J). Ten SDRs were identified in the A-genome compared 

to 13 SDRs in the D-genome (Appendix J). The pairwise recombination fractions and LOD score 

plot of the linkage groups showed the correct grouping of the markers. Further, there were no 

signals of relatedness of markers between the linkage groups (Supplemental Figure 3.1). 

However, there were few linkage blocks (yellow squares) detected in the linkage groups 

(Supplemental Figure 3.1) 

The comparison of linkage map with sequence-based physical map showed high 

collinearity between the physical map with a genetic map indicating correct ordering of the 

markers and there are no major chromosome rearrangements in the mapping populations used in 
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comparison to the sequence-based physical map (Supplemental Figure 3.2; Appendix K). The 

linkage groups covered a total of 2.02 Gb (91.10%) of the physical map (Supplemental Table 

S3.2). In general, the marker coverage of the individual chromosomes was high. All the 

chromosomes showed a high marker coverage of greater than 90% up to 99.41% except A09, 

A10, A12, D05, D11, and D13. Chromosomes A09 and D05 have poor coverage of 22.18% and 

60.31%, respectively (Supplemental Table S3.2).  

Linkage mapping showed CBB phenotype segregated with the group-19 of the JoinMap 

grouping tree at LOD 9.0. Group-19 contained 93 markers (inclusive of redundant markers), 

Current study assigned group-19 as the long arm of chromosome D02 based on physical position 

and anchor marker (BNL2882) information (Shan et al. 2016). The removal of redundant 

markers and iteration-based ordering of the markers resulted in the refined ordering of SNPs on 

the long arm of D02. The resultant genetic map of the D02 long arm contained 31 SNP markers 

with a total map length of 8.43 cM and a marker density of 0.76 SNP/cM (Figure 3.2). Six 

redundant markers were also included in the i04900Gh flanking locus distal to telomere 

(i15323Gh, i04897Gh, i04898Gh, i14028Gh, i04904Gh, i04905Gh, i04907Gh) of CBB 

resistance (Figure 3.2). The CBB resistance gene (BB-13) was mapped at 0.47 cM to SNP 

i04890Gh proximal to telomere and 0.46 cM to i04900Gh SNP marker distal to telomere (Figure 

3.2). All the SNPs genetically mapped on the long arm of chromosome D02 were collinear with 

their genomic positions in the physical map (Figure 3.2). These mapped SNP markers 

corresponded to a genomic region of 1,442,843 bp between 133,045 bp to 1,575,888 bp on 

chromosome D02. This genomic region accounted for two percent of the total length of 

chromosome D02 (71,136,581 bp) and contained thirty putative gene sequences (Appendix L) 
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3.3.3 Candidate gene identification 

The CBB resistance locus (BB-13) in linkage analysis was mapped to a region between 

1,037,321 bp to 1,408,478 bp (Figure 3.2). From the combined analyses of current study along 

with a parallel and independent mapping effort using genome wide association study (Gowda et 

al. unpublished) the overlapping target genomic region for the CBB resistance was 371 Kb on 

D02 (Figure 3.4). Cotton reference genome scan in the orthologous genomic region between 

SNP markers i04890Gh and i04907Gh (1,037,321 to 1,408,478 bp) closely linked to CBB 

resistance locus (BB-13) identified a total of thirty putative genes (Appendix 5). Out of these, 

nine putative genes were reported to be involved in disease resistance mechanisms in plants 

(Table 3.1). The enrichment analysis of the identified thirty putative genes indicated that the 

cysteine-type peptidase activity and proteolysis activity are enriched (Supplemental Table S3.3). 

Further, the closest flanking markers for the CBB resistance locus BB-13 identified in this study 

are i25755Gh (1,147,586 bp) and i46775Gh (1,151,037 bp) (out of four markers that are 

proximal towards telomere). The nearest putative genes to marker i25755Gh & i46775Gh are 

viz., NAC DOMAIN-CONTAINING PROTEIN 14 (1,004,477 to 1,037,718 bp), DELLA 

PROTEIN GAI (1,053,601 to 1,054,329 bp), CYSTEINE-TYPE PEPTIDASE genes ULP1B 

(1,121,200 to 1,123,019 bp) and ESD4 (1,134,403 to 1,135,511 bp).  

The BB-13 locus may not be completely syntenic between the resistant varieties and the 

reference genome variety (TM1 CR1 v1) (Yang et al. 2019). Considering the larger genomic 

region (2.01 Mb) identified by the separate association mapping study (Gowda et al. unpublished), 

there were nineteen putative R-genes, of which four were NBS-LRR genes, six LRR repeat proteins 

and nine were WALL ASSOCIATED KINASES. The closest R-genes identified adjacent to the 
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overlapping region were At4g27190 (987,105 to 994,162 bp) and RGA4 (980,685 to 983,807 bp) 

located 46 to 55 Kb to flanking SNPs i25755Gh and i46775Gh (Table 3.1).  

3.4 DISCUSSION 

 

In the present study, we report on the identification of a major CBB resistance locus for 

Xcm race18 and its targeted genomic mapping on D02 using a linkage mapping approach. 

3.4.1 Genotyping 

 

Biparental RIL populations are routinely used in cotton for trait mapping (Ramesh et al. 

2019; Wang et al. 2019; Zhu et al. 2021). In the current study, the observed marker 

polymorphism was 9.06% and the marker density was 1.88 cM per marker in the RIL mapping 

population (Supplemental Table 3.1). The polymorphic SNPs in the linkage studies of intra G. 

hirsutum crosses using SNP array genotyping varied from 4.9 to 17.8% (Hulse-Kemp et al. 2015; 

Li et al. 2016; Tan et al. 2018; Ulloa et al. 2017; Zhang et al. 2019; Zhu et al. 2021). Marker 

density of constructed linkage maps ranges from 0.3 to 16.8 cM per marker (Semizer et al. 2015; 

Liu et al. 2021). Variation in SNP polymorphism is attributed to the diversity of the parents 

selected to develop the mapping population. Segregation distortion is a common phenomenon 

that leads to altered genetic distance and marker order (Xian et al. 2006). In the present study 

segregation distortion of 10.99% was observed (Supplemental Tables 3.4 & 3.5), which is lower 

than the reported high-density linkage maps in cotton (13.29% to 73.8%) (Li et al. 2016; Wang 

et al. 2019). Segregation distortion is attributed to preferential fertilization, genetic drift and 

chromosomal translocation (Kumar et al. 2019; Zhang et al. 2019). Marker grouping and 

ordering represent two major facets of linkage map development (Cheema and Dicks 2009). To 

cross verify any discrepancies in the grouping of markers a plot of recombination fractions and 
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LOD score between all the pairs of markers was developed (Supplemental Figure 3.1), these 

analyses indicate the absence of linkage between the SNPs belonging to different linkage groups 

inferring correct grouping of markers. The CIRCOS plot (Supplemental Figure 3.2) indicated the 

strong congruence between the linkage groups and sequence-based physical groups, suggesting 

there were no major translocations segregating in the mapping population. Comparison of 

genetic and physical maps using G. hirsutum cv. TM1 CRI v1 reference assembly indicated the 

uneven distribution of recombination across the chromosomes (Supplemental Figure 3.2). 

Uneven distribution of recombination may be due to the low crossing over and low gene density 

near the centromeres (Endo and Gill 1996; Wang et al. 2013).  

3.4.2 Mapping CBB resistance genes 

 

In the current study we mapped a major gene for resistance to CBB race 18 on 

chromosome D02. Using linkage mapping, CBB resistant locus (BB-13) is mapped within a 0.95 

cM region flanked by markers i04890Gh and i04907Gh. This corresponded to a genomic region 

of 371 Kb region on D02 long arm (1,037,321 to 1,408,478 bp). Multitude of markers and 

diverse genetic populations were used for mapping major gene for CBB resistance in cotton 

(Wright et al. 1998; Rungis et al. 2002; Xiao et al. 2009; Yang 2013). More than twenty major 

genes for resistance to CBB were reported in cotton so far (Knight and Clouston 1939; Bird and 

Blank 1951; Green and Brinkerhoff 1956; Knight 1963; Bird 1982; Bourland 2018; Zhang et al. 

2020). These twenty CBB resistance genes were identified in different accessions from diverse 

cotton germplasm and the resistance was race specific. The race specificity of few of these genes 

was determined using the host differentials (Hunter et al. 1968). Resistance to CBB as a 

quantitative trait was also reported by Wright et al. (1998) and Elassbli et al. (2021) (Figure 3.6). 

Chromosome D02 was reported to harbor five QTL (Wright et al. 1998; Elassbli et al. 2021) and 
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one major locus, B-12 (Wright et al. 1998; Rungis et al. 2002; Xiao et al. 2009; Yang 2013) for 

CBB resistance. Using an interspecific mapping population (from S295 × Pima S-7), B-12 was 

mapped 11.4 cM distal to RFLP marker pAR043 (69,740,119 bp) in the short arm of D02 

(Wright et al. 1998) and 0.9 cM distally to an SSR marker CIR246 (1,034,217 bp) on the long 

arm of chromosome D02 (Yang et al. 2013) (Figure 3.3). Intraspecific Upland cotton biparental 

mapping populations were also used to map the resistance to CBB on D02 (Rungis et al. 2002, 

Xiao et al. 2009). In these studies, the CBB resistance was named as the B-12 locus and it was 

mapped between SNP markers NG0207069 (638,901 bp) and NG0207155 (988,671 bp) (Xiao et 

al. 2009) (Figure 3.3). Further, the CBB resistance to race 18 was mapped as a major QTL 

between the RFLP markers pAR129 (5,458,991 bp) and pAR043 (69,740,119 bp) and as a major 

recessive QTL between RFLP markers pAR545 (9,516,281 bp) and pAR043 (69,740,119 bp) 

(Wright et al. 1998). Three major QTL viz., qBB-D02-1 (23,843,536 to 28,751,532 bp), qBB-

D02-2 (38637020 to 45029632 bp) and qBB-D02-3 (51219204 to 64169928 bp) conferring 

resistance to race 18 were identified recently by Elassbli et al. (2021) in an association mapping 

study (Figure 3.3). Although multiple studies confirmed that chromosome D02 carries resistant 

gene(s) to CBB, the precise number and location of the CBB resistance genes is unknown. This 

is evident from reporting of multiple map locations for B-12 gene and the identification of 

multiple QTL on chromosome D02 (Figure 3.3; Appendix M). In the absence of race 

differentials to precisely identify the unique CBB resistant genes, a comprehensive and 

systematic mapping of CBB resistance genes is needed. In the current study, the CBB resistance 

locus in Arkot 8102 was mapped and targeted to a small genomic region of 371 Kb (1,037,321 to 

1,408,478 bp) on chromosome D02 using the combined resolving power of a high-density 

linkage map and GWAS (Gowda et al. 2022, unpublished). Considering the unique map position, 
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we propose that CBB resistance in Arkot 8102 is due to a new gene(s) on chromosome D02 and 

is named the BB-13 locus (Figure 3.3). The resistance in Arkot-8102 is derived from Tamcot-

SP37 through Miscot-T8-27 (Bourland and Bridge 1988), Tamcot-SP37 is a selection from a 

complex cross involving Blightmaster, K4808, 39-11-20 and Paymaster-54 (Bourland and 

Bridge 1988). 

3.4.3 Candidate gene analysis 

 

The genomic region delineated by linkage mapping combined with association mapping 

by Gowda et al. (unpublished) (371 Kb; 1,037,321 to 1,408,478 bp) harbored thirty putative 

genes (Supplemental Table 3.5). Of these, nine are promising candidate genes for BB-13. Since 

the most significant GWAS MTAôs (i25755Gh; 1,147,586 bp and i46775Gh; 1,151,037 bp) was 

the flanking locus (proximal towards telomere) of BB-13, we propose that the resistance gene is 

localized either within the 371 Kb overlapping genomic region flanked by the SNP markers 

i25755Gh and i46775Gh or the genomic region immediately adjacent to these markers. The 

annotated putative genes within the identified region include NAC014 (NAC domain-containing 

protein 14), GAI (DELLA PROTEIN GAI), ULP1B (PUTATIVE UBIQUITIN-LIKE-SPECIFIC 

PROTEASE 1B) and ESD4 (UBIQUITIN-LIKE-SPECIFIC PROTEASE ESD4). As many as 

nineteen predicted R-genes were identified (Supplemental Table 3.5) in the 2.01 Mb region 

(543,166 to 2,553,694 bp) defined by the GWAS analysis. Apart from the candidate resistant 

genes in the overlapping region, a few of the important and unique candidate disease resistance 

genes in the GWAS defined genomic region are RGA3 (PUTATIVE DISEASE RESISTANCE 

PROTEIN RGA3; Position: 676,179 to 718,723bp), RGA4 (PUTATIVE DISEASE RESISTANCE 

PROTEIN RGA4; Position: 980,685 to 983,807bp) and At4g27190 (DISEASE RESISTANCE 

PROTEIN At4g27190; Position:987,105 to 994,162 bp), where RGA4 and At4g27190 found 
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distal to the one of the flanking SNP marker i46775Gh (1,151,037 bp) of BB-13 (Supplemental 

Table 3.5). The RGA3, RGA4 and At4g27190 contain NB-ARC and LRR domains. Numerous 

studies indicate NBS-LRR genes with these domains are involved in hypersensitive response to 

microbial disease of crop plants (Song et al. 1995; Zhou et al 1995; Zhou et al 2001; Feuillet et 

al. 2003). Further, the D-genome is reported to be skewed with higher numbers of R-genes (Chen 

et al. 2020) and CBB resistant genes (Wright et al. 1998). Nine genes that have potential to 

signal R-genes by acting as guard defenses were also found on D02 long arm (Table 3.1). Given 

the proximity of NBS-LRR genes to BB-13, and the potential for differences in synteny between 

the reference genome and the genomes of resistant BB-13 cotton varieties, we maintain that these 

NBS-LRR genes are strong candidates for BB-13. Further, NBS-LRR genes are known to occur 

in clusters and show variability between distinct varieties. Future work should focus on resolving 

the genomic sequence between the BB-13 flanking markers for resistant and susceptible cotton 

varieties.  

Breeding for resistance to CBB was carried out in cotton breeding programs in the US 

(Knight and Clouston 1939; Knight 1944; Bird and Blank 1951; Green and Brinkerhoff 1956; 

Knight 1963; Innes et al. 1974; Bourland and Bridge 1988; Zhang et al. 2020). Twenty-two races 

have been identified for Xcm (Zhang et al. 2020). Race 18 is the predominant race affecting 

cotton production in the U.S. As the race differentials are not available in cotton, identification 

and development of easily assayable molecular markers for CBB resistance and systematic 

cataloging of the resistance genes are the essential steps to develop durable resistance to CBB 

disease. Thus, mapping and identification of closely linked SNP markers i25755Gh and 

i46775Gh for the CBB resistance gene in the current study will help develop CBB resistant 
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cultivars using marker-assisted selection. Genomic targeting and identification of putative 

candidate genes would help map-based cloning of CBB resistant gene BB-13 in Upland cotton.  
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Figures 

 

Figure 3.1. Phenotypic responses of the G. hirsutum parental accessions Acala Maxxa and Arkot 8102 of 

the RIL population evaluated in the growth chambers using race 18 of CBB. (a) Cotyledons of Acala 

Maxxa showing water soaked susceptible CBB response phenotype and Cotyledons of Arkot 8102 

showing hypersensitive resistance CBB response phenotype. (b) True leaves of Acala Maxxa showing 

water soaked susceptible CBB response phenotype and True leaves of Arkot 8102 showing hypersensitive 

resistance CBB response phenotype. 
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Figure 3.2. Linkage map of the long arm of D02 developed from genotyping RILs (G. hirsutum cv. Acala 

Maxxa × G. hirsutum cv. Arkot 8102) with Cotton SNP 63k array. The position of CBB resistance is 

mapped to an interval between the SNP markers i04890Gh and i04907Gh. The figure also indicates the 

congruence of the genetic map of the D02 long arm with the sequence-based physical map of G. hirsutum 

cv. TM1 CRI v1 (Yang et al. 2019). 
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Figure 3.3. Analysis of major genes and QTLs detected in the previous studies relative to the BB13 

gene identified in the current study in a physical map of chromosome D02. The physical map 

positions were obtained using BLAST analysis of previously reported marker sequences for the CBB 

resistance on G. hirsutum cv. TM1 CRI v1 reference genome (Yang et al. 2019). 
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Table 3.1. Putative candidate genes for CBB resistance in the targeted genomic region identified using combined linkage mapping and 

association mapping analyses in the Upland cotton. 

Gene ID 
Gene 

Name 
Description Start End Domains Reference 

Gh_D02G012100 RGA4 

Putative disease 

resistance protein 

RGA4 

980685 983807 NB-ARC & LRR 

Song et al. 1995; Zhou et 

al. 1995; Zhou et al 2001; 

Feuillet et al. 2003 

Gh_D02G012200 
At4g2719

0 

Disease resistance 

protein At4g27190 
987105 994162 NB-ARC & LRR 

Song et al. 1995; Zhou et 

al. 1995; Zhou et al 2001; 

Feuillet et al. 2003 

Gh_D02G012500 NAC014 
NAC domain-

containing protein 14 
1004477 1037718 NAM 

Kaneda et al. 2009; Park et 

al. 2017 

Gh_D02G012800 GAI DELLA protein GAI 1053601 1054329 GRAS domain family 

De Vleesschauwer et al. 

2016; Hou et al. 2010; 

Wild et al. 2012 

Gh_D02G013400 ULP1B 

Putative ubiquitin-

like-specific protease 

1B 

1121200 1123019 

Ulp1 protease family 

& C-terminal 

catalytic domain 

Üstün and Börnke 2014; 

Gilroy et al. 2007; Shabab 

et al. 2008; Song et al. 

2009 

Gh_D02G013500 ESD4 

Ubiquitin-like-

specific protease 

ESD4 

1134403 1135511 

Ulp1 protease family 

& C-terminal 

catalytic domain 

Üstün and Börnke 2014; 

Gilroy et al. 2007; Shabab 

et al. 2008; Song et al. 

2009 

Gh_D02G013900 GAI DELLA protein GAI 1205161 1208450 GRAS domain family 

De Vleesschauwer et al. 

2016; Hou et al. 2010; 

Wild et al. 2012 

Gh_D02G014100 RPL38 
60S ribosomal 

protein L38 
1233364 1235198 

Ribosomal L38e 

protein family 
Nagaraj et al. 2015 
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Table 3.1 (continued). 

 

Gh_D02G014400 Ulp-1 
Sentrin-specific 

protease 
1308195 1309121 

Ulp1 protease family 

& C-terminal 

catalytic domain 

Üstün and Börnke 2014; 

Gilroy et al. 2007; Shabab 

et al. 2008; Song et al. 

2009 

Gh_D02G014600 ESD4 

Ubiquitin-like-

specific protease 

ESD4 

1322758 1324872 

Ulp1 protease family 

& C-terminal 

catalytic domain 

Üstün and Börnke 2014; 

Gilroy et al. 2007; Shabab 

et al. 2008; Song et al. 

2009 

Gh_D02G015100 CRT3 Calreticulin-3 1367646 1373635 
Calreticulin protein 

family 

Li et al. 2009; Matsukawa 

et al. 2013 
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Supplemental Figure S3.1. Heat map depicting the precise grouping and ordering of the SNP markers in 

the linkage groups, zoomed-in view for the D02 chromosome and its long arm. The upper triangle is the 

plot of recombination fractions of each marker in a linkage group plotted against all other markers within 

a linkage group and other linkage groups; lower triangle is the plot of LOD scores between the marker 

pairs. The yellow color indicates high linkage between markers; the blue color indicates the absence of 

linkage 
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Supplemental Figure S3.2. Compliance of genetically mapped SNP-based linkage groups with the 

sequence-based physical map groups of G. hirsutum cv. TM1 CRI v1 (Yang et al. 2019) 
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Supplemental Table S3.1. Summary of linkage map developed through Cotton SNP 63K array 

genotyping of RIL mapping population (G. hirsutum cv. Acala Maxxa × G. hirsutum cv. Arkot 

8102). 

Chromo

somes 

Linkage 

group 

Number 

of 

Markers 

Chromosome 

Size (cM) 

Marker 

density 

(cM) 

Gaps 

>10cM 

Distorted 

Loci 

Distorted 

Region(s) 

A01 LG1 129 235.87 1.83 8 13 1 

A02 LG2 103 161.81 1.57 5 21 4 

A03 LG3 62 179.60 2.90 4 1 0 

A04 LG4 32 97.61 3.05 2 1 0 

A05 LG5 210 277.24 1.32 6 14 0 

A06 LG6 66 171.79 2.60 6 17 2 

A07 LG7 95 208.14 2.19 6 6 0 

A08 LG8 170 274.54 1.61 8 21 1 

A09 LG9 39 117.03 3.00 3 4 0 

A10 LG10 134 172.73 1.29 2 15 1 

A11 LG11 59 230.22 3.90 5 3 0 

A12 LG12 74 178.62 2.41 5 5 1 

A13 LG13 77 203.52 2.64 6 2 0 

A genome 1250 2508.73 2.01 66 123 10 

D01 LG14 166 231.50 1.39 6 15 1 

D02 LG15 103 210.42 2.04 5 5 0 

D03 LG16 84 158.37 1.89 4 5 0 

D04 LG17 62 152.58 2.46 4 7 0 

D05 LG18 120 142.95 1.19 4 21 2 

D06 LG19 85 173.47 2.04 5 4 0 
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Supplemental Table S3.1 (continued). 

 

D07 LG20 156 258.74 1.66 8 27 2 

D08 LG21 235 267.65 1.14 3 32 2 

D09 LG22 89 176.55 1.98 5 6 1 

D10 LG23 128 187.15 1.46 4 32 5 

D11 LG24 41 171.18 4.18 5 2 0 

D12 LG25 85 200.94 2.36 7 9 0 

D13 LG26 26 102.39 3.94 2 1 0 

D genome 1380 2433.90 1.76 62 166 13 

Total 2630 4942.62 1.88 128 289 23 
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Supplemental Table S3.2. Coverage statistics of linkage map developed through cotton SNP 63K array genotyping of RIL mapping 

population (G. hirsutum cv. Acala Maxxa × G. hirsutum cv. Arkot 8102) in the sequence-based physical map of G. hirsutum cv. TM1 

CRI v1 (Yang et al. 2019). 

Chromosome 
Refernce genome 

length (bp) 
Start END 

Genome length spanned by 

Linkage groups (bp) 

Genome coverage 

percentage 

A01 115951030 1647873 115233293 113585420 97.96 

A02 105672547 443377 105263975 104820598 99.19 

A03 110122549 1833591 109419480 107585889 97.70 

A04 84627626 3021356 83612747 80591391 95.23 

A05 108863339 3823464 108740398 104916934 96.37 

A06 126108316 314932 124613185 124298253 98.56 

A07 96727820 207554 95704648 95497094 98.73 

A08 125568199 136155 124912428 124776273 99.37 

A09 83560072 64301490 82837297 18535807 22.18 

A10 114813049 20866477 114863381 93996904 81.87 

A11 119360914 17782 107492886 107475104 90.04 

A12 105775796 308754 90672912 90364158 85.43 

A13 108606954 606991 108097645 107490654 98.97 

A-genome 1405758211     1273934479 90.62 
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Supplemental Table S3.2 (continued). 

 

D01 64531584 328755 63349317 63020562 97.66 

D02 71136581 147073 68854741 68707668 96.59 

D03 53683183 340077 53037147 52697070 98.16 

D04 56270632 230897 54954880 54723983 97.25 

D05 64082227 24967822 63618975 38651153 60.31 

D06 66011140 292139 65914123 65621984 99.41 

D07 58837282 1281460 58101372 56819912 96.57 

D08 68676610 251864 68236855 67984991 98.99 

D09 52558513 1268727 51547833 50279106 95.66 

D10 65683246 175295 60132397 59957102 91.28 

D11 72546720 5493358 65356789 59863431 82.52 

D12 62677315 295839 60093429 59797590 95.41 

D13 63922515 1892399 57967203 56074804 87.72 

D-genome 820617548     754199356 91.91 

Total 2226375759     2028133835 91.10 
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Supplemental Table S3.3. Gene ontology terms enriched in the probable candidate genes of CBB 

resistance in the targeted genomic region of BB13 locus in the Upland cotton. 

Accession Name GO Type 
Input Gene 

Number 

All Gene 

Number 
Q-value 

GO:0008234 

Cysteine-type 

peptidase 

activity 

Molecular 

function 
4 (22.22%) 127 (0.28%) 5.70E-09 

GO:0006508 Proteolysis 
Biological 

process 
4 (22.22%) 935 (2.09%) 5.40E-05 
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CHAPTER 4 

Introgression of thrips resistance from Pima cotton (Gossypium barbadense L.) into Upland 

cotton (Gossypium hirsutum L.) 

ABSTRACT 

 

Thrips are one of the major early season insect pests that cause significant economic damage in 

Upland cotton in the U.S. Chemical control of thrips is expensive, unsafe during crop production 

and hazardous to the environment. Development and deployment of thrips resistant cultivars are       

the most effective and ecologically sustainable means of reducing thrips damage in Upland 

cotton.  Interspecific hybridization and backcrossing were performed to introgress thrips 

resistance from Pima cotton (Gossypium barbadense L.) cultivar Coastland 320 into Upland 

cotton (Gossypium hirsutum L.) cultivars Acala Maxxa (AM) and Fiber Max 966 (FM966). Two 

backcross populations from interspecific crosses (Coastland 320 x Acala Maxxa) and (Coastland 

320 x FiberMax 966) were developed and screened for thrips resistance in the field in summer 

2020, 2021 and 2022. Each year, selected plants were backcrossed further to susceptible Upland 

cotton recurrent parents. We identified 32 BC2F2 plants with thrips resistance and backcrossed 

further to develop BC3F1 plants. Eleven Acala Maxxa derived BC2F2 resistant introgression lines 

(ILs) and 21 FiberMax 966 derived BC2F2 resistant ILs were genotyped using Cotton 63K SNP 

array to identify the Pima introgressions. Resistant ILs NC21-644-1 (AM derived) and NC21-

738-1(FM derived); and NC21-581-1 (AM derived) and NC21-733-1 (FM966 derived) showed 

overlapped introgressed regions in chromosomes A10 and D11 respectively. In addition, ILs 

NC21-652-2 and NC21-661-1 obtained from AM share introgressions on chromosome D13, as 

do the ILs NC21-727-5 and NC21-758-1 obtained from FM966. These four ILs have 

introgressions that are situated in the same regions. Pima chromosome introgressions were 
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mainly found in chromosomes A01, A08, A09, A10, A11, D10, D11, D12, and D13. 

Characterization of thrips species in the screening nursery showed that predominant thrips 

species were tobacco thrips (Frankliniella fusca (Hinds)) followed by western flower thrips 

(Frankliniella occidentalis (Pergande)). The identified inbred ILs with thrips resistance would be 

a useful source of genetic variability for developing Upland cotton cultivars with pest resistance  

 

Keywords:  

Thrips resistance, host plant resistance, SNP, introgression, interspecific hybridization 
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4.1 INTRODUCTION  

 

Cotton is the leading natural fiber crop in the world. Cotton is an important field crop in 

the United States with 4,157,053 ha. harvested in 2021 (USDA-NASS, 2021). Throughout the 

cotton belt, cotton is affected by numerous pests and diseases. Among these pests, thrips 

(Thysanoptera: Thripidae) are one of the most problematic early season insect pests in Upland 

cotton (Gossypium hirsutum L.) in the US (Reay-Jones et al., 2019; Cook et al., 2011; 

Quisenberry and Rummel, 1979). They can cause moderate to high damage to seedlings if not 

controlled resulting in the yield reductions of more than 100 pounds of lint per acre (Reisig and 

Huseth, 2019; Layton and Reed, 2002). In 2021, 80% of acres were infested with thrips across 

the US causing an estimated loss of 102,878 bales (Cook and Threet, 2021). Cotton is more 

vulnerable to thrips attack than most other row crops. Thrips are generally the first insect pests to 

attack the cotton, which cause significant damage to the crop (Burris et al, 1989). This is due to 

the fact that the terminal buds of cotton seedlings develop slowly during the first 7 to 10 days 

after emergence (Layton & Reed, 2002). Thrips often concentrate their feeding in the terminal 

bud by piercing it with their mouthparts and sucking the contents, and this damage done to the 

young growing plant parts result in crinkled and distorted leaves as the plants grow (Layton & 

Reed, 2002). Prolonged feeding on seedlings causes replacement of plant tissues by air which 

results in silvery appearance of plant tissues (Telford and Hopkins, 1957; Reed and Reinecke, 

1990). Gradually the silvery areas become brown. In addition, heavy thrips infested young leaves 

generally have a crinkled, ragged appearance, and the margins curled upwards and inwards. Such 

appearance is termed as ópossum-eared cottonô (Layton and Reed, 2002). This damage caused by 

thrips on young cotton seedling has numerous consequences such as, stunted growth, death of the 

terminal bud causing loss of apical dominance leading to excessive vegetative branching referred 
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to as ñcrazy cottonò, reduced stand, and delayed fruiting and maturity (Gaines, 1934; Layton and 

Reed, 2002). Thrips damage is prominent during cool and wet periods when the seedlings are 

growing slowly. Other factors such as wind, blowing sand, herbicides injury, nematodes, and 

rain further compound the plant damage due to thrips (Vyavhare & Kerns, 2017). Cotton 

seedlings infested by thrips may have reduced plant height and leaf surface area causing delay in 

boll formation, development, and maturation which in turn delays fiber formation and on-time 

harvest (see review by Cook et al., 2011).  

Controlling thrips infestations is very difficult because of rapid population growth rates. 

Reproduction in thrips is typically haplodiploid (Mound, 2009; Reitz, 2009). Unmated female 

thrips produce only haploid male progenies, whereas mated females produce diploid female and 

haploid male progenies in a female biased sex ratio (Lewis, 1973; Moritz, 1997). Mated female 

thrips lay eggs that produce both males and females, whereas unmated females produce 

unfertilized eggs that develop into males. Mated females are known to live for about 35 days, 

and each female produces around fifty eggs. It just takes around 16 days for eggs to turn into 

adult thrips (Bohmfalk et al., 1996). Because of its short life cycle and high fecundity rate, thrips 

management is arduous.  

Thrips are generally polyphagous and have a wide host range that include crop and 

noncrop herbaceous and woody plants (Turina et al., 2012). There are as many as 13 species of 

thrips that infest cotton (Watts, 1937). However, five major thrips species that infest cotton in the 

U.S. are reported by Wang et. al. (2018). They are, 1. tobacco thrips, Frankliniella fusca (Hinds) 

(Thysanoptera: Thripidae), 2. flower thrips, Frankliniella tritici  (Fitch) (Thysanopetra: 

Thripidae), 3. western flower thrips, Frankliniella occidentalis (Pergande) (Thysanoptera: 

Thripidae), 4. onion thrips, Thrips tabaci (Lindeman) (Thysanoptera: Thripidae), and 5. soybean 
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thrips, Neohydatothrips variabilis (Beach) (Thysanoptera: Thripidae) (Stewart et al., 2013; Reay-

Jones et al., 2017). The most predominant thrips species found in cotton fields in North Carolina 

were tobacco thrips followed by western flower thrips (Bowman & McCarty, 1997; Wang et al., 

2018; Kaur et al., 2018).  

Thrips on cotton seedlings are generally controlled by the use of prophylactic insecticides 

either as a seed treatment or at planting in the seed furrow (Conzemius et al., 2023; Reay -Jones 

et al., 2017; Cook et al., 2011). However, failure of prophylactic measures may lead to the 

application of supplemental foliar spray to prevent yield limiting injury (Layton and Reed, 2020; 

Reay-Jones et al., 2017; Cook et al., 2011). The most commonly used insecticides to treat cotton 

seeds for controlling thrips are neonicotinoids (thiamthanoxam and imidacloprid) (Reay-Jones et 

al., 2017; Cook et al., 2011), however it has been reported that the resistance against the 

neonicotinoids insecticides has been overcome by the predominant thrips species -Frankliniella 

fusca (Wang et al., 2018; Huseth et al., 2016).  The use of at-planting systemic insecticides have 

been highly successful in thrips control and are recommended over foliar sprays due to increased 

persistence, reduced harm to beneficial insects, and occasionally higher yields (Reisig and 

Huseth, 2022). However, dependence on this management practice can lead to the development 

of pest resistance to insecticides, outbreak of secondary pests, pest resurgence and also pose 

great risk to the environment (Lewis, 1997; Hanson et al., 2017). 

Researchers have also documented a variation in thrips resistance in cotton. Various 

morphological traits such as pubescence, thicker lower epidermis and high gossypol traits were 

supposed to provide resistance against thrips. Studies on thrips resistance by different research 

groups concluded that the thrips resistance may not be completely associated with leaf 

pubescence (Wardle & Simpson; 1927; Watts, 1936; Ballard, 1951; Gawaad & Soliman, 1972; 
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Bowman & McCarty, 1997). However, some studies showed heavy pubescence contributing to 

thrips resistance in cotton (Rummel & Quisenberry 1979; Abdel-Bary et. al. 1969; Zareh 1985 

and Kaur et. al. 2018).  Other morphological traits contributing to thrips resistance in cotton 

include thick leaves with a waxy coating (Pandya and Patel, 1964), gossypol levels (Gawaad and 

Soliman, 1972), and thicker lower epidermis (Gawaad et. al., 1973).  

Reduced efficacy and economic and environmental impacts of insecticides and varied 

contribution of cotton morphological features for thrips resistance warrants the need for 

developing genetic resistance in cotton cultivars to thrips as a long term solution to ensure 

sustainable and economically viable cotton production. Evaluation of cotton in the field for their 

response showed differences in the levels of resistance or tolerance to thrips in cotton.  Upland 

cotton (Gossypium hirsutum L.) is generally considered as susceptible to thrips, whereas Pima 

cotton (Gossypium barbadense L.) showed variation for thrips resistance or tolerance to thrips 

(Kaur et al., 2018; Zhang et al., 2013; Bowman & McCarty, 1997). In general, cotton cultivars 

resistant or tolerant against thrips are beneficial as long as the yield is not affected (Conzemius et 

al., 2023; Greene et al., 2020; Reay-Jones, 2020). Identification and transfer of genetic resistance 

to thrips in cotton would be beneficial to growers to reduce the dependence on insecticides and 

improve the economic viability and sustainability of cotton production in the US.  

There were very few genetic analyses studies carried out for understanding the nature of 

thrips resistance in cotton. Genome wide association studies (GWAS) using a diversity panel of 

376 accessions (Tyagi et al. 2014) showed that thrips resistance was controlled by quantitative 

traits (Abdelraheem et al., 2021). Studies involving interspecific mapping populations developed 

from G. hirsutum L. x G. barbadense L. cross indicated thrips resistance in tetraploid cotton 

followed simple inheritance. For instance, in 14 F2 populations derived from crosses involving 
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four Pima and four Upland cotton crosses showed that the segregation of thrips resistance in 

seven populations was due to a single major gene, Thr  (3 resistant (R) : 1 susceptible (S)) 

(Zhang et al., 2013). Further, the 240 F2 plants derived from interspecific cross (G. hirsutum cv. 

CA 2266 x G. barbadense cv. TX 110) showed the presence of a second major gene (Thr2) 

controlling thrips resistance in cotton (Wann et al., 2017).   

In the current study we report on the development of two interspecific backcross 

populations {(Pima cotton cv. Coastland 320 x Upland cotton cv. Acala Maxxa) and (Pima 

cotton cv. Coastland 320 x Upland cotton cv. Fiber Max 966)}, which were used to identify the 

thrips resistant introgression lines and genotyped these ILs using Cotton 63K single nucleotide 

polymorphism (CottonSNP63K) array to identify introgressions from  Pima cotton into Upland 

cotton. 

4.2 Materials and Methods 

4.2.1 Plant materials and phenotyping in the field 

 

From a multi-year germplasm screening study, Pima cotton cultivar Coastland 320 

(CL320) (PI 608213) was identified as a good source of thrips resistance or tolerance (Figure 

4.1a) (Bowman & McCarty, 1997; Kaur et al., 2018). To transfer thrips resistance of CL320 into 

upland cotton, segregating backcross populations were developed in two different upland cotton 

cultivar (Acala Maxxa (AM)) (PI 540885) (Figure 4.1b), and FiberMax 966 (FM966)) (PI 

619097) (Figure 4.1c) backgrounds.  Briefly, AM and FM966 were used as female parents to 

cross with CL320 in summer 2017. Hybridization was done by manual emasculation and 

pollination under field conditions. The F1 plants were backcrossed to susceptible recurrent 

parents. For each generation, the backcross plants along with their parents and susceptible 
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control accessions were screened for thrips response in the field at Upper Coastal Plain Research 

Station (UCPRS), Rocky Mount, NC. The healthy looking plants with no thrips damage with 

score zero (0) were selected (Supplemental Figure S4.1).  Selected plants were manually selfed 

and at least 4 selfed bolls per plant were harvested from these selected plants resulting in 1284 

bolls in 2020, 156 in 2021, and 136 in 2022.  For field evaluation of these breeding populations, 

seeds were not treated with insecticides and no at-planting insecticides were applied and no 

insecticide sprays were performed until the cotton reached flowering stage. In all years, selected 

plants (Supplemental Figure S4.1) were manually selfed and at least 4 selfed bolls were 

harvested from each plant. 

Breeding scheme used for introgression of thrips resistance from Pima cotton into Upland 

cotton is diagrammatically represented in Figure 4.4. 

4.2.2 Identification of thrips species in the screening nursery  

 

Thrips species identification was done by selecting the four severely damaged plants of 

susceptible parents (AM and FM966) at 30 days after planting from each replication in the year 

2022. The damage caused by thrips was visually scored at 3-4 true leaf stages. Susceptible 

parents were planted in three replicates; one replicate at the very first of the field, second in the 

middle and the third at the end of the field. Thrips collection in the field was conducted as 

described by Rummel and Arnold (2006). Four highly susceptible plants from each replicate 

were cut by a pair of scissors at the ground level. Then the shoots of each genotype from each 

replication were immersed immediately in 1-liter mason jars containing soapy water. Each jar 

contained 4 samples. After taking the samples to the laboratory, they were vigorously shaken to 

dislodge the thrips. Samples and soapy water were poured into a 230-mesh testing sieve (U.S.  
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Standard Sieve Series No. 230, 8 inches diameter, 63 microns, 0.0025 inches opening; Dual 

Manufacturing Co., Chicago, IL 60618), and washed with running tap water. The dislodgedthrips 

and their larvae were stored into scintillation vials with 70% ethyl alcohol. Buchner funnel was 

used under vacuum with filter paper to separate thrips from the ethanol. Number of thrips (adult 

and larvae) were counted under a microscope. Thrips species were identified using slide-

mounted specimens viewed under a compound microscope at Plant Disease and Insect Clinic in 

North Carolina State University.  

4.2.3 Genotyping of the introgression lines (ILs) 

 

Leaf tissue samples of the first and/or second true young leaves of two weeks old 

seedlings of the 39 BC2F2 thrips resistant lines, 4 susceptible plants (two each from AM and 

FM966 derived lines), and three parental accessions were collected (in year 2021) in a 2 ml 

centrifuge tube and immersed immediately in liquid nitrogen.  Leaf tissue samples of six BC2F3 

AM derived lines, five BC2F3 FM966 derived lines, five BC3F1 AM derived lines, two BC3F1 

FM966 derived lines, three parental accessions and two susceptible lines were collected in 

summer 2022. Genomic DNA was extracted with the DNeasy Plant Mini Kit (Qiagen USA, 

Germantown, Maryland). DNA samples were quality checked and quantified using a NanoDrop 

ND ï 1000 spectrophotometer (Thermo Fisher Scientific, Massachusetts, USA). Phenotyped 

resistant and susceptible lines and the parents were genotyped with the CottonSNP63K array at 

Texas A&M Institute for Genome Sciences and Society as described in Hulse-Kemp et al. 

(2015).  

Out of 63,058 SNPs used in genotyping, 17,667 (28.01%) markers were polymorphic 

between the two parents (AM and CL320). Different steps carried out to filter 63,058 SNPs 
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resulted in 13,378 non-redundant markers. First, missing markers and heterozygous markers 

from parental lines were removed resulting in 46,046 markers. Then, monomorphic markers 

from parental lines were removed producing 17,667 markers. And, heterozygous markers and 

SNPs from RILs with missing values more than 30% were eliminated. Third, markers without 

any chromosomal information when aligned to the G. hirsutum cv. TM1 CRI_v1.0 reference 

genome (Yang et al., 2019) was removed eventuating in 13,355 markers. During this step, 

linkage maps used by Zhang et al.(2019), Zhu et al. (2021), and Shrestha et al. (2022) were used 

to assign the ambiguous homoelogous location on A and D sub-genomes to specific 

chromosomes.  

Of the total 63,058 SNPs used in genotyping, 17,200 (27.27%) markers were 

polymorphic between the two parents (FM966 and CL320). First, removing missing markers and 

heterozygous markers from parental lines resulted in 45,714 markers. Second, monomorphic 

markers from parental lines were removed eventuating in 17,200 markers. Then, heterozygous 

markers and SNPs from RILs with missing values more than 30% were eliminated. Third, 

markers without any chromosomal information when aligned to the G. hirsutum cv. TM1 

CRI_v1.0 reference genome (Yang et al., 2019) were removed eventuating in 12,966 markers. 

During this step, the same procedure as in the Acala Maxxa population was followed to assign 

the ambiguous homoelogous location on A and D sub-genomes to specific chromosomes.  

 

4.2.4 Identification of chromosomes having introgressed regions of Pima cotton into 

Upland cotton 

Chromosomes containing introgressed regions that contribute to thrips resistance were 

selected based on the frequency of individuals possessing a particular chromosome with 
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introgressed regions. For instance, among the AM derived BC2F2 ILs, 10 out of 11 lines had 

chromosomes A11 with an introgressed region (Supplemental Table S4.2).  

4.3 RESULTS 

4.3.1 Transfer of thrips resistance from Pima cotton into Upland cotton 

 

In summer 2019, 196 AM derived BC1F1 plants and 161 FM966 derived BC1F1 plants 

along with the eight parental accessions (four lines each of AM and FM966) were planted at the 

Central Crops Research Station (CCRS), Clayton, NC. The BC1F1 plants were backcrossed as 

females to the respective recurrent parents. In total we harvested seed of 432 BC2F1 families. Of 

432 BC2F1 families, 81 families seeds were discarded due to immature, unviable and/or very less 

(< 15) number of seeds for machine planting. This resulted in generating the 192 BC2F1 families 

belonging to AM and 159 BC2F1 families to FM966. 

4.3.2 Evaluation and selection of BC2F1 plants 

 

  In summer 2020, we planted 376 plots, which included 351 BC2F1 families and 25 plots 

of parental accessions (AM, FM966 and CL320) and red marker (LaLors) in the thrips screening 

nursery in Upper Coastal Plain Research Station (UCPRS), Rocky Mount, NC. Thrips response 

was recorded at 3-4 true leaf stages. Recurrent parents AM and FM966 showed clear susceptible 

response of thrips ranging from moderately to severely damaged to dead plants (score 2-5; 

Supplemental Figure S4.1).  Based on visual observation of plants to thrips damage, 321 

plants exhibited phenotype of thrips resistance (phenotypic score 0; Supplemental Figure S4.1). 

Of these selected plants, 159 plants were from the AM cultivar background (Figures 4.2 & 4.3a), 

and 162 plants from the FM966 background (Figures 4.2 & 4.3a).  The selected resistant plants 

were manually selfed by bagging the flower buds using glassine bags during flowering time. 
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4.3.3 Evaluation and selection of BC2F2 families 

 

In summer 2021, 344 BC2F2 families along with parental accessions and susceptible 

controls were screened for thrips screening in UCPRS, Rocky Mount, NC. Among these 321 

BC2F2 families, 159 were AM derived lines and 162 were FM966 derived lines. Other 23 plots 

included parental accessions (AM, FM966, and CL320), and red maker (La Lors). Based on 

visual observation for thrips reponse, 139 resistant BC2F2 plants were selected for manual selfing 

and advancing (Figure 3b). Of these, 70 plants were from AM background and 69 were from 

FM966 background. 

 Two BC2F2 families showed strong resistance against thrips. Most of the plants in these 

families were resistant. One family, NC21-522 belonged to the AM derivative and the other 

family, NC21-727 belonged to the FM966 derivative. Resistant plants of these families were 

manually selfed to advance them to generation BC2F3 stage and backcrossed to their respective 

recurrent parents as well to obtain BC3F1 generation.  

Selected resistant lines NC21-522 (NC21-522-3, NC21-522-5, NC21-522-6, NC21-522-

7) (BC2F2), which are AM derived, were crossed as male parents to female recurrent parent AM 

to obtain 115 backcrosses. Similarly, 190 backcrosses were made to FM966 as female parents 

using FM966 derived resistant lines NC21-727 (NC21-727-1, NC21-727-2, NC21-727-3, NC21-

727-4, NC21-727-5, NC21-727-6, NC21-727-7, NC21-727-8) (BC2F2) as male. In total 305 

backcrosses were made in 2021.  

4.3.4 Evaluation and selection of BC2F3 and BC3F1 families 

 

In summer 2022, 18 AM derived BC2F3 families, 26 FM966 derived BC2F3 families, 12 

AM derived BC3F1 families, 16 FM966 derived BC3F1 families along with 12 parental 
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accessions and 1 red marker family (La Lors) were evaluated for thrips response in thrips 

screening nursery at UCPRS, Rocky Mount, NC. Thrips resistant lines were selected based on 

visual observation. There was more thrips pressure in summer 2022 in the field. CL320 

displayed the phenotypic score of 1 and/or 2 (Supplementary Figure S4.1) while susceptible 

recurrent parents showed highest mortality.  Interestingly, CL320 showed quick recovery to 

normal seedling growth. Thrips pressure was so severe that most of the thrips resistant lines 

selected in the year 2021 also showed some level of thrips damage. Thus, the number of resistant 

plants selected for manual selfing and advancing were drastically reduced. This resulted in the 

identification and selection of 34 resistant plants in summer 2022. These include -15 BC2F3 

plants of AM background, six BC2F3 plants of FM966 background and nine BC3F1 families of 

AM background and four BC3F1 plants of FM966 background (Figure 4.3c). 

4.3.5 Characterization of thrips resistant introgressed region(s) with SNP markers 

 

 Based on the visual observation on BC2F2 population, which were phenotyped at 3-4 true 

leaf stage, leaf tissue from healthy seedlings of the ILs were selected which comprised of 11 

BC2F2  Acala Maxxa derived ILs and 21 BC2F2 Fiber Max 966 derived ILs. Genotyping of these 

ILs with SNPs showed that introgressed regions were found to be distributed across all the 26 

chromosomes. For instance, in the IL NC21-641-1 (BC2F2 AM derived), the introgressed regions 

were distributed across 21 chromosomes except A03, A04, A06, D09 and D12 (Table 4.1). In the 

IL, NC21-581-1 the introgressed regions were found in 20 chromosomes except A05, A12, A13, 

D04, D05 and D13 (Table 4.1). Similarly, IL NC21-652-2 also possessed introgressed regions in 

20 chromosomes except A02, A04, A08, A13, D01, D02, D03, D06 and D11. IL NC21-661-1 

possessed introgressed regions in 18 chromosomes except A02, A06, A13, D01, D02, D03, D06,  
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and D11 (Table 4.1). The four ILs NC21-551-1, NC21-610-2, NC21-630-1, and NC21-644-1 

consisted introgressed regions in 17 chromosomes. IL NC21-551-1 did not possess 

introgressions in A04, A06, D02, D03, D04, D07, D09, D10, and D13 (Table 4.1). IL NC21- 

610-2 lacked introgression in A03, A04, A05, A09, A10, A13, D07, D12, and D13, whereas IL 

NC21-644-1 has chromosomes A02, A04, A07, A11, D01, D02, D04, D06, and D09 sans 

introgressions (Table 4.1). Another IL NC21-571-1 possessed introgression in 14 chromosomes 

except A02, A03, A04, A05, A06, A09, A10, A12, D03, D05, D08, and D12 (Table 4.1). 

Similarly, IL NC21-557-1 has introgression in 9 chromosomes, namely A02, A08, A10, A11, 

A13, D01, D08, D11, and D13 (Table 4.1). And, IL NC21-568-1 has in 6 chromosomes, viz., 

A01, A07, A08, A11, A13, and D11 (Table 4.1).   

In the 21 BC2F2 Fiber Max 966 derived ILs, IL 21-724-1 has the highest number of 

chromosomes with introgressed regions from Pima cotton cv. Coastland 320. There are 13 

chromosomes, namely, A01, A03, A05, A08, A10, A11, A12, D01, D05, D06, D07, D09, and 

D12, whereas ILs NC21-694-1, NC21-750-2, NC21-758-1, and NC21-826-1 have introgressions 

on 11 chromosomes {(A01, A07, A08, A10, A11, A12, A13, D06, D07, D08 and D09), (A04, 

A05, A06, A09, A10, A13, D03, D05, D11, D12, and D13), (A01, A02, A04, A05, A09, A13, 

D04, D08, D09, D12 and D13), and (A02, A07, A08, A09, A10, A11, D01, D07, D08, D12, and 

D13)  respectively} (Table 4.2). Another five ILs NC-686-1, NC726-2, NC-727-3, 21-727-8, and 

21-772-1 each of them has 10 introgressed chromosomes {(A02, A05, A10, A11, A13, D05, 

D06, D11, D12, and D13), (A01, A03, A11, D05, D06, D08, D10, D11, D12 and D13), (A02, 

A06, A08, A09, A11, A12, A13, D02, D04, and D09), (A06, A09, A10, A11, A13, D02, D03, 

D06, D11 and D13), and (A02, A04, A05, A07, A08, A10, A13, D04, D05, and D12) 

respectively} (Table 4.2). The other IL 21-682-1 has 9 chromosomes (A07, A09, A10, A11, 
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D04, D07, D10, D11, and D12) constituting the introgressed region from the Pima cotton (Table 

4.2). 

The other four ILs ï NC21-690-1, NC21-727-7, NC21-738-1, and NC21-834-1 showed 

introgressions on 8 chromosomes. IL NC21-690-1 possessed chromosomes A03, A08, A09, 

D01, D03, D08, D11, and D12 (Table 4.2). In IL NC21-727-7, the chromosomes with 

introgressed regions are A01, A02, A05, A09, A11, A12, D08, and D10 (Table 4.2). The 8 

introgressed chromosomes in IL NC21-738-1 are A10, A13, D06, D08, D09, D10, D11, and D13 

(Table 2). Similarly, the IL NC21-834-1 possessed the chromosomes A03, A06, A09, A12, D03, 

D04, D12, and D13 constituting the introgressed regions (Table 4.2). Two ILs NC21-733-1, and 

NC21-798-1 possessed 7 chromosomes {(A08, A09, A10, A11, D02, D03, and D11), and (A03, 

A04, A11, D02, D04, D07, and D13) respectively} (Table 4.2). Similarly, ILs NC21-727-5 and 

NC21-804-1 consisted of introgressed regions in 6 chromosomes. IL NC21-727-5 possessed 

chromosomes A04, A08, A12, D03, D10, and D13, whereas IL NC21-804-1 consisted of 

chromosomes A04, A05, A08, A09, D03, and D05 (Table 4.2). The other IL NC21-828-1 

involved 5 chromosomes and they are A01, A02, A06, A09, and D03 (Table 4.2). Another IL 

NC21-700-1 had the least number of chromosomes that incorporated the introgressed regions. 

There are 4 chromosomes, namely, A03, A12, D03, and D13 (Table 4.2).  

We established different cut-off values for interstitial and telomeric (terminal) 

introgressed regions, with a limit of 300 Kb for the former and 100 Kb for the latter. A total of 

201 introgressed regions were identified in Acala Maxxa derived 11 BC2F2 ILs. Among these, 

127 were interstitial introgressions, while 74 were terminal introgressions (Supplemental Table 

S4.2). The smallest introgressed region identified was 138.74 Kb in size located in the telomeric 
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region of chromosome A03 in IL NC21-630-1, and defined by flanking markers i54615Gb and 

i62755Gt (Table 4.3). The largest introgressed region identified was 125.15 Mb in size, located 

in the interstitial region of chromosome A06 in IL NC21-581-1, and defined by flanking markers 

i52154Gb and i11460Gh (Table 4.3). Chromosomes A11 and A12 of IL NC21-551-1, 

chromosome A08 of IL NC21-581-1, chromosome D08 of IL NC21-630-1, chromosome A08 of 

IL NC21-641-1, and chromosome D05 of IL NC21-661-1 each possessed three introgressed 

regions, which were the highest number of introgressed regions (Supplemental Table S4.2). 

Similarly, Fiber Max 966 derived 21 BC2F2 ILs consisted of 198 introgressed regions, 

including 120 interstitial introgressions and 78 telomeric introgressions (Supplemental Table 

S4.3). The smallest introgressed region identified was 110.77 Kb in size located in the telomeric 

region of chromosome D13 in IL NC21-686-1, defined by flanking markers i13873Gh and 

i13885Gh (Table 4.4). On the other hand, the largest introgressed region was identified as 120.71 

Mb, which was situated in the interstitial region of chromosome A06 in IL NC21-834-1 and was 

defined by flanking markers i22405Gh and i11403Gh (Table 4.4). The maximum number of 

introgressed regions (three) was found in chromosome D11 of IL NC21-733-1 (Supplemental 

Table S4.3). 

The  AM derived BC2F2 IL NC21-644-1, and FM derived BC2F2 IL NC21-738-1, have 

overlapping introgressed regions (443,409 bp - 61,670,428 bp) flanked by markers i39966Gh 

and  i40279Gh in chromosomes A10, whereas the other AM derived BC2F2 IL NC21-581-1 and 

FM966 derived  IL NC21-733-1 share introgressions (193,350 bp ï 1,364,656 bp) flanked by 

SNPs  i06647Gh and  i06714Gh on chromosome D11 (Tables 4.3 & 4.4). Additionally, it is 

noteworthy that ILs NC21-652-2 (AM derived) and NC21-727-5 (FM966 derived) shared 
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introgressions (84,627 bp and 2,048,145 bp) flanked by markers i12952Gh and i52924Gb on 

chromosome D13, much like ILs NC21-661-1 (AM derived) and NC21-758-1 (FM derived), 

which also display common introgressions on the same chromosome (Tables 4.3 & 4.4). This 

suggests that these four introgressed lines have introgressions located in identical regions. 

Furthermore, there are overlapping regions of introgression in the FM966 derived ILs NC21-

727-3 and NC21-733-1, spanning from 136,055 bp to 4,762,380 bp on chromosome A08, 

flanked by the markers i03696Gh and i50019Gb (Table 4.4), whereas lines NC21-733-1 and 

NC21-750-2 share introgressed regions from 443409 bp to 61670428 bp, flanked by SNPs 

i39966Gh and i40279Gh markers (Table 4.4). Similarly, ILs NC21-727-3 and NC21-750-2, both 

derived from FM966, have a common introgressed region from 115,087,207 bp to 119,033,140 

bp on chromosome A11, bounded by markers i00811Gh and i53639Gb (Table 4.4). 

Most of the introgressed regions were identified in nine chromosomes, namely A01, A08, 

A09, A10, A11, D10, D11, D12, and D13, based on the frequency of presence of these regions in 

an individual. 

4.3.6 Identification of thrips species 

 

The field collected thrips samples in the year 2022 were counted and analyzed a total of 

114 thrips samples. Most predominant thrips species in the screening nursery were tobacco thrips 

(Frankliniella fusca (Hinds)), western flower thrips (Frankliniella occidentalis (Pergande)), and 

flower thrips (Frankliniella tritici (Fitch)). F. fusca was the dominant species (96.49%) followed 

by F. occidentalis (3.5%), and F. tritici  (0.01%) (Table 4.5; Figure 4.5). Collected samples 

consisted of 1,078 unidentified larvae which were excluded from the current results (Table 4.5). 
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4.4 DISCUSSION 

 

In the US, thrips infestation in cotton seedlings has resulted in an increased percentage of 

yield losses over time (Figure 4.6).  Pesticides, specifically, neonicotinoid seed treatments, in- 

furrow granular or liquid sprays, and foliar sprays (Wang et al., 2018; Studebaker et al., 2010; 

Greene 2010; Kerns et al., 2009) are generally used to control thrips in cotton. Heavy reliance on 

chemical pesticides strategies impose environmental threats and building up of resistance in the 

insects for these chemicals. Host plant resistance to thrips is the most feasible option of reducing 

the crop losses due to insects as it is an economically viable and ecologically sustainable method 

of crop management (Stout, 2014; Conzemius et al., 2023). There are currently no cotton 

cultivars used for commercial production that can fend against thrips (Conzemius et al., 2023; 

USDA AMS 2020; Bachman et al., 2017; Zhang et al., 2013; Cook et al., 2011). The transgenic 

cotton developed by Monsanto Company designated as MON 88702 consisting of Bacillus 

thuringiensis (Bt) toxin Cry51Aa2.834_16 displayed resistance to thrips to some extent  (Akbar 

et al., 2018; DôAmbrosio et al., 2020). However, its commercialization on a global scale is 

extremely slow because of regulatory approvals (Bayer 2021) and potential for developing 

resistance in thrips species. Therefore, identifying and deploying host plant resistance to thrips 

would help develop a long term integrated pest management strategies for reducing the losses 

due to thrips in cotton.  

The dominant thrips species present in our field trial was F. fusca. Other studies have 

also found F. fusca to be the dominant early season thrips species in cotton fields (Conzemius et 

al., 2023; Wang et al., 2018; Reay-Jones et al., 2017; Stewart et al., 2013). F. fusca is becoming 

resistant to neonicotinoid pesticides which is the most commonly used insecticide to treat cotton 

seeds for thrips control (Huseth et al., 2016). Therefore, there is an urgent need to develop cotton 
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cultivars with thrips resistance/tolerance to prevent the yield losses to thrips infestation while 

ensuring economic viability and sustainability of cotton production. 

In this study we attempted to introgress the thrips resistant Pima cotton (G. barbadense) 

into Upland cotton (G. hirsutum). G. hirsutum and G. barbadense are cross-compatible, but   

hybrid breakdown (Stephens, 1949; Stephens, 1950; Gore et al., 2014) has been a hindrance to 

introgress beneficial alleles from Pima cotton into Upland cotton. Hybrid breakdown is 

characterized by selective elimination of alleles, predominantly the G. barbadense alleles in the 

F2 and later generations, resulting in segregation distortion (Reinisch et al., 1994: Jiang et al., 

2000; Gore et al., 2014), loss of fitness, hybrid vigor, and fertility (Stephens, 1950: Gore et al., 

2014). However, there are evidences of successful introgressions of genes from Pima into 

Upland cotton. A dominant glandless gene (Gl2e) responsible for gossypol-free cotton, from 

óHai 1ô (G. barbadense) was introgressed into the genetic background of G. hirsutum (Yuan et 

al., 2000).  Zhang et al. (2012) reported the transference of verticillum wilt resistance from Pima 

to Upland cotton, however, its inheritance pattern is not clearly understood.  Spider mite 

resistance gene (S1), a dominant trait, was transferred from Pima cotton to Upland cotton (Zhang 

et al., 1992).  Similarly, a dominant resistant gene for verticillium wilt (Wilhelm et al., 1972), 

and a bacterial blight resistance gene (B5) (Percy & Kohel, 1999), were introgressed into Upland 

cotton from Pima cotton. Studies have also reported the transfer of pest resistance traits from 

diploid relatives cotton into Upland cotton. For example, reniform nematode (Retylenchus 

reniformis) resistance locus (Renari), a single dominant gene, was introgressed from G. aridum 

(D genome diploid) into chromosome 21 of  Upland cotton (G. hirsutum) (Romano et al., 2009), 

whereas tolerance to leafhopper was introgressed from a diploid A subgenome cotton species, G. 

arboreum into G. hirsutum on chromosomes A5 and A11, which was inherited in a simple 
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Mendelian fashion (Jindal et al., 2022). Although all the above studies involved the transfer of 

major genes, interspecific introgression of traits controlled by multiple genes or QTL are less 

frequent. Nevertheless, these studies corroborate the introgression of beneficial traits from 

secondary and tertiary gene pools in cotton despite the barriers existing in the interspecific 

hybridizations. 

 In the current study we observed the presence of both interstitial and terminal 

introgressions possibly contributing to thrips resistance (Tables 4.3 and 4.4; Supplemental Tables 

S4.2 and S4.3). Acala Maxxa derived BC2F2  IL  21-551-1 possessed the highest number (28) of 

introgressions followed by the IL NC21-641-1 with 27 introgressions and IL NC21-652-2 

consisting 22 chromosomes. ILs NC21-581-1 and NC21-661-1 had 20 introgressions each, and 

NC-630-1 had 19 (Supplemental Table S4.2). Similarly, among the 21Fiber Max 966 derived 

BC2F2 ILs, two ILs NC21-724-1 and NC21-758-1 possessed the highest number (13) of 

introgressions followed by three ILs  NC21-727-8, NC21-772-1 and  NC21-826-1 having 12 

introgressions and five ILs NC21-6582-1, NC21-686-1, NC21-694-1, NC21-726-2, and NC21-

750-2 with 11 introgressions. Two ILs NC21-690-1 and NC21-727-3 had 10 introgressions 

(Supplemental Table S4.3). In the selected BC2F2  ILs, Coastland 320 introgressions of more than 

100 Kb and 300 Kb in the telomeric and interstitial regions respectively were considered. A total 

of 201 introgressed regions were identified in Acala Maxxa derived 11 BC2F2 ILs and 198 in 

Fiber Max 966 derived 21 BC2F2 ILs.       

The four ILs NC21-652-2, NC21-661-1, NC21-727-5, and NC21-758-1 possessing the 

identical intogressed regions in chromosome D13 is of prime importance. Further evaluation of 

these lines will validate their response to thrips resistance. Additionally, the introgressed regions 
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identified on FM966 derived ILs NC21-733-1 and NC21-750-2 on chromosome A09 overlaps 

with the thrips resistance QTL reported by Abdelraheem et al (2021). 

Characterization of ILs with SNP markers showed that the introgrossed regions were 

distributed across all the chromosomes in both of the populations; Acala Maxxa and Fiber Max 

966 derived populations. The size of introgressed regions varied from one chromosome to 

another and there was no effect of background cultivar on the Pima cotton introgression size. 

Although we did not study the inheritance of the thrips resistance in the introgressions, the 

presence of introgressions on multiple chromosomes suggests that thrips resistance could be due 

to multiple major genes or minor genes with quantitative inheritance. This was also evident from 

the previous works that showed thrips resistance in cotton displaying both qualitative (Wann et 

al., 2017; Zhang et al., 2013) and quantitative inheritance (Abdelraheem et al., 2021).  

In the current study we introgressed thrips resistance region(s) from Pima cotton to 

Upland cotton and characterized the ILs with SNP markers. These BC2F2 ILs have been further 

backcrossed to the recurrent parents to develop near isogenic lines (NILs) with thrips resistance 

and to enable their evaluation in multi location trials for thrips response and agronomic 

performance. The germplasm lines with thrips resistance serve as an additional source of genetic 

variability for developing cultivars with pest resistance in cotton. 
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Figures 

 

 

Figure 4.1. Phenotypes of parental accessions infested by thrips at 2-3 true leaf stages in the field. Pima 

cotton cultivar Coastland 320 displaying resistance to thrips infestation in the year 2020 (Figure 4.1a) and 

2021 (Figure 4.1b). Upland cotton cultivar Acala Maxxa showing damage caused by thrips infestation in 

the year 2020 (Figure 4.1c), and 2021 (Figure 4.1d). Upland cotton cultivar Fiber Max 966 displaying 

susceptible phenotype due to damage caused by thrips in the year 2020 (Figure 4.1e), and 2021 (Figure 

4.1f). 
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Figure 4.2. Screening of parental accessions Pima cotton cultivar Coastland 320, and Upland cotton 

cultivar Acala Maxxa and Fiber Max 966 along with their BC2F1 derivatives for thrips response at Upper 

Coastal Plain Research Station (UCPRS), Rocky Mount, NC in summer 2020. Acala Maxxa (Figure 

4.3a), and Fiber Max 966 (Figure 4.3b) displaying susceptible phenotype, and Coastland 320 (Figure 

4.3c) exhibiting resistant phenotype in the field condition. Some BC2F1 line exhibited resistant phenotype 

(Figure 4.3d), and some lines segregated for resistant and susceptible phenotypes for thrips infestation 

(Figure 4.3e, 4.3f, 4.3g, and 4.3h)  
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Figure 4.3. Response to thrips infestation exhibited by parental accessions and their BC2F1, BC2F2, 

BC2F3, and BC3F1 derivatives. BC2F1 derivatives [{(CL320 x AM & FM966) x AM & FM966} x AM & 

FM966] screening for thrips resistance displayed resistant, susceptible and segregation phenotype in the 

year 2020 (Figure 4.4a). Screening of BC2F2 derivatives, obtained by manual selfing of BC2F1, narrowed 

down the numbers of resistant and susceptible lines, along with the segregation lines in the year 2021 

(Figure 4.3b). Selfing and backcrossing of BC2F2 that resulted in BC3F1 and BC2F3, which when screened 

for thrips resistance in the year 2022 further narrowed down the numbers of resistant lines. Resistant and 

susceptible BC3F1 and BC2F3 are presented in Figure 4.3c 
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Figure 4.4. Breeding scheme used for introgressing thrips resistance from Pima cotton to Upland cotton. 
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Figure 4.5. Predominant thrips species identified in a cotton thrips screening nursery in Rocky Mount, 

NC in summer 2022. The most predominant thrips species were tobacco thrips (Frankliniella fusca) 

(Figure 5a) followed by western flower thrips (F. occidentalis) (Figure 4.5b), and flower thrips (F. tritici ) 

(Figure 4.5c). 
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Figure 4.6. Cotton yield loss estimates due to thrips infestation for the US during 1979 to 2021. Trend 

(dotted linear line) shows the increasing pattern of loss estimates over the years. 
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Tables 

 

Table 4.1. Chromosomes showing the introgressed regions from Pima cotton to Upland cotton     

 in Acala Maxxa derived 11 BC2F2 introgressed lines 

Chromo

some 

NC21

-551-

1 

NC21

-557-

1 

NC21

-568-

1 

NC21

-571-

1 

NC21

-581-

1 

NC21

-610-

2 

NC21

-630-

1 

NC21

-641-

1 

NC21

-644-

1 

NC21

-652-

2 

NC21

-661-

1 

A01 Y N Y Y Y Y Y Y Y Y Y 

A02 Y Y N N Y Y Y Y N N N 

A03 Y N N N Y N Y N Y Y Y 

A04 N N N N Y N N N N N Y 

A05 Y N N N N N Y Y Y Y Y 

A06 N N N N Y Y N N Y Y N 

A07 Y N Y Y Y Y N Y N Y Y 

A08 Y Y N Y Y Y Y Y Y N Y 

A09 Y N Y N Y N Y Y Y Y Y 

A10 Y Y Y N Y N Y Y Y Y Y 

A11 Y Y Y Y Y Y Y Y N Y Y 

A12 Y N N N N Y N Y Y Y Y 

A13 Y Y N Y N N N Y Y N N 

D01 Y Y N Y Y Y Y Y N N N 

D02 N N N Y Y Y N Y N Y N 

D03 N N N N Y Y Y Y Y Y N 

D04 N N N Y N Y N Y N Y Y 

D05 Y N N N N Y Y Y Y Y Y 

D06 Y N N Y Y Y N Y N N N 

D07 N N N Y Y N Y Y Y Y Y 

D08 Y Y N N Y Y Y Y Y Y Y 

D09 N N N Y Y Y Y N N Y Y 
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Table 4.1 (continued). 

 

D10 N N N Y Y Y Y Y Y Y Y 

D11 Y Y Y Y Y Y Y Y Y Y N 

D12 Y N N N Y N Y N Y Y Y 

D13 N Y N Y N N N Y Y Y Y 

Total no. 

of 

chromos

omes 

having 

introgres

sed 

regions 

17 9 6 14 20 17 17 21 17 20 18 

 

Note: 
ǒ Y indicates the chromosome having introgressed region from Pima cotton to Upland cotton in 

that particular chromosome. 

ǒ N indicates thechromosome that does not possess introgressed region from Pima cotton. 
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Table 4.2. Chromosomes showing the introgressed regions from Pima cotton to Upland cotton in Fiber Max 966 derived 21 BC2F2  

introgressed lines 

 

Chro

moso

me 

NC

21-

682-

1 

NC

21-

686-

1 

NC

21-

690-

1 

NC

21-

694-

1 

NC

21-

700-

1 

NC

21-

724-

1 

NC

21-

726-

2 

NC

21-

727-

3 

NC

21-

727-

5 

NC

21-

727-

7 

NC

21-

727-

8 

NC

21-

733-

1 

NC

21-

738-

1 

NC

21-

750-

2 

NC

21-

758-

1 

NC

21-

772-

1 

NC

21-

798-

1 

NC

21-

804-

1 

NC

21-

826-

1 

NC

21-

828-

1 

NC

21-

834-

1 

A01 N N N Y N Y Y N N Y N N N N Y N N N N Y N 

A02 N Y N N N N N Y N Y N N N N Y Y N N Y Y N 

A03 N N Y N Y Y Y N N N N N N N N N Y N N N Y 

A04 N N N N N N N N Y N N N N Y Y Y Y Y N N N 

A05 N Y N N N Y N N N Y N N N Y Y Y N Y N N N 

A06 N N N N N N N Y N N Y N N Y N N N N N Y Y 

A07 Y N N Y N N N N N N N N N N N Y N N Y N N 

A08 N N Y Y N Y N Y Y N N Y N N N Y N Y Y N N 

A09 Y N Y N N N N Y N Y Y Y N Y Y N N Y Y Y Y 

A10 Y Y N Y N Y N N N N Y Y Y Y N Y N N Y N N 

A11 Y Y N Y N Y Y Y N Y Y Y N N N N Y N Y N N 

A12 N N N Y Y Y N Y Y Y N N N N N N N N N N Y 
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Table 4.2 (continued). 

 

A13 N Y N Y N N N Y N N Y N Y Y Y Y N N N N N 

D01 N N Y N N Y N N N N N N N N N N N N Y N N 

D02 N N N N N N N Y N N Y Y N N N N Y N N N N 

D03 N N Y N Y N N N Y N Y Y N Y N N N Y N Y Y 

D04 Y N N N N N N Y N N N N N N Y Y Y N N N Y 

D05 N Y N N N Y Y N N N N N N Y N Y N Y N N N 

D06 N Y N Y N Y Y N N N Y N Y N N N N N N N N 

D07 Y N N Y N Y N N N N N N N N N N Y N Y N N 

D08 N N Y Y N N Y N N Y N N Y N Y N N N Y N N 

D09 N N N Y N Y N Y N N N N Y N Y N N N N N N 

D10 Y N N N N N Y N Y Y N N Y N N N N N N N N 

D11 Y Y Y N N N Y N N N Y Y Y Y N N N N N N N 

D12 Y Y Y N N Y Y N N N N N N Y Y Y N N Y N Y 

D13 N Y N N Y N Y N Y N Y N Y Y Y N Y N Y N Y 
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Table 4.2 (continued).  

 

Total 

number 

of 

chrom-

osomes 

having 

introg-

ressed 

regions 

9 10 8 11 4 13 10 10 6 8 10 7 8 11 11 10 7 6 11 5 8 

Note: 
ǒ Y indicates the chromosome having introgressed region from Pima cotton to Upland cotton in that particular chromosome. 

ǒ N indicates thechromosome that does not possess introgressed region from Pima cotton.
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Table 4.3. Acala Maxxa derived 11 BC2F2 introgression lines with introgressed regions of 

greater than 100 kb at telomeric region and 300 kb at interstitial region (See the attachment). 

 

Table 4.4. Fiber Max 966 derived 21 BC2F2 introgression lines with introgressed regions of 

greater than 100 kb at the telomeric region and 300 kb at the interstitial region (See the 

attachment). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

152 

 

 

Table 4.5. Identification of thrips species prevalent in the thrips screening nursery in Upper 

Coastal Plain Research Station (UCPRS), NC in summer 2022.      

Sample Parental accession  Adult Species Number of thrips 

NC22-100 Acala Maxxa 

Tobacco thrips (Frankliniella fusca) 21 

Western flower thrips (Frankliniella 

occidentalis) 2 

Unidentified larvae 257 

NC22-058 Acala Maxxa 

Tobacco thrips (Frankliniella fusca) 15 

Western Flower thrips (Frankliniella 

occidentalis) 1 

Flower thrips (Frankliniella tritici) 1 

Unidentified larvae 65 

NC22-012 Fiber Max 966 
Tobacco thrips (Frankliniella fusca) 15 

Unidentified larvae 211 

NC22-002  Acala Maxxa 
Tobacco thrips (Frankliniella fusca) 12 

Unidentified larvae 154 

NC22-106  Fiber Max 966 
Tobacco thrips (Frankliniella fusca) 31 

Unidentified larvae 173 

NC22-068 Fiber Max 966 
Tobacco thrips (Frankliniella fusca) 16 

Unidentified larvae 218 
 

 

 

 

 

 

 

 

 

 

 

 



 

 

153 

 

 

Supplemental Figure 

 

Supplemental Figure S4.1. Screening of cotton genotypes for thrips resistance on a scale of 0-5, where 

score 0 indicates completely healthy plants with no thrips damage, and a score of 5 represents dead plants 

due to severe thrips damage.  
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Supplemental Table S4.1. Percent yield reduction in cotton due to thrips infestation from years 

1979-2021. 

Year % yield reduction  Year % yield reduction 

1979 0.30  2001 0.795 

1980 0.40  2002 0.447 

1981 0.21  2003 0.261 

1982 0.24  2004 0.559 

1983 0.6  2005 0.429 

1984 0.2  2006 0.382 

1985 0.67  2007 0.58 

1986 0.27  2008 0.515 

1987 0.12  2009 0.713 

1988 0.75  2010 0.193 

1989 0.36  2011 0.69 

1990 0.34  2012 0.374 

1991 0.13  2013 0.553 

1992 0.37  2014 0.417 

1993 0.88  2015 0.831 

1994 0.16  2016 0.423 

1995 0.34  2017 0.20 

1996 0.399  2018 0.24 

1997 0.470  2019 0.40 

1998 0.352  2020 0.53 

1999 0.272  2021 0.29 

2000 0.590    
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Supplemental Table S4.2 Number of telomeric and interstitial introgressed regions in Acala Maxxa derived 11 BC2F2 introgressed 

lines 

Chromosome 

NC21

-551-

1 

NC21

-557-

1 

NC21

-568-

1 

NC21

-571-

1 

NC21

-581-

1 

NC21-

610-2 

NC21

-630-

1 

NC21-

641-1 

NC21

-644-

1 

NC21

-652-

2 

NC21

-661-

1 

Grand Total 

Introgression 

A01 1  2 2 1 

2 

(1 T) 1 1 1 

2 

(1 T) 1 14 

A02 1 

1 

(1 T)   

1 

(1 T) 2 1 1    7 

A03 

2 

(1 T)    1  

1 

(1 T)  1 2 

1 

(1 T) 8 

A04     

1 

(1 T)      

1 

(1 T) 2 

A05 2      1 1 1 1 1 7 

A06     

1 

(1 T) 

1 

(1 T)   1 1  4 

A07 

1 

(1 T)  

1 

(1 T) 

1 

(1 T) 1 

1 

(1 T)  1  

1 

(1 T) 

1 

(1 T) 8 

A08 

1 

(1 T) 

1 

(1 T)  

1 

(1 T) 

3 

(1 T) 

2 

(1 T) 2 3 (1 T) 1  2 16 

A09 

2 

(1 T)  1  

1 

(1 T)  

1 

(1 T) 2  (1 T) 

1 

(1 T) 1 1 10 

A10 1 1 1  

1 

(1 T)  1 1 

2 

(2 T) 

1 

(1 T) 1 10 

A11 3 1 1 1 

1 

(1 T) 1 

2 

(1 T) 1 (1 T)  

2 

(1 T) 

1 

(1 T) 14 

A12 

3 

(1 T)     2  1 (1 T) 1 1 

1 

(1 T) 8 

A13 1 1  

1 

(1 T)    2 

1 

(1 T) 

1 

(1 T)  7 
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Supplemental Table S4.2 (continued). 

 

D01 

2 

(1 T) 1  1 

1 

(1 T) 

1 

(1 T) 

1 

(1 T) 1    8 

D02    

2 

(1 T) 

1 

(1 T) 

1 

(1 T)  2  1  7 

D03     

2 

(1 T) 

1 

(1 T) 

1 

(1 T) 2 1 1  8 

D04    1  1  1  2 2 7 

D05 1     1 

2 

(1 T) 1 2 1 

3 

(1 T) 11 

D06 2   1 

1 

(1 T) 

2 

(1 T)  1    6 

D07    1 1  1 1 1 1 1 7 

D08 2 

1 

(1 T)   1 

2 

(1 T) 3 1 1 1 1 13 

D09    

2 

(1 T) 

1 

(1 T) 

1 

(1 T) 1   1 1 7 

D10    

2 

(1 T) 1 

1 

(1 T) 

1 

(1 T) 

2 

(1 T) 1 1 

1 

(1 T) 10 

D11 2 1 1 1 

2 

(1 T)  

1 

(1 T) 

2 

(1 T) 1 1  12 

D12 1    

1 

(1 T)  1  2 1 1 7 

D13  1  

1 

(1 T)    1 

1 

(1 T) 

2 

(1 T) 

1 

(1 T) 7 

Telomeric 

introgression 6 3 1 7 14 11 8 6 4 6 8 74 

Interstitial 

Introgression 22 5 4 9 6 7 11 21 14 16 12 127 

Total 

introgression 28 8 5 16 20 18 19 27 18 22 20 201 

Note: 3 (1 T) means, total number of introgressions are 3, but one of them are introgressions at telomeric region, and two are introgressions at interstitial region 
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Supplemental Table S4.3. Number of telomeric and interstitial introgressed regions in Fiber Max 966 derived 21 BC2F2 

introgressed lines 

Chro

moso

me 
NC21

-682-1 

NC21

-686-1 

NC21

-690-1 

NC21

-694-1 

NC21

-700-1 

NC21

-724-1 

NC21

-726-2 

NC21

-727-3 

NC21

-727-5 

NC21

-727-7 

NC21

-727-8 

NC21

-733-1 

NC21

-738-1 

NC21

-750-2 

NC21

-758-1 

NC21

-772-1 

NC21

-798-1 

NC21

-804-1 

NC21

-826-1 

NC21

-828-1 

NC21

-834-1 

Grand  

Total 

Introg -

ression 

A01    

1 

(1T)  

1 

(1 T) 2   1     

1 

(1 T)     1  7 

A02  1      1  

1 

(1 T)     

1 

(1 T) 

1 

 

(1T)   1 

1 

(1 T)  7 

A03   

1 

(1 T)  1 1 1          

1 

(1 T)    

1 

(1 T) 6 

A04         1     

1 

(1 T) 

2 

(1 T) 

1 

(1 T) 1 

1 

(1 T)    7 

A05  1    1    1    1 

2 

(1 T) 1      7 

A06        1   

1 

(1 T)   1      

2 

( 1 T) 1 6 

A07 

1 

(1 T)   

1 

(1 T)            

2 

(1 T)   1   5 

A08   1 1  1  

1 

(1 T) 

1 

(1 T)   

1 

(1 T)    

2 

(1 T)  

1 

(1 T) 1   10 

A09 1  1     1  1 

1 

(1 T) 

1 

(1 T)  

1 

(1 T) 1   1 1 

1 

(1 T) 

1 

(1 T) 12 

A10 1 2  

1 

(1 T)  1     1 1 

1 

(1 T) 

1 

(1 T)  1   

1 

(1 T)   11 

A11 

1 

(1 T) 

1 

(1 T)  

1 

(1 T)  

1 

(1 T) 

1 

(1 T) 

1 

(1 T)  

1 

(1 T) 1 

1 

(1 T)     1  1   11 

A12    

1 

(1 T) 

1 

(1 T) 

1 

(1 T)  1 

1 

(1 T) 1           

1 

(1 T) 7 
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Supplemental Table S4.3 (continued). 
 

A13  1  

1 

(1 T)    

1 

(1 T)   

1 

(1 T)  

1 

(1 T) 1 1 1      8 

D01   2   1             1   4 

D02        1   1 

1 

(1 T)     

1 

(1 T)     4 

D03   

1 

(1 T)  1    

1 

(1 T)  1 1  

1 

(1 T)    1  

1 

(1 T) 

1 

(1 T) 9 

D04 

1 

(1 T)       1       

1 

(1 T) 

1 

(1 T) 1   1 1 7 

D05  1    1 1       1  

1 

(1 T)  1    6 

D06  1  1  1 1    

1 

(1 T)  1         6 

D07 1   

1 

(1 T)  

1 

(1 T)           1  1   5 

D08   

1 

(1 T) 1   1   1   1  

1 

(1 T)    1   7 

D09    

1 

(1 T)  

1 

(1 T)  1     

2 

(1 T)  1       6 

D10 2      1  1 1   

1 

(1 T)         6 

D11 1 1 1    1    2 

3 

(1 T) 1 

1 

(1 T)        11 

D12 2 1 2   1 1       1 1 1   

1 

(1 T)  1 12 

D13  

1 

(1 T)   1  1  1  

2 

(1 T)  

1 

(1 T) 1 1  1  

2 

(1 T)  1 13 
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Supplemental Table S4.3 (continued). 
 

Tel

om

eric 

intr

ogr

essi

on 3 2 3 8 1 5 1 3 3 2 5 5 5 5 6 6 2 2 3 4 4 78 

Inte

rstit

ial 

intr

ogr

essi

on 8 9 7 3 3 8 10 7 3 6 7 4 2 6 7 6 5 3 9 3 4 120 

Total 11 11 10 11 4 13 11 10 6 8 12 9 7 11 13 12 7 5 12 7 8 198 

 
 

Note: 3 (1 Telo) means, total number of introgressions are 3, but one of them are introgression at telomeric region, and two are introgressions at 

interstitial region.
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APPENDICES 
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Appendix A. Calculation of gap, segregated loci and segregated distortion region in the RIL 

population (see the attached excel file). 

 

Appendix B. QTL obtained from Tripal Megasearch tool embedded in CottonGen webpage. A 

total of 4214 QTL are analyzed related to MIC, UHML, FU, FS, FEL, SFC, LP, LI, and PH (see 

the attached excel file). 
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Appendix C. QTL of fiber quality, yield and agronomic traits identified in the RILs population of NC05AZ06 and NC11-2091 cross 

evaluated at Central Crops Research Station, Clayton, NC in years 2016 and 2017 (Zhang et al. 2019) 

 

Trait QTL  Year Range Peak LOD PVE AE 

MIC  qMIC-CH10-1* 16 233.43-252.01 244.08 11.4 16.2 -0.25 

  17 233.43-252.01 243.58 9.1 16.2 -0.207 

 qMIC-CH24-1* 16 71.47-87.7 81.76 16.3 25.8 0.335 

  17 68.4-87.7 78.81 12.5 23 0.256 

 qMIC-CH25-1* 16 102.67-109.11 104.67 3.3 4.1 0.128 

  17 92.32-112.58 102.67 6.1 10 0.167 

 qMIC-16-CH3-1 16 78.61-95.32 88.82 11.7 17.2 0.344 

 qMIC-16-CH6-1 16 0-15.09 3 7 19.3 0.274 

 qMIC-16-CH7-1 16 118.91-132.42 126.63 5 6.4 0.158 

  qMIC-17-CH25-2 17 58.93-59.91 59.91 3.4 5.2 0.117 

UHM  qUHM-16-CH23-1 16 111.44-130.21 120.46 5 8.2 0.024 

 qUHM-17-CH23-1 17 132.16-142.33 142.33 6.6 10.2 0.028 

 qUHM-16-CH5-1 16 0-4.58 0 6.5 11.2 -0.028 

 qUHM-17-CH5-1 17 74.41-95.71 87.3 5.8 8.8 0.026 

 qUHM-16-CH7-1 16 43.66-65.19 55.42 6.9 12.1 0.029 



   

163 

 

Appendix C (continued). 

 

 qUHM-17-CH7-1 17 17.16-35.23 22.56 6.1 10.1 0.027 

 qUHM-16-CH8-1 16 143.62-150.29 150.29 4.3 7.8 0.023 

 qUHM-17-CH21-1 17 158.54-171.02 171.02 3.8 5.5 0.02 

 qUHM-17-CH24-1 17 46.58-68.4 60.96 4.8 7.5 0.024 

 qUHM-16-CH24-1 16 123.73-142.8 134.44 6.7 11.9 0.028 

UI qUI-CH3-1* 16 46.82-68.03 58.14 10.4 21 -0.921 

  17 46.82-68.03 55.53 3.5 6 -0.386 

 qUI-CH11-1* 16 30.34-52.37 42.28 8.4 16.1 0.9 

  17 46-50.81 46 2.8 4.9 0.362 

 qUI-16-CH4-1 16 207.88-227.03 220.88 7.4 13 0.72 

 qUI-17-CH7-1 17 47.29-65.19 61.65 5.4 8.9 0.459 

 qUI-16-CH10-1 16 11.59-19.17 17.67 7.2 12.7 0.732 

 qUI-16-CH11-2 16 9.49-18.49 14.65 4.5 7.5 -0.614 

 qUI-16-CH12-1 16 152.39-163.74 156.51 4.1 7.2 0.548 

 qUI-17-CH21-1 17 6.05-24.36 17.12 6.1 10 0.488 

 qUI-17-CH22-1 17 67.73-79.76 77.25 5.7 9.5 0.483 

  qUI-17-CH26-1 17 28.88-46.13 39.93 7 13.1 -0.596 
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Appendix C (continued). 

 

FS qFS-CH2-1* 16 107.73-118.93 112.84 4.9 7.3 0.639 

  17 101.54-118.93 111.34 7.2 11.9 0.767 

 qFS-CH4-1* 16 1.53-11.28 4.22 3.9 6.2 0.573 

  17 0-8.64 8.64 3 4.1 0.425 

 qFS-CH19-1* 16 121.23-124.72 124.72 3.6 5.2 -0.519 

  17 112.85-133.39 121.23 7.3 11.8 -0.726 

 qFS-CH25-1* 16 98.22-115.15 108.63 9.4 15.6 -0.936 

  17 101.68-121.15 110.59 7.3 11.5 -0.701 

 qFS-16-CH10-1 16 132.81-152.55 142.57 5.4 8.4 0.678 

 qFS-17-CH13-1 17 9.58-15.12 15.12 3.7 5.6 0.502 

 qFS-17-CH14-1 17 8.8-28.94 21.46 7.5 11.9 0.736 

 qFS-17-CH21-1 17 31.07-45.91 39.35 5.4 8.2 0.609 

 qFS-16-CH21-1 16 93-113.32 103.43 5.2 7.9 0.678 

 qFS-16-CH22-1 16 52.69-63.22 56.26 3.7 5.8 -0.553 

  qFS-17-CH24-1 17 119.17-125.91 119.17 3.5 5.8 -0.502 

FE qFE-CH4-1* 16 156.02-172.58 167.72 4.7 7.1 -0.385 

  17 156.02-181.46 172.58 8.7 13.5 -0.562 

 



   

165 

 

Appendix C (continued). 

 

 qFE-CH5-1* 16 129.33-143.65 129.33 5 9.4 -0.452 

  17 138.14-152.07 148.56 5.1 7.3 -0.41 

 qFE-CH8-1* 16 58.29-74.89 68.12 7.7 12.3 0.507 

  17 65.15-85.78 71.03 5.3 7.5 0.437 

 qFE-CH19-1* 16 124.72-137.87 136.4 7.7 12.4 0.499 

  17 126.74-137.87 136.4 5.6 8.1 0.428 

 qFE-16-CH7-1 16 17.16-27.41 27.41 4.5 6.7 -0.373 

 qFE-16-CH16-1 16 113.05-131.94 119.54 4.6 7.4 0.384 

 qFE-17-CH20-1 17 44.97-56.56 49.96 4.1 5.8 0.366 

 qFE-16-CH20-1 16 111-121.92 121.92 3.8 5.7 -0.342 

  qFE-17-CH23-1 17 132.16-142.33 142.33 7 11.2 -0.503 

SFC qSFC-CH3-1* 16 44.13-59.15 58.64 3.9 7.9 0.664 

  17 46.82 46.82 2.5 18.4 0.807 

 qSFC-CH21-1* 16 16.12-17.12 16.12 2.8 4.9 -0.507 

  17 11.56-18.62 17.62 4.3 7 -0.493 

 qSFC-17-CH2-1 17 36.99 36.99 3.6 20.6 -0.837 

 qSFC-16-CH4-1 16 217.44-227.03 226.53 7.4 12.4 -0.811 
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Appendix C (continued). 

 

 qSFC-17-CH5-1 17 176.37 176.37 3.1 20.1 -0.828 

 qSFC-16-CH9-1 16 168.29-173.76 172.14 3.6 5.6 -0.562 

 qSFC-16-CH10-1 16 12.09-19.17 17.67 3.8 6 -0.582 

 qSFC-16-CH11-1 16 30.34-52.37 42.28 5.7 9.5 -0.729 

 qSFC-17-CH18-1 17 57.29 57.29 3.2 20.4 -0.827 

 qSFC-17-CH22-1 17 68.73-84.67 77.25 4.2 6.9 -0.507 

 qSFC-16-CH23-1 16 133.16-142.33 140.29 4.1 6.4 -0.58 

  qSFC-17-CH26-1 17 96.92-102.17 102.17 4.3 7 0.497 

BW qBW-16-CH4-1 16 204.27-222.9 214.51 9.3 14 0.217 

 qBW-17-CH4-1 17 156.02-181.46 171.61 8.9 12.1 0.251 

 qBW-17-CH4-2 17 75.25-92.29 89.69 4 5 0.159 

 qBW-17-CH7-1 17 2.69-11.31 7 4.3 5.4 0.168 

 qBW-16-CH11-1 16 78.54-92.09 88.65 4.8 6.4 0.149 

 qBW-17-CH12-1 17 80.19-99.78 92.64 6.7 8.6 0.222 

 qBW-16-CH14-1 16 33.01-46.41 41.29 5.1 6.9 0.153 

 qBW-16-CH16-1 16 35.22-54.81 44.41 6.7 9.9 0.192 

 qBW-17-CH17-1 17 143.82-164.6 153.1 7.1 9.6 0.221 
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Appendix C (continued). 

 

 qBW-16-CH22-1 16 91.66-106.73 91.66 7.8 12.4 0.212 

  qBW-17-CH25-1 17 38.72-50.82 44.6 5.5 7.1 0.196 

LP qLP-CH24-1* 16 58-78.32 66.92 11.2 16.6 1.885 

  17 58-76.37 65.94 7.3 8.8 1.208 

 qLP-CH25-1* 16 86.34-105.64 97.24 4.5 5.9 1.077 

  17 97.24-115.15 107.65 12.5 17.7 1.666 

 qLP-16-CH4-1 16 106.65-115.64 111.13 5.4 7.4 1.245 

 qLP-16-CH8-1 16 64.67-72.49 69.56 5.8 7.6 1.252 

 qLP-17-CH14-1 17 61.88-75.77 68.84 11.1 15.2 1.561 

 qLP-17-CH15-1 17 19.71-38.68 31.04 5.1 6.1 1.017 

 qLP-16-CH24-2 16 128.96-149.29 141.3 5.2 6.7 1.185 

 qLP-16-CH25-2 16 164.25-178.66 174.63 5 6.5 1.135 

SI qSI-CH12-1* 16 80.19-98.29 91.65 14.8 27.1 0.712 

  17 80.19-100.77 90.17 14.8 30.4 0.669 

 qSI-CH15-1* 16 19.71-38.68 33.54 10.7 17.5 -0.432 

  17 19.71-47.61 38.68 6.7 10.6 -0.332 

 qSI-17-CH7-1 17 126.63-141.29 129.79 4.4 7 0.271 
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Appendix C (continued). 

 

 qSI-16-CH9-1 16 0-1.51 0 4.2 6 0.254 

 qSI-17-CH14-1 17 88.04-100.05 98.08 3.8 6.9 -0.271 

 qSI-17-CH15-2 17 141.83-159.08 152.59 4.7 7.4 -0.248 

 qSI-16-CH16-1 16 47.06-61.27 53.76 4.2 6 0.256 

 qSI-16-CH18-1 16 131.59-145.87 138.43 5 6.9 0.264 

  qSI-17-CH26-1 17 102.17-114.07 109.53 3.9 5.8 0.239 

LI  qLI-CH7-1* 16 129.79-141.29 139.78 3.1 4.2 0.176 

  17 115.94-136.19 120.95 6.2 8.4 0.276 

 qLI-16-CH2-1 16 4.21-17.19 11.03 7 10.8 0.297 

 qLI-17-CH4-1 17 60.45-75.25 71.36 4.9 6.1 0.246 

 qLI-16-CH9-1 16 183.45-203.28 193.74 5.9 8.9 0.266 

 qLI-16-CH12-1 16 79.71-99.78 90.17 8.9 13.5 0.324 

 qLI-17-CH14-1 17 153.61-158.4 155.68 5.5 7.1 0.244 

 qLI-16-CH16-1 16 42.28-51.69 46.01 4.3 6.8 0.317 

 qLI-17-CH17-1 17 111.31-126.18 121.67 5.6 7 0.251 

 qLI-17-CH22-1 17 84.67-103.29 94.72 13.7 21.1 0.437 

  qLI-17-CH24-1 17 55.56-76.86 66.92 9.2 12.6 0.337 
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Appendix C (continued). 

 

PH qPH-17-CH4-1 17 141.1-156.02 147.97 4.5 8.1 -2.025 

 qPH-17-CH7-1 17 48.29-54.39 50.34 3.6 6.5 -1.705 

 qPH-17-CH8-1 17 52.05-72.01 56.8 5.5 10.3 -2.557 

 qPH-17-CH9-1 17 173.76-193.74 185.58 7.9 15.8 -2.625 

  qPH-17-CH19-1 17 114.85-132.4 124.72 5.8 10.4 -2.204 

FG qFG-CH22-1* 16 124.58-134.55 134.55 23.5 39.2 24.361 

  17 124.09-134.55 134.55 28.4 48 29.28 

 qFG-CH25-1* 16 88.36-108.63 98.71 14.8 19 -15.112 

  17 98.71-104.67 101.19 4 3.6 -7.972 

 qFG-17-CH8-1 17 65.15-76.34 72.49 8.2 8.1 -12.182 

  qFG-16-CH25-2 16 11.52-24.44 22.89 6.3 6.6 10.494 

*
QTLs identified in both years        

a
MIC micronaire; UHM upper half mean; UI uniformity index; FS fiber strength; FE fiber elongation; SFC short fiber content; BW boll weight; LP lint percentage; SI seed index; LI lint index; PH plant height; FG fuzzless 

grade of seed 

 b
PVE phenotypic variation explained       

c
AE additive effect       
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Appendix D. Quantitative trait loci (QTL) for six fiber quality traits and one yield trait identified in the recombinant inbred 

line population (Zhu et al., 2021) 

 

      

Genetic map 

position         

Trait QTL name Year Peak Start End RĮ◔ LOD Additive effect 

LP qLP-chr18-1 2016/2017 118.22 114.74 120.54 0.103 3.6 0.01 

 qLP-chr21-1 2016/2017 22.11 14.11 28.68 0.146 4.8 0.01 

MIC qMIC-chr05-1 2016 114.45 108.89 129.69 0.119 4.6 0.17 

 qMIC-chr10-1 2017 207.73 197.74 211.73 0.222 8.5 0.2 

 qMIC-chr14-1 2016 52.48 50.05 62.21 0.111 4.3 0.16 

 qMIC-chr18-1 2017 2.35 0.01 11.18 0.108 4.6 ī0.14 

 qMIC-chr21-1 2016 97.04 86.76 111.02 0.192 6.9 0.21 

 qMIC-chr25-1 2017 64.01 53.29 74.36 0.216 8 ī0.20 

 qMIC-chr25-2 2016 124.53 122.34 129.36 0.087 3.5 ī0.14 

UHML qUHML-chr09-1 2016/2017 11.65 0.01 13.27 0.126 4.2 0.02 

 qUHML-chr21-1 2016/2017 97.04 86.76 113.02 0.219 6.7 ī0.03 

 qUHML-chr21-2 2017 186.79 183.66 192.47 0.117 3.9 0.02 

 qUHML-chr23-1 2016/2017 90.25 81.77 93.66 0.172 5.3 ī0.02 
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Appendix D (continued). 

 

UI qUI-chr05-1 2017 231.02 228.5 231.65 0.106 3.5 ī0.36 

 qUI-chr07-1 2017 18.36 11.69 28.86 0.156 4.8 ī0.43 

 qUI-chr26-1 2016 109.4 92.9 117.29 0.191 5.9 0.53 

FS qFS-chr09-1 2016 152.51 141.89 176.28 0.166 5.5 0.8 

 qFS-chr15-1 2016 9.8 3.31 13.34 0.163 5.2 0.83 

 qFS-chr23-1 2016/2017 92.78 76.17 101.08 0.192 6.1 ī0.93 

FE qFE-chr05-1 2016 12.47 3.01 18.39 0.098 4.1 ī0.19 

 qFE-chr05-2 2016 61.52 54.82 83.16 0.079 4 0.18 

 qFE-chr11-1 2017 98.67 90.5 105.44 0.085 3.7 ī0.16 

 qFE-chr15-1 2016 4.64 0.01 12.36 0.108 4.38 ī0.20 

 qFE-chr15-2 2017 83.26 71.74 91.19 0.103 4.4 0.18 

 qFE-chr20-1 2016 40.72 35.16 49.62 0.091 3.8 0.18 

 qFE-chr20-2 2017 24.79 20.03 27.84 0.096 3.8 0.18 

 qFE-chr24-1 2016 71.36 66.88 78.52 0.09 3.6 0.18 

 qFE-chr26-1 2016 85.62 77.16 92.56 0.11 4.4 ī0.21 

 qFE-chr26-2 2017 116.71 111.84 127.42 0.101 4.1 ī0.18 

SFC qSFC-chr05-1 2016 22.49 13.65 35.34 0.108 3.7 0.24 
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Appendix D (continued). 

 

 qSFC-chr06-1 2016 58.96 57.74 63.96 0.098 3.7 ī0.24 

  qSFC-chr25-1 2016 2.27 0.01 8.08 0.187 6.2 ī0.33 

 FE, fiber elongation; FS, fiber strength; LP, lint percentage; MIC, micronaire; SFC, short fiber content; UHML, upper half mean length; UI, uniformity index. 

 Phenotypic variance explained by single QTL.       

 Logarithm of odds. The LOD threshold was 2.5. Values highlighted in bold are greater than each trait's permutation LOD value.  

 Positive additive effect indicates NC05AZ21 contributed the alleles in increasing the fiber quality or yield; negative additive effect indicates TX-2324 was the 

contributor. 
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Appendix E. Genetic and physical mapping details of the 3,517 SNPs used in the current study 

for genetic map construction and QTL mapping (see the attached excel file).



   

174 

 

Appendix F. Candidate gene analysis for the trait micronaire (MIC) located in the Chr.D11  
 

Principle 

Transcript ID  Gene name Description Avg. 20DPA Avg. 25DPA 

Avg. of 20 & 

25DPA 

Gh_D11G246300 ACT7 Actin-7 217.11 197.16 207.135 

Gh_D11G218100 RPL26A 60S ribosomal protein L26-1 139.3366667 196.48 167.9083333 

Gh_D11G237100 GSTF8 Glutathione S-transferase F8, chloroplastic 151.5166667 177.38 164.4483333 

Gh_D11G259100 UBC2 Ubiquitin-conjugating enzyme E2 2 185.1833333 129.8 157.4916667 

Gh_D11G211400 IRX15-L Protein IRX15-LIKE 99.68 196.19 147.935 

Gh_D11G229300 PUMP5 Mitochondrial uncoupling protein 5 176.6133333 112.09 144.3516667 

Gh_D11G264300 AGP14 Arabinogalactan peptide 14 231.3566667 34.15 132.7533333 

Gh_D11G249100 RPT2A 26S proteasome regulatory subunit 4 homolog A 88.17 94.83 91.5 

Gh_D11G253800 NA Glycine-rich protein A3 80.3 93 86.65 

Gh_D11G240000 NA NA 47.82666667 121.65 84.73833333 

Gh_D11G235300 ANN2 Annexin D2 128.8366667 39.59 84.21333333 

Gh_D11G264400 AGP14 Arabinogalactan peptide 14 127.0233333 30.19 78.60666667 

Gh_D11G216200 ACBP3 Acyl-CoA-binding domain-containing protein 3 60.61666667 88.38 74.49833333 

Gh_D11G218000 VDAC2 Mitochondrial outer membrane protein porin 2 77.01333333 69.67 73.34166667 

Gh_D11G266400 ACP1 Acyl carrier protein 1, chloroplastic 63.23 79.89 71.56 

Gh_D11G231700 rps6 40S ribosomal protein S6 65.99333333 58.83 62.41166667 
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Appendix F (continued). 

 

Gh_D11G226400 BRK1 Protein BRICK 1 92.40666667 29.86 61.13333333 

Gh_D11G243100 GSTU17 Glutathione S-transferase U17 57.3 55.78 56.54 

Gh_D11G211100 SCE1 SUMO-conjugating enzyme SCE1 83.97333333 17.35 50.66166667 

Gh_D11G262500 NA NA 65.78666667 32.49 49.13833333 

Gh_D11G242500 At2g21870 

Probable ATP synthase 24 kDa subunit, 

mitochondrial 50.86 45.36 48.11 

Gh_D11G239700 RPL30 60S ribosomal protein L30 51.99333333 42.07 47.03166667 

Gh_D11G256300 CBR1 NADH--cytochrome b5 reductase 1 57.52 36.21 46.865 

Gh_D11G265500 TRAPPC6B Trafficking protein particle complex subunit 6B 35.50666667 53.43 44.46833333 

Gh_D11G223500 COX6A Cytochrome c oxidase subunit 6a, mitochondrial 43.88666667 36.7 40.29333333 

Gh_D11G262400 

BACOVA_0265

9 Beta-glucosidase BoGH3B 19.06 55.83 37.445 

Gh_D11G269700 NA NA 26.15666667 46.92 36.53833333 

Gh_D11G251800 IDA Protein IDA 69.36333333 2.26 35.81166667 

Gh_D11G224700 At2g22730 

Probable sphingolipid transporter spinster homolog 

3 30.83333333 39.89 35.36166667 

Gh_D11G239500 CSI1 

Protein CELLULOSE SYNTHASE 

INTERACTIVE 1 32.34333333 38.06 35.20166667 

Gh_D11G270000 SIP1-2 Aquaporin SIP1-2 33.63333333 32.27 32.95166667 

 



   

176 

 

Appendix F (continued). 

 

Gh_D11G232000 RAB11A Ras-related protein Rab11A 38.11666667 25.3 31.70833333 

Gh_D11G258500 CAT2 Cationic amino acid transporter 2, vacuolar 31.54 30.48 31.01 

Gh_D11G264500 GLUTRBP 

Glutamyl-tRNA reductase-binding protein, 

chloroplastic 35.91333333 22.97 29.44166667 

Gh_D11G221100 PSK3 Phytosulfokines 3 9.006666667 48.79 28.89833333 

Gh_D11G235000 rplW 50S ribosomal protein L23 24.62333333 29.06 26.84166667 

Gh_D11G248100 At5g05010 Coatomer subunit delta 33.95333333 19.7 26.82666667 

Gh_D11G262300 

BACOVA_0265

9 Beta-glucosidase BoGH3B 38.30666667 14.17 26.23833333 

Gh_D11G209200 At5g67130 PI-PLC X domain-containing protein At5g67130 33.96666667 16.8 25.38333333 

Gh_D11G243600 NA NA 19.19666667 31.38 25.28833333 

Gh_D11G238100 ACX2 Acyl-coenzyme A oxidase 2, peroxisomal 24.68666667 21.57 23.12833333 

Gh_D11G272800 SEC 

Probable UDP-N-acetylglucosamine--peptide N-

acetylglucosaminyltransferase SEC 25.41 19.42 22.415 

Gh_D11G256900 NA NA 28.96333333 13.98 21.47166667 

Gh_D11G281400 MYOB1 Myosin-binding protein 1 25.30333333 17.16 21.23166667 

Gh_D11G270300 NA NA 21.08666667 20.95 21.01833333 

Gh_D11G276300 VPS62 Vacuolar protein sorting-associated protein 62 23.23666667 17.41 20.32333333 

Gh_D11G263100 Ipo5 Importin-5 29.04333333 11.22 20.13166667 
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Appendix F (continued). 

 

Gh_D11G269400 NAC079 NAC domain-containing protein 79 26.84333333 12.63 19.73666667 

Gh_D11G209500 NAPRT2 Nicotinate phosphoribosyltransferase 2 23.62 15.83 19.725 

Gh_D11G286000 At5g28300 Trihelix transcription factor GTL2 18.71333333 20.07 19.39166667 

Gh_D11G266600 PVA22 Vesicle-associated protein 2-2 24.55 13.79 19.17 

Gh_D11G231300 

DDB_G028401

9 LMBR1 domain-containing protein 2 homolog A 19.18666667 19 19.09333333 

Gh_D11G222100 At3g49720 Uncharacterized protein At3g49720 18.00666667 18.73 18.36833333 

Gh_D11G285900 RPI3 

Probable ribose-5-phosphate isomerase 3, 

chloroplastic 21.12 15.32 18.22 

Gh_D11G214600 NRAMP3 Metal transporter Nramp3 16.11 19.89 18 

Gh_D11G251300 ppk15 Serine/threonine-protein kinase ppk15 20.97 14.22 17.595 

Gh_D11G240200 SSM4 

ERAD-associated E3 ubiquitin-protein ligase 

DOA10 18.61333333 16.16 17.38666667 

Gh_D11G217200 CKA4 Casein kinase II subunit alpha-4, chloroplastic 14.72666667 19.35 17.03833333 

Gh_D11G226000 NA Heat shock 70 kDa protein, mitochondrial 26.15666667 7.78 16.96833333 

Gh_D11G212200 RER1A Protein RER1A 21.71666667 12.09 16.90333333 

Gh_D11G247700 CCT7 T-complex protein 1 subunit eta 17.97 14.38 16.175 

Gh_D11G266300 Tpra1 Transmembrane protein adipocyte-associated 1 19.28 11.24 15.26 

Gh_D11G233600 RPL29 50S ribosomal protein L29, chloroplastic 10.69666667 19.45 15.07333333 
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Gh_D11G267000 NA NA 6.796666667 22.79 14.79333333 

Gh_D11G274400 TUBB2 Tubulin beta-2 chain (Fragment) 13.45333333 15.87 14.66166667 

Gh_D11G213800 HDHD3 

Haloacid dehalogenase-like hydrolase domain-

containing protein 3 8.043333333 19.55 13.79666667 

Gh_D11G235500 ABCC1 ABC transporter D family member 1 11.89666667 15.53 13.71333333 

Gh_D11G228800 PAS2 

Very-long-chain (3R)-3-hydroxyacyl-CoA 

dehydratase PASTICCINO 2 19.05333333 7.98 13.51666667 

Gh_D11G251500 At3g25440 

Uncharacterized CRM domain-containing protein 

At3g25440, chloroplastic 1.9 24.95 13.425 

Gh_D11G266000 At1g09620 Leucine--tRNA ligase, cytoplasmic 14.56 11.76 13.16 

Gh_D11G257300 GLCAT14B Beta-glucuronosyltransferase GlcAT14B 4.836666667 21.14 12.98833333 

Gh_D11G229000 KIN14A Kinesin-like protein KIN-14A 13.29666667 12.41 12.85333333 

Gh_D11G243500 At5g64816 Uncharacterized protein At5g64816 14.88666667 10 12.44333333 

Gh_D11G233200 nas-23 Zinc metalloproteinase nas-23 24.31666667 0.2 12.25833333 

Gh_D11G208600 RNP1 Heterogeneous nuclear ribonucleoprotein 1 11.89 12.44 12.165 

Gh_D11G258400 MGAM Maltase-glucoamylase, intestinal 14.16666667 9.97 12.06833333 

Gh_D11G261900 BPA1 Binding partner of ACD11 1 11.78666667 11.98 11.88333333 

Gh_D11G241700 RBM39 RNA-binding protein 39 11.68 12.03 11.855 

Gh_D11G252400 CML8 Probable calcium-binding protein CML8 10.01666667 13.15 11.58333333 
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Gh_D11G238300 UFC Protein UPSTREAM OF FLC 3.723333333 18.86 11.29166667 

Gh_D11G234900 RABH1E Ras-related protein RABH1e 13.52666667 8.38 10.95333333 

Gh_D11G237600 NA NA 6.51 15.33 10.92 

Gh_D11G264000 APRL5 5'-adenylylsulfate reductase-like 5 13.08333333 8.48 10.78166667 

Gh_D11G277900 B''GAMMA  

Probable serine/threonine protein phosphatase 2A 

regulatory subunit B''gamma 8.296666667 13.18 10.73833333 

Gh_D11G210600 FPP7 Filament-like plant protein 7 12.21666667 8.07 10.14333333 

Gh_D11G218900 ARL8A ADP-ribosylation factor-like protein 8a 9.116666667 11.11 10.11333333 

Gh_D11G269900 APY2 Apyrase 2 12.02 7.8 9.91 

Gh_D11G220800 obg GTPase Obg 11.16666667 8.55 9.858333333 

Gh_D11G208800 RALFL34 Protein RALF-like 34 8.07 11.45 9.76 

Gh_D11G241800 NA NA 14.32 4.87 9.595 

Gh_D11G259700 MEMB11 Membrin-11 10.44666667 8.72 9.583333333 

Gh_D11G282000 CG4406 Putative GPI-anchor transamidase 10.96 8.02 9.49 

Gh_D11G208000 STY46 Serine/threonine-protein kinase STY46 10.56666667 8.09 9.328333333 

Gh_D11G258300 Mfap1 Microfibrillar -associated protein 1 8.436666667 9.99 9.213333333 

Gh_D11G224200 WDR5A 

COMPASS-like H3K4 histone methylase 

component WDR5A 9.333333333 8.59 8.961666667 
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Gh_D11G263300 SODCC.2 Superoxide dismutase [Cu-Zn] 2 9.476666667 8.36 8.918333333 

Gh_D11G215300 SRFR1 Suppressor of RPS4-RLD 1 9.896666667 7.64 8.768333333 

Gh_D11G241100 NA ATP synthase subunit delta', mitochondrial 8.323333333 9.16 8.741666667 

Gh_D11G215800 SBT1.7 Subtilisin-like protease SBT1.7 9.49 7.74 8.615 

Gh_D11G213200 HMA1 

Probable cadmium/zinc-transporting ATPase 

HMA1, chloroplastic 5.966666667 10.84 8.403333333 

Gh_D11G232100 NA NA 1.39 14.84 8.115 

Gh_D11G244000 SK1 Shikimate kinase 1, chloroplastic 9.646666667 6.47 8.058333333 

Gh_D11G214800 PUB4 U-box domain-containing protein 4 9.36 6.73 8.045 

Gh_D11G230000 At4g14600 Bet1-like protein At4g14600 7.57 8.4 7.985 

Gh_D11G230700 mgtB Magnesium-transporting ATPase, P-type 1 11.05333333 4.79 7.921666667 

Gh_D11G222400 BCAT2 

Branched-chain amino acid aminotransferase 2, 

chloroplastic 9.846666667 5.97 7.908333333 

Gh_D11G215700 NA NA 9.183333333 6.63 7.906666667 

Gh_D11G213100 MYB44 Transcription factor MYB44 8.17 6.97 7.57 

Gh_D11G269600 NAC047 NAC transcription factor 47 11.74666667 2.96 7.353333333 

Gh_D11G220000 ruvbl2 RuvB-like 2 7.256666667 6.63 6.943333333 

Gh_D11G255500 elmoA ELMO domain-containing protein A 6.78 7.1 6.94 
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Gh_D11G208300 CLASRP CLK4-associating serine/arginine rich protein 5.233333333 8.41 6.821666667 

Gh_D11G255700 At1g08700 Presenilin-like protein At1g08700 8.04 5.48 6.76 

Gh_D11G230100 olpB Cell surface glycoprotein 1 5.356666667 8.02 6.688333333 

Gh_D11G208100 NA NA 13.07666667 0.14 6.608333333 

Gh_D11G209300 At1g01540 Probable serine/threonine-protein kinase At1g01540 9.353333333 3.84 6.596666667 

Gh_D11G208400 NA NA 10.03666667 3.14 6.588333333 

Gh_D11G235100 At5g65000 CMP-sialic acid transporter 5 6.086666667 6.74 6.413333333 

Gh_D11G226500 CYOP Probable cytosolic oligopeptidase A 0.276666667 12.52 6.398333333 

Gh_D11G254300 UGPA UTP--glucose-1-phosphate uridylyltransferase 6.41 6.2 6.305 

Gh_D11G280300 DRIP2 E3 ubiquitin protein ligase DRIP2 6.426666667 5.54 5.983333333 

Gh_D11G273000 At5g63930 

Probable leucine-rich repeat receptor-like protein 

kinase At5g63930 7.65 4.07 5.86 

Gh_D11G255600 Rprd1b 

Regulation of nuclear pre-mRNA domain-

containing protein 1B 3.39 8.15 5.77 

Gh_D11G255000 AGD14 

Probable ADP-ribosylation factor GTPase-

activating protein AGD14 4.703333333 6.74 5.721666667 

Gh_D11G280500 PYRAB13050 UPF0056 membrane protein PYRAB13050 11.44333333 0 5.721666667 

Gh_D11G217100 fmdA Formamidase 0.656666667 10.73 5.693333333 

Gh_D11G281200 FLK Flowering locus K homology domain 4.83 6.54 5.685 
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Gh_D11G219800 HHP4 Heptahelical transmembrane protein 4 7.046666667 4.05 5.548333333 

Gh_D11G278100 CKI1 Casein kinase 1 7.046666667 3.99 5.518333333 

Gh_D11G252000 yabD Uncharacterized metal-dependent hydrolase YabD 6.443333333 4.59 5.516666667 

Gh_D11G258900 BPM4 BTB/POZ and MATH domain-containing protein 4 4.58 6.43 5.505 

Gh_D11G275600 NA NA 6.756666667 4.12 5.438333333 

Gh_D11G215400 At4g33920 Probable protein phosphatase 2C 63 3.676666667 6.98 5.328333333 

Gh_D11G220400 GAE5 UDP-glucuronate 4-epimerase 5 1.763333333 8.86 5.311666667 

Gh_D11G264100 NA NA 7.46 2.88 5.17 

Gh_D11G249700 GSH2 Glutathione synthetase, chloroplastic 5.193333333 5.07 5.131666667 

Gh_D11G250600 POLD4 DNA polymerase delta subunit 4 5.526666667 4.71 5.118333333 

Gh_D11G243400 LIP1 Small GTPase LIP1 5.59 4.53 5.06 

Gh_D11G216800 LBD38 LOB domain-containing protein 38 4.676666667 5.01 4.843333333 

Gh_D11G247500 UVR8 Ultraviolet-B receptor UVR8 5.76 3.92 4.84 

Gh_D11G266100 NA NA 2.62 7.04 4.83 

Gh_D11G278900 PPCK1 Phosphoenolpyruvate carboxylase kinase 1 5.106666667 4.48 4.793333333 

Gh_D11G245700 NA NA 5.586666667 3.96 4.773333333 

Gh_D11G259500 At3g03770 

Probable inactive leucine-rich repeat receptor-like 

protein kinase At3g03770 1.863333333 7.67 4.766666667 
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Gh_D11G262200 QKY Protein QUIRKY 8.06 1.45 4.755 

Gh_D11G278400 rbm42 RNA-binding protein 42 6.53 2.97 4.75 

Gh_D11G247000 At3g49140 Uncharacterized protein At3g49140 4.303333333 5.18 4.741666667 

Gh_D11G241000 EHD1 EH domain-containing protein 1 4.503333333 4.93 4.716666667 

Gh_D11G282800 NA NA 5.126666667 4.25 4.688333333 

Gh_D11G240600 At5g10020 Probable inactive receptor kinase At5g10020 4.836666667 4.44 4.638333333 

Gh_D11G233700 UBP3 Ubiquitin carboxyl-terminal hydrolase 3 5.74 2.91 4.325 

Gh_D11G242000 naa40 N-alpha-acetyltransferase 40 3.126666667 5.46 4.293333333 

Gh_D11G233500 TFCC Tubulin-folding cofactor C 3.146666667 5.13 4.138333333 

Gh_D11G259000 Nemp2 Nuclear envelope integral membrane protein 2 3.86 4.27 4.065 

Gh_D11G234400 At5g64970 

Probable mitochondrial adenine nucleotide 

transporter BTL3 4.586666667 3.48 4.033333333 

Gh_D11G224600 lub1 Ubiquitin homeostasis protein lub1 0.843333333 7.05 3.946666667 

Gh_D11G212900 TUN UDP-glycosyltransferase TURAN 4.836666667 2.94 3.888333333 

Gh_D11G261100 ATO Splicing factor SF3a60 homolog 3.336666667 4.42 3.878333333 

Gh_D11G242300 UTRN Utrophin 4.01 3.74 3.875 

Gh_D11G213000 SPAC1F5.03c Putative oxidoreductase C1F5.03c 3.89 3.85 3.87 
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Gh_D11G225900 At3g57160 

Cysteine-rich and transmembrane domain-

containing protein B 3.626666667 3.92 3.773333333 

Gh_D11G217800 CYCD5-1 Cyclin-D5-1 4.176666667 3.33 3.753333333 

Gh_D11G270200 NA NA 2.796666667 4.48 3.638333333 

Gh_D11G275700 TH2 Bifunctional TH2 protein, mitochondrial 4.213333333 3.03 3.621666667 

Gh_D11G223000 HAT22 Homeobox-leucine zipper protein HAT22 5.336666667 1.6 3.468333333 

Gh_D11G262100 ibtk Inhibitor of Bruton tyrosine kinase 4.736666667 2.17 3.453333333 

Gh_D11G257500 PNS1 Protein PNS1 3.26 3.54 3.4 

Gh_D11G266700 Inpp5b Type II inositol 1,4,5-trisphosphate 5-phosphatase 5.703333333 1.07 3.386666667 

Gh_D11G246200 CARA 

Carbamoyl-phosphate synthase small chain, 

chloroplastic 2.603333333 4.11 3.356666667 

Gh_D11G258200 RFC3 Replication factor C subunit 3 3.16 3.47 3.315 

Gh_D11G285700 PNG1 

Peptide-N(4)-(N-acetyl-beta-

glucosaminyl)asparagine amidase 3.153333333 3.45 3.301666667 

Gh_D11G211000 Rbpms2 RNA-binding protein with multiple splicing 2 3.966666667 2.61 3.288333333 

Gh_D11G239600 MIC60 MICOS complex subunit MIC60 2.803333333 3.67 3.236666667 

Gh_D11G273700 ILA  Protein ILITYHIA 3.093333333 3.27 3.181666667 

Gh_D11G280400 PRA1F2 PRA1 family protein F2 3.183333333 3.11 3.146666667 

Gh_D11G224500 KIN8B Kinesin-like protein KIN-8B 1.97 4.31 3.14 
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Gh_D11G223200 XTH6 

Probable xyloglucan 

endotransglucosylase/hydrolase protein 6 3.19 2.94 3.065 

Gh_D11G216100 Mfsd5 Molybdate-anion transporter 3.156666667 2.95 3.053333333 

Gh_D11G279400 AUX22D Auxin-induced protein 22D 4.68 1.41 3.045 

Gh_D11G229100 NA IMPACT family member in pol 5'region (Fragment) 4.056666667 2 3.028333333 

Gh_D11G225700 BXL6 Probable beta-D-xylosidase 6 3.74 2.16 2.95 

Gh_D11G269300 SNRNP65 

U11/U12 small nuclear ribonucleoprotein 65 kDa 

protein 2.133333333 3.74 2.936666667 

Gh_D11G277700 ANKRD13B Ankyrin repeat domain-containing protein 13B 2.45 3.37 2.91 

Gh_D11G252100 NPC4 Non-specific phospholipase C4 0.316666667 5.39 2.853333333 

Gh_D11G233000 At5g10290 

Probable LRR receptor-like serine/threonine-protein 

kinase At5g10290 2.4 3.21 2.805 

Gh_D11G282400 AHL14 AT-hook motif nuclear-localized protein 14 2.273333333 3.26 2.766666667 

Gh_D11G265300 FRL3 FRIGIDA-like protein 3 2.803333333 2.65 2.726666667 

Gh_D11G268900 At1g08570 Thioredoxin-like 1-1, chloroplastic 2.09 3.26 2.675 

Gh_D11G278000 At2g27730 Uncharacterized protein At2g27730, mitochondrial 4.67 0.63 2.65 

Gh_D11G253700 NA NA 1.616666667 3.62 2.618333333 

Gh_D11G251000 STIPL1 Septin and tuftelin-interacting protein 1 homolog 1 1.683333333 3.54 2.611666667 

Gh_D11G276900 PEX12 Peroxisome biogenesis protein 12 2.173333333 2.96 2.566666667 
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Gh_D11G276100 FTSHI5 

Probable inactive ATP-dependent zinc 

metalloprotease FTSHI 5, chloroplastic 2.06 3.03 2.545 

Gh_D11G254600 FRS3 Protein FAR1-RELATED SEQUENCE 3 2.256666667 2.8 2.528333333 

Gh_D11G254100 UAF30 Upstream activation factor subunit UAF30 1.933333333 3.1 2.516666667 

Gh_D11G277800 DPH6 Diphthine--ammonia ligase 2.586666667 2.37 2.478333333 

Gh_D11G259600 PCO2 Plant cysteine oxidase 2 3.113333333 1.78 2.446666667 

Gh_D11G241200 CESA6 

Cellulose synthase A catalytic subunit 6 [UDP-

forming] 2.79 2.08 2.435 

Gh_D11G221000 PP2A10 Protein PHLOEM PROTEIN 2-LIKE A10 4.646666667 0.22 2.433333333 

Gh_D11G250900 LIMYB  L10-interacting MYB domain-containing protein 1.71 3.07 2.39 

Gh_D11G212300 lnt Apolipoprotein N-acyltransferase 2.716666667 1.96 2.338333333 

Gh_D11G259800 RRP6L2 Protein RRP6-like 2 2.47 2.13 2.3 

Gh_D11G283400 CPN60B2 Chaperonin 60 subunit beta 2, chloroplastic 1.41 3.19 2.3 

Gh_D11G249800 SDN3 Small RNA degrading nuclease 3 3.103333333 1.48 2.291666667 

Gh_D11G210700 AP2 Floral homeotic protein APETALA 2 2.183333333 2.32 2.251666667 

Gh_D11G278500 JMJ16 Putative lysine-specific demethylase JMJ16 3.04 1.44 2.24 

Gh_D11G260900 Nom1 Nucleolar MIF4G domain-containing protein 1 2.55 1.92 2.235 

Gh_D11G250100 ITN1 Ankyrin repeat-containing protein ITN1 1.143333333 3.15 2.146666667 
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Gh_D11G214900 FAM208B Protein FAM208B 1.4 2.8 2.1 

Gh_D11G260400 XI-I Myosin-15 1.206666667 2.99 2.098333333 

Gh_D11G276200 ATRX Protein CHROMATIN REMODELING 20 1.876666667 2.27 2.073333333 

Gh_D11G232800 uxaC Uronate isomerase 0.653333333 3.45 2.051666667 

Gh_D11G232400 HISN2 

Histidine biosynthesis bifunctional protein hisIE, 

chloroplastic 2.283333333 1.8 2.041666667 

Gh_D11G282500 EIN4 Protein EIN4 1.413333333 2.61 2.011666667 

Gh_D11G276800 PHL1 Protein PHR1-LIKE 1 2.09 1.9 1.995 

Gh_D11G221600 RH16 DEAD-box ATP-dependent RNA helicase 16 2.42 1.53 1.975 

Gh_D11G268700 At1g18910 Zinc finger protein BRUTUS-like At1g18910 2.06 1.86 1.96 

Gh_D11G222900 AIM1 

Peroxisomal fatty acid beta-oxidation 

multifunctional protein AIM1 3.783333333 0 1.891666667 

Gh_D11G250800 NA NA 0.853333333 2.92 1.886666667 

Gh_D11G244500 DNAJB6 DnaJ homolog subfamily B member 6 3.54 0.13 1.835 

Gh_D11G279200 

At2g48060/At2

g48040/At2g48

050 Piezo-type mechanosensitive ion channel homolog 1.166666667 2.5 1.833333333 

Gh_D11G238400 NA 

Pyruvate dehydrogenase E1 component subunit 

alpha, mitochondrial 0 3.56 1.78 

Gh_D11G262700 SYP131 Putative syntaxin-131 2.133333333 1.42 1.776666667 
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Gh_D11G216300 At5g67385 BTB/POZ domain-containing protein At5g67385 3.456666667 0.06 1.758333333 

Gh_D11G281800 GIF1 GRF1-interacting factor 1 1.886666667 1.56 1.723333333 

Gh_D11G259400 EGY1 Probable zinc metalloprotease EGY1, chloroplastic 1.506666667 1.91 1.708333333 

Gh_D11G254700 At5g07610 F-box protein At5g07610 1.606666667 1.8 1.703333333 

Gh_D11G249500 HEMH Ferrochelatase-2, chloroplastic 2.14 1.23 1.685 

Gh_D11G208500 NA Zeaxanthin epoxidase, chloroplastic 1.413333333 1.86 1.636666667 

Gh_D11G210900 CBR1 NADH--cytochrome b5 reductase 1 0.54 2.72 1.63 

Gh_D11G257000 ICMTB Protein-S-isoprenylcysteine O-methyltransferase B 1.903333333 1.33 1.616666667 

Gh_D11G237200 SNRNP25 

U11/U12 small nuclear ribonucleoprotein 25 kDa 

protein 0.846666667 2.34 1.593333333 

Gh_D11G252200 AIR9 187-kDa microtubule-associated protein AIR9 1.88 1.29 1.585 

Gh_D11G219300 TRB2 Telomere repeat-binding factor 2 1.836666667 1.31 1.573333333 

Gh_D11G240900 MARF1 Meiosis regulator and mRNA stability factor 1 1.796666667 1.28 1.538333333 

Gh_D11G217600 FH6 Formin-like protein 6 2.276666667 0.79 1.533333333 

Gh_D11G221700 NA Squalene monooxygenase 0.706666667 2.34 1.523333333 

Gh_D11G279800 CPRF2 Light-inducible protein CPRF2 0.933333333 2.11 1.521666667 

Gh_D11G278800 CDC5 Cell division cycle 5-like protein 1.406666667 1.62 1.513333333 

Gh_D11G267300 ptsI Phosphoenolpyruvate-protein phosphotransferase 2.98 0 1.49 
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Gh_D11G281300 FRS5 Protein FAR1-RELATED SEQUENCE 5 1.033333333 1.92 1.476666667 

Gh_D11G241500 RNR1 Ribonucleoside-diphosphate reductase large subunit 1.306666667 1.64 1.473333333 

Gh_D11G235700 NA NA 0 2.93 1.465 

Gh_D11G250200 pyrH Uridylate kinase 1.246666667 1.67 1.458333333 

Gh_D11G259200 SUVR3 Histone-lysine N-methyltransferase SUVR3 1.836666667 1.05 1.443333333 

Gh_D11G227500 CAD Probable mannitol dehydrogenase 2.093333333 0.78 1.436666667 

Gh_D11G240700 PKH3 Serine/threonine-protein kinase PKH3 1.183333333 1.65 1.416666667 

Gh_D11G238600 NA Inositol-3-phosphate synthase 2.51 0.32 1.415 

Gh_D11G239900 Rprd1b 

Regulation of nuclear pre-mRNA domain-

containing protein 1B 1.66 1.14 1.4 

Gh_D11G246100 WNK7 Probable serine/threonine-protein kinase WNK7 2.006666667 0.71 1.358333333 

Gh_D11G221800 At3g49725 GTP-binding protein At3g49725, chloroplastic 1.143333333 1.57 1.356666667 

Gh_D11G281700 NA NA 0 2.71 1.355 

Gh_D11G217400 NPY2 BTB/POZ domain-containing protein NPY2 0.636666667 2.04 1.338333333 

Gh_D11G252300 LYK5 Protein LYK5 1.77 0.84 1.305 

Gh_D11G252900 HSP26-A Probable glutathione S-transferase 2.596666667 0 1.298333333 

Gh_D11G232700 MED18 

Mediator of RNA polymerase II transcription 

subunit 18 1.806666667 0.76 1.283333333 
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Gh_D11G220700 EMB2001 GTP-binding protein At2g22870 1.226666667 1.31 1.268333333 

Gh_D11G248500 FAS2 Chromatin assembly factor 1 subunit FAS2 1.716666667 0.81 1.263333333 

Gh_D11G227400 At4g32640 Protein transport protein Sec24-like At4g32640 0.71 1.76 1.235 

Gh_D11G238800 RVE7L Protein REVEILLE 7-like 2.426666667 0 1.213333333 

Gh_D11G228500 NA NA 0.86 1.48 1.17 

Gh_D11G256800 CDF2 Cyclic dof factor 2 0.886666667 1.4 1.143333333 

Gh_D11G236600 norM Probable multidrug resistance protein NorM 0.77 1.5 1.135 

Gh_D11G246900 EMB1417 

Pentatricopeptide repeat-containing protein 

At4g21190 1.126666667 1.12 1.123333333 

Gh_D11G243900 ABCF5 ABC transporter F family member 5 1.433333333 0.78 1.106666667 

Gh_D11G275900 RGA3 Putative disease resistance protein RGA3 0.643333333 1.56 1.101666667 

Gh_D11G216400 ELF3-2 ELF3-like protein 2 1.136666667 1.05 1.093333333 

Gh_D11G219400 NAGS2 

Probable amino-acid acetyltransferase NAGS2, 

chloroplastic 0.046666667 2.13 1.088333333 

Gh_D11G255100 grpE Protein GrpE 0.406666667 1.76 1.083333333 

Gh_D11G247900 At3g18640 Zinc finger CCCH domain-containing protein 38 1.116666667 1.04 1.078333333 

Gh_D11G228200 NIC1 Nicotinamidase 1 1.436666667 0.68 1.058333333 

Gh_D11G243800 PDCD2L Programmed cell death protein 2-like 1.443333333 0.67 1.056666667 
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Gh_D11G229600 CYCD4-1 Cyclin-D4-1 0.23 1.85 1.04 

Gh_D11G234800 NA NA 0.703333333 1.37 1.036666667 

Gh_D11G279300 IAA16 Auxin-responsive protein IAA16 2.013333333 0.04 1.026666667 

Gh_D11G242800 SEC3A Exocyst complex component SEC3A 0.913333333 1.13 1.021666667 

Gh_D11G257200 PCMP-E93 

Pentatricopeptide repeat-containing protein 

At3g18970 1.006666667 1.03 1.018333333 

Gh_D11G265000 FRL2 FRIGIDA-like protein 2 0.71 1.31 1.01 

Gh_D11G241400 RRP4 Exosome complex component RRP4 homolog 1.55 0.46 1.005 

Gh_D11G266200 TCD2 tRNA threonylcarbamoyladenosine dehydratase 2 0.35 1.65 1 
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Appendix G. Candidate gene analysis for the trait fiber elongation (FEL) located in the Chr.D04 
 

Principle Transcript ID  

Gene 

Name Description Avg. 15DPA Avg. 20DPA Avg. of 15 &20DPA 

Gh_D04G182700 SN1 Snakin-1 6798.53 1410.733333 4104.631667 

Gh_D04G181300 NA Tubulin alpha-2 chain 2366.226667 3501.936667 2934.081667 

Gh_D04G188200 NA NA 1044.846667 466.1433333 755.495 

Gh_D04G181700 WLIM1 LIM domain-containing protein WLIM1 223.6266667 306.2533333 264.94 

Gh_D04G177500 rps6 40S ribosomal protein S6 190.46 99.50333333 144.9816667 

Gh_D04G177600 TFT6 14-3-3 protein 6 93.07 103.9033333 98.48666667 

Gh_D04G188400 CVA16-2 

V-type proton ATPase 16 kDa proteolipid 

subunit 57.01666667 110.5733333 83.795 

Gh_D04G187900 TPIP1 Triosephosphate isomerase, chloroplastic 59.95 77.19 68.57 

Gh_D04G187300 PCKR1 Peptidyl-prolyl cis-trans isomerase 92.14666667 25.41666667 58.78166667 

Gh_D04G183800 RPS16 40S ribosomal protein S16 32.58 76.07 54.325 

Gh_D04G180800 OST48 

Dolichyl-diphosphooligosaccharide--

protein glycosyltransferase 48 kDa subunit 50.14 51.14333333 50.64166667 

Gh_D04G176200 FOLB1 Dihydroneopterin aldolase 1 35.16666667 37.62 36.39333333 

Gh_D04G179400 

LECRK9

1 

L-type lectin-domain containing receptor 

kinase IX.1 42.60333333 22.04666667 32.325 

Gh_D04G187500 

At2g2116

0 

Translocon-associated protein subunit 

alpha 24.63333333 24.66666667 24.65 
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Gh_D04G180200 CLPP6 

ATP-dependent Clp protease proteolytic 

subunit 6, chloroplastic 12.17666667 14.08666667 13.13166667 

Gh_D04G179900 NA NA 14.78333333 10.46333333 12.62333333 

Gh_D04G181000 PLAA Phospholipase A-2-activating protein 12.01 12.54 12.275 

Gh_D04G187100 EIF4B3 Eukaryotic translation initiation factor 4B3 10.71666667 12.70333333 11.71 

Gh_D04G183300 NRPB3 

DNA-directed RNA polymerases II, IV 

and V subunit 3 9.526666667 11.33333333 10.43 

Gh_D04G176600 POT7 Potassium transporter 7 9.306666667 11.32666667 10.31666667 

Gh_D04G173800 

At4g3533

5 CMP-sialic acid transporter 4 9.486666667 10.51 9.998333333 

 

Gh_D04G185900 TMN1 Transmembrane 9 superfamily member 1 19.41 27.2 23.305 

Gh_D04G182000 CLPR1 

ATP-dependent Clp protease proteolytic 

subunit-related protein 1, chloroplastic 19.09333333 19.94 19.51666667 

Gh_D04G186900 DIR4 Dirigent protein 4 2.61 34.65333333 18.63166667 

Gh_D04G174300 TANGO2 

Transport and Golgi organization protein 2 

homolog 21.6 10.06333333 15.83166667 

Gh_D04G174000 MSSP2 Monosaccharide-sensing protein 2 18.92333333 12.20333333 15.56333333 

Gh_D04G188600 Ufd1 

Ubiquitin recognition factor in ER-

associated degradation protein 1 14.51333333 14.25 14.38166667 

Gh_D04G176900 

At1g3475

0 Probable protein phosphatase 2C 10 16.11 11.54 13.825 
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Appendix G (continued). 

 

 

Gh_D04G177700 RIBA1 

Bifunctional riboflavin biosynthesis 

protein RIBA 1, chloroplastic 7.14 10.98666667 9.063333333 

Gh_D04G176300 NA NA 11.4 6.603333333 9.001666667 

Gh_D04G188700 KIN7D 

Kinesin-like protein KIN-7D, 

mitochondrial 7.9 9.913333333 8.906666667 

Gh_D04G185800 MRS2-4 Magnesium transporter MRS2-4 7.75 9.56 8.655 

Gh_D04G184700 EFM Myb family transcription factor EFM 13.98 2.796666667 8.388333333 

Gh_D04G177800 ATL54 RING-H2 finger protein ATL54 10.58 5.913333333 8.246666667 

Gh_D04G172900 ARID5 

AT-rich interactive domain-containing 

protein 5 8.013333333 6.913333333 7.463333333 

Gh_D04G183900 

CCOAO

MT1 Caffeoyl-CoA O-methyltransferase 1 9.3 4.773333333 7.036666667 

Gh_D04G180400 PI4KA1 Phosphatidylinositol 4-kinase alpha 1 6.193333333 6.976666667 6.585 

Gh_D04G184500 PREP2 

Presequence protease 2, 

chloroplastic/mitochondrial 5.133333333 6.52 5.826666667 

Gh_D04G179000 

At3g0206

0 

ATP-dependent DNA helicase At3g02060, 

chloroplastic 4.72 6.726666667 5.723333333 

Gh_D04G184100 MBR1 E3 ubiquitin-protein ligase MBR1 5.863333333 5.23 5.546666667 

Gh_D04G173900 CPK4 Calcium-dependent protein kinase 4 7.23 3.816666667 5.523333333 

Gh_D04G185000 VRN1 

B3 domain-containing transcription factor 

VRN1 6.526666667 4.163333333 5.345 
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Gh_D04G176700 PAA1 

Copper-transporting ATPase PAA1, 

chloroplastic 5.333333333 5.306666667 5.32 

Gh_D04G183700 TOGT1 Scopoletin glucosyltransferase 0.64 9.723333333 5.181666667 

Gh_D04G183100 MYB44 Transcription factor MYB44 6.406666667 3.596666667 5.001666667 

Gh_D04G178600 EX1 Protein EXECUTER 1, chloroplastic 4.19 5.703333333 4.946666667 

Gh_D04G173500 acy1 Aminoacylase-1 6.026666667 3.31 4.668333333 

Gh_D04G186100 UGGT 

UDP-glucose:glycoprotein 

glucosyltransferase 4.39 4.42 4.405 

Gh_D04G173200 HMG2 

3-hydroxy-3-methylglutaryl-coenzyme A 

reductase 2 3.893333333 4.89 4.391666667 

Gh_D04G187800 gatA 

Glutamyl-tRNA(Gln) amidotransferase 

subunit A 5.586666667 2.756666667 4.171666667 

Gh_D04G186000 SHM6 Serine hydroxymethyltransferase 6 3.763333333 3.206666667 3.485 

Gh_D04G173300 BIG1 

Brefeldin A-inhibited guanine nucleotide-

exchange protein 1 3.216666667 3.703333333 3.46 

Gh_D04G178700 

LECRK9

1 

L-type lectin-domain containing receptor 

kinase IX.1 3.556666667 2.846666667 3.201666667 

Gh_D04G186300 CRD 12S seed storage protein CRD 3.886666667 1.64 2.763333333 

Gh_D04G186700 DIR4 Dirigent protein 4 1.296666667 4.116666667 2.706666667 

Gh_D04G177900 PUP3 Purine permease 3 0.92 4.06 2.49 

Gh_D04G184300 Sas10 Something about silencing protein 10 2.876666667 1.663333333 2.27 
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Gh_D04G184900 Snx13 Sorting nexin-13 2.186666667 2.233333333 2.21 

Gh_D04G181600 NA NA 2.25 2.08 2.165 

Gh_D04G184000 

At3g5535

0 Protein ALP1-like 1.283333333 2.916666667 2.1 

Gh_D04G179600 GGP5 Gamma-glutamyl peptidase 5 3.29 0.833333333 2.061666667 

Gh_D04G181400 PRP40A Pre-mRNA-processing protein 40A 2.186666667 1.663333333 1.925 

Gh_D04G186500 NA Organ-specific protein P4 3.44 0.32 1.88 

Gh_D04G183200 PGDH1 

D-3-phosphoglycerate dehydrogenase 1, 

chloroplastic 2.886666667 0.86 1.873333333 

Gh_D04G182400 ERV1 FAD-linked sulfhydryl oxidase ERV1 2.106666667 1.61 1.858333333 

Gh_D04G176500 SC35 Serine/arginine-rich splicing factor SC35 2.743333333 0.913333333 1.828333333 

Gh_D04G175600 BAK1 

BRASSINOSTEROID INSENSITIVE 1-

associated receptor kinase 1 1.206666667 2.396666667 1.801666667 

Gh_D04G186200 Tmem259 Membralin 2.18 1.26 1.72 

Gh_D04G184200 marf1 

Meiosis regulator and mRNA stability 

factor 1 1.67 1.666666667 1.668333333 

Gh_D04G186600 SWI3D SWI/SNF complex subunit SWI3D 1.986666667 0.946666667 1.466666667 

Gh_D04G180700 RRA3 Arabinosyltransferase RRA3 2.3 0.62 1.46 

Gh_D04G183500 

At4g2668

0 

Pentatricopeptide repeat-containing protein 

At4g26680, mitochondrial 1.713333333 0.94 1.326666667 
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Gh_D04G172800 FRS9 Protein FAR1-RELATED SEQUENCE 9 1.54 1.113333333 1.326666667 
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Appendix H. Candidate gene analysis for the trait fiber elongation (FEL) located in the Chr.D11 
 

Principle Transcript 

ID 

Gene 

Name Description 

Avg. of 

15DPA Avg. of 20DPA 

Avg. of 15 & 

20DPA 

Gh_D11G353400 NA Acyl-CoA-binding protein 

2774.46666

7 361.9933333 1568.23 

Gh_D11G355300 TUBB5 Tubulin beta-5 chain 

691.643333

3 1566.566667 1129.105 

Gh_D11G368000 NA NA 360.43 274.2133333 317.3216667 

Gh_D11G353300 NA Acyl-CoA-binding protein 372.79 254.1766667 313.4833333 

Gh_D11G347100 WDL2 Protein WVD2-like 2 17.95 336.8 177.375 

Gh_D11G367900 NA NA 153.06 189.9266667 171.4933333 

Gh_D11G363500 SAP8 

Zinc finger A20 and AN1 domain-containing stress-

associated protein 8 

112.473333

3 126.9866667 119.73 

Gh_D11G348100 METE 

5-methyltetrahydropteroyltriglutamate--

homocysteine methyltransferase 

52.3533333

3 85.35666667 68.855 

Gh_D11G368700 FAD2 Delta(12)-fatty-acid desaturase FAD2 

105.663333

3 13.68666667 59.675 

Gh_D11G368500 NA NA 

49.9033333

3 65.10333333 57.50333333 

Gh_D11G357300 NA Eukaryotic translation initiation factor 2 subunit beta 

44.1666666

7 56.38333333 50.275 

Gh_D11G351100 TFCA Tubulin-folding cofactor A 

56.0266666

7 30.05666667 43.04166667 
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Gh_D11G353900 MYB5 Transcription repressor MYB5 49.44 26.82666667 38.13333333 

Gh_D11G353600 

At5g3629

0 GDT1-like protein 3 

25.3466666

7 49.75 37.54833333 

Gh_D11G351300 CYP89A2 Cytochrome P450 89A2 37.57 32.56333333 35.06666667 

Gh_D11G355000 R3HDM1 R3H domain-containing protein 1 

39.2233333

3 26.96666667 33.095 

Gh_D11G359300 TIF3E1 Eukaryotic translation initiation factor 3 subunit E 32.03 31.11666667 31.57333333 

Gh_D11G351700 LRP2 Low-density lipoprotein receptor-related protein 2 

39.8066666

7 19.31333333 29.56 

Gh_D11G357100 NA NA 21.73 30.83 26.28 

Gh_D11G354200 UBC22 Ubiquitin-conjugating enzyme E2 22 24.12 16.39 20.255 

Gh_D11G368300 RPL6 60S ribosomal protein L6 22.42 13.57333333 17.99666667 

Gh_D11G346500 TSR2 Pre-rRNA-processing protein TSR2 17.48 16.99 17.235 

Gh_D11G359200 TIF3E1 Eukaryotic translation initiation factor 3 subunit E 

17.5033333

3 13.14666667 15.325 

Gh_D11G358800 

At5g3986

5 Uncharacterized protein At5g39865 

11.0033333

3 18.19666667 14.6 

Gh_D11G355200 SCAB3 Stomatal closure-related actin-binding protein 3 

25.2333333

3 2.85 14.04166667 

Gh_D11G362400 NA NA 

17.4666666

7 8.766666667 13.11666667 
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Gh_D11G364600 AGP15 Arabinogalactan peptide 15 9.1 15.15 12.125 

Gh_D11G354100 ARI8 Probable E3 ubiquitin-protein ligase ARI8 

13.2733333

3 9.54 11.40666667 

Gh_D11G368900 RMA1H1 E3 ubiquitin-protein ligase RMA1H1 8.54 9.493333333 9.016666667 

Gh_D11G368100 BHLH60 Transcription factor bHLH60 

14.3366666

7 1.06 7.698333333 

Gh_D11G352400 NA ADP-ribosylation factor 8.83 6.246666667 7.538333333 

Gh_D11G365100 GK-2 Guanylate kinase 2 5.9 8.096666667 6.998333333 

Gh_D11G354400 AAAS Aladin 6.09 7.79 6.94 

Gh_D11G357500 GLDH 

L-galactono-1,4-lactone dehydrogenase, 

mitochondrial 

6.92666666

7 6.826666667 6.876666667 

Gh_D11G362600 Hnrnpf Heterogeneous nuclear ribonucleoprotein F 6.02 6.046666667 6.033333333 

Gh_D11G357200 

At3g5705

0 Cystathionine beta-lyase, chloroplastic 7.02 4.953333333 5.986666667 

Gh_D11G355600 HMGCL Hydroxymethylglutaryl-CoA lyase, mitochondrial 

5.78333333

3 5.816666667 5.8 

Gh_D11G351800 

At5g1673

0 WEB family protein At5g16730, chloroplastic 

6.35333333

3 5.16 5.756666667 

Gh_D11G351600 Phrf1 PHD and RING finger domain-containing protein 1 

6.81333333

3 4.396666667 5.605 

Gh_D11G355900 DUSP12 Dual specificity protein phosphatase 12 6.83 3.586666667 5.208333333 
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Gh_D11G362500 NUP93A Nuclear pore complex protein NUP93A 

5.57666666

7 4.63 5.103333333 

Gh_D11G347400 CPP1 

Protein CHAPERONE-LIKE PROTEIN OF POR1, 

chloroplastic 

5.21666666

7 4.123333333 4.67 

Gh_D11G365200 REM4.1 Remorin 4.1 

3.69666666

7 5.47 4.583333333 

Gh_D11G354700 NA NA 7.48 1.573333333 4.526666667 

Gh_D11G365500 

CBG0262

5 Protein EFR3 homolog 

5.09333333

3 3.423333333 4.258333333 

Gh_D11G369800 noi Splicing factor 3A subunit 3 

4.61333333

3 3.493333333 4.053333333 

Gh_D11G368600 MYB102 Transcription factor MYB102 

0.04666666

7 7.72 3.883333333 

Gh_D11G362300 NA NA 

4.46666666

7 2.816666667 3.641666667 

Gh_D11G349200 N TMV resistance protein N 

2.94666666

7 4.09 3.518333333 

Gh_D11G355500 MED26B 

Probable mediator of RNA polymerase II 

transcription subunit 26b 

3.06333333

3 3.666666667 3.365 

Gh_D11G359000 

At3g5720

0 Glycosyltransferase-like At3g57200 4.6 1.933333333 3.266666667 

Gh_D11G354300 SUVH1 

Histone-lysine N-methyltransferase, H3 lysine-9 

specific SUVH1 

3.45666666

7 2.466666667 2.961666667 
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Gh_D11G369200 MED7B 

Mediator of RNA polymerase II transcription 

subunit 7b 

4.00666666

7 1.596666667 2.801666667 

Gh_D11G356700 

At3g5230

0 ATP synthase subunit d, mitochondrial 3.27 2.186666667 2.728333333 

Gh_D11G355700 PIN1C Probable auxin efflux carrier component 1c 4.67 0.75 2.71 

Gh_D11G347900 APRL5 5'-adenylylsulfate reductase-like 5 3.35 2.053333333 2.701666667 

Gh_D11G345200 sll1491 

Uncharacterized WD repeat-containing protein 

sll1491 

2.95666666

7 2.396666667 2.676666667 

Gh_D11G369100 RH37 DEAD-box ATP-dependent RNA helicase 37 

2.51666666

7 2.656666667 2.586666667 

Gh_D11G356100 TGA21 

TGACG-sequence-specific DNA-binding protein 

TGA-2.1 

3.39333333

3 1.67 2.531666667 

Gh_D11G344300 CCT8 T-complex protein 1 subunit theta 2.21 2.703333333 2.456666667 

Gh_D11G350700 LHP1 Chromo domain-containing protein LHP1 2.18 2.69 2.435 

Gh_D11G354800 Pqbp1 Polyglutamine-binding protein 1 

2.98333333

3 1.72 2.351666667 

Gh_D11G354900 MYBC1 Transcription factor MYBC1 

2.56666666

7 1.926666667 2.246666667 

Gh_D11G351400 ASF1 Histone chaperone ASF1 

0.22333333

3 4.116666667 2.17 

Gh_D11G354500 

CAMBP2

5 Calmodulin-binding protein 25 

3.63333333

3 0.45 2.041666667 
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Gh_D11G351000 NA NA 

3.13333333

3 0.79 1.961666667 

Gh_D11G347200 AHL14 AT-hook motif nuclear-localized protein 14 

2.39666666

7 1.513333333 1.955 

Gh_D11G362200 NA NA 0.53 3.37 1.95 

Gh_D11G348500 AGD14 

Probable ADP-ribosylation factor GTPase-activating 

protein AGD14 

2.40666666

7 1.356666667 1.881666667 

Gh_D11G346400 EMB2758 

Pentatricopeptide repeat-containing protein 

At4g33990 

2.18333333

3 1.56 1.871666667 

Gh_D11G354600 

CAMBP2

5 Calmodulin-binding protein 25 

2.41333333

3 1.296666667 1.855 

Gh_D11G354000 PYRR Riboflavin biosynthesis protein PYRR, chloroplastic 1.05 2.293333333 1.671666667 

Gh_D11G369300 RF178 Probable E3 ubiquitin-protein ligase BAH1-like 

1.74333333

3 1.44 1.591666667 

Gh_D11G353500 CDP1 Plastid division protein CDP1, chloroplastic 

1.72666666

7 1.396666667 1.561666667 

Gh_D11G365000 GALS1 Galactan beta-1,4-galactosyltransferase GALS1 

2.92666666

7 0.186666667 1.556666667 

Gh_D11G366100 RRP12 RRP12-like protein 

1.62333333

3 1.423333333 1.523333333 

Gh_D11G357000 nol10 Nucleolar protein 10 

1.54666666

7 1.253333333 1.4 

Gh_D11G361400 NA NA 

1.78333333

3 0.996666667 1.39 
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Gh_D11G356000 

At2g3256

0 F-box protein At2g32560 2.4 0.25 1.325 

Gh_D11G350500 DAPB2 

4-hydroxy-tetrahydrodipicolinate reductase 2, 

chloroplastic 

1.46666666

7 1.126666667 1.296666667 

Gh_D11G365400 der GTPase Der 1.14 1.01 1.075 

Gh_D11G356900 Nanp N-acylneuraminate-9-phosphatase 1.6 0.48 1.04 

Gh_D11G350000 N TMV resistance protein N 

0.94333333

3 1.073333333 1.008333333 

Gh_D11G361000 POL2 DNA polymerase epsilon catalytic subunit A 

0.37333333

3 1.64 1.066667 
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Appendix I. Candidate gene analysis for the trait plant height (PH) located in the Chr.D06 

 

Principle 

Transcript ID  Gene Name Description 

tissue::stem::

77 

tissue::stem::

75 

tissue::stem::

69 

Avg. 

value 

Gh_D06G149900 NA Auxin-repressed 12.5 kDa protein 1593.35 1334.96 1386.83 1438.38 

Gh_D06G173700 UBQ11 Polyubiquitin 11 1222.46 1056.57 1434.76 1237.93 

Gh_D06G172900 THI1-2 

Thiamine thiazole synthase 2, 

chloroplastic 599.54 394.47 704.48 566.1633 

Gh_D06G148400 AGP30 

Non-classical arabinogalactan 

protein 30 458.29 530.34 419.58 469.4033 

Gh_D06G183400 NA Major latex allergen Hev b 5 375.83 415.76 380.21 390.6 

Gh_D06G163900 MIMI_R525 Uncharacterized protein R525 381.77 293.04 375.23 350.0133 

Gh_D06G166500 PSAF 

Photosystem I reaction center 

subunit III, chloroplastic 146.21 125.49 188.52 153.4067 

Gh_D06G139700 PSBQ2 

Oxygen-evolving enhancer 

protein 3-2, chloroplastic 111.86 93.24 128.11 111.07 

Gh_D06G170000 RAP40 40S ribosomal protein SA 83.03 130.59 105.67 106.43 

Gh_D06G137300 KOR Endoglucanase 25 100.04 108.11 110.48 106.21 

Gh_D06G145400 trappc4 

Trafficking protein particle 

complex subunit 4 80.01 130.37 86.53 98.97 

Gh_D06G176900 ATPC 

ATP synthase gamma chain, 

chloroplastic 86.47 78.29 114.19 92.98333 

Gh_D06G151700 Os07g0631100 

Transcription elongation factor 1 

homolog 84.33 82.29 83.77 83.46333 
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Appendix I (continued). 

 

Gh_D06G166000 serinc Probable serine incorporator 72.05 66 79.74 72.59667 

Gh_D06G179300 APA1 Aspartic proteinase A1 59.21 63.78 70.26 64.41667 

Gh_D06G167700 RABF2B Ras-related protein RABF2b 59.29 65.73 61.37 62.13 

Gh_D06G155100 RPL11B 60S ribosomal protein L11-2 44.35 79.69 56.88 60.30667 

Gh_D06G142200 NA NA 40.65 79.53 55.62 58.6 

Gh_D06G177700 NA Putative lactoylglutathione lyase 63.34 49.94 57.97 57.08333 

Gh_D06G154600 Os04g0650000 Oryzain alpha chain 49.84 60.19 49.71 53.24667 

Gh_D06G181100 PFP-BETA 

Pyrophosphate--fructose 6-

phosphate 1-phosphotransferase 

subunit beta 44.32 46.12 48.23 46.22333 

Gh_D06G178400 GDCST 

Aminomethyltransferase, 

mitochondrial 33.45 50.97 41.54 41.98667 

Gh_D06G142600 STC Sugar carrier protein C 31.59 32.77 57.27 40.54333 

Gh_D06G170900 ALDH7B4 

Aldehyde dehydrogenase family 

7 member B4 41.31 38.08 41.8 40.39667 

Gh_D06G154100 AHRI 

Ketol-acid reductoisomerase, 

chloroplastic 35.04 39.34 46.62 40.33333 

Gh_D06G154400 NA NA 49.74 35.08 33 39.27333 

Gh_D06G143400 SCAMP1 

Putative secretory carrier-

associated membrane protein 1 41.26 33.58 42.28 39.04 

Gh_D06G145300 NA Polyphenol oxidase, chloroplastic 32.97 40.89 40.29 38.05 
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Appendix I (continued). 

 

Gh_D06G175800 NA NA 33.84 45.99 26.69 35.50667 

Gh_D06G143200 AHL 

PAP-specific phosphatase HAL2-

like 35.37 35.68 35.13 35.39333 

Gh_D06G136000 NA NA 30.38 32.01 39.38 33.92333 

Gh_D06G174000 OST3B 

Probable dolichyl-

diphosphooligosaccharide--

protein glycosyltransferase 

subunit 3B 28.51 39.14 28.55 32.06667 

Gh_D06G138000 RAD52-2 

DNA repair RAD52-like protein 

2, chloroplastic 32.45 36.51 27.24 32.06667 

Gh_D06G180600 H1 Homeobox protein SBH1 26.6 41.73 24.48 30.93667 

Gh_D06G136500 smndc1 

Survival of motor neuron-related-

splicing factor 30 28.62 33.5 30.07 30.73 

Gh_D06G166100 NA NA 34.16 24.68 31.11 29.98333 

Gh_D06G133200 GLPK Glycerol kinase 27.8 28.45 32.58 29.61 

Gh_D06G160700 CAB21 

Chlorophyll a-b binding protein 

21, chloroplastic 26.95 29.19 30.31 28.81667 

Gh_D06G183000 RAP74 

Transcription initiation factor IIF 

subunit alpha 28.48 26.29 31.27 28.68 

Gh_D06G140000 At5g39570 

Uncharacterized protein 

At5g39570 27.36 31.39 22.21 26.98667 

Gh_D06G145900 SF3B2 Splicing factor 3B subunit 2 24.93 22.34 30.36 25.87667 

 



   

208 

 

Appendix I (continued). 

 

Gh_D06G169500 NA NA 30.09 21.6 25.6 25.76333 

Gh_D06G137400 ALFIN-1 PHD finger protein Alfin1 23.24 24 25.39 24.21 

Gh_D06G156800 At1g17350 

Probable complex I intermediate-

associated protein 30 26.35 18.82 25.34 23.50333 

Gh_D06G169300 PAE1 Proteasome subunit alpha type-5 21.69 25.31 22.27 23.09 

Gh_D06G137200 MOS4 

Pre-mRNA-splicing factor SPF27 

homolog 17.22 26.51 25.08 22.93667 

Gh_D06G156000 NA NA 21.94 22.22 24.09 22.75 

Gh_D06G169800 MARD1 Protein MARD1 24.74 15.79 26.45 22.32667 

Gh_D06G148700 VQ4 VQ motif-containing protein 4 18.57 27.48 17.54 21.19667 

Gh_D06G180200 PP2AB2 

Serine/threonine protein 

phosphatase 2A 55 kDa 

regulatory subunit B beta isoform 18.56 26.89 18.12 21.19 

Gh_D06G138200 

POPTRDRAFT

_798217 CASP-like protein 1B2 28.51 23.54 11.25 21.1 

Gh_D06G176400 MED21 

Mediator of RNA polymerase II 

transcription subunit 21 20.2 22.35 19.89 20.81333 

Gh_D06G134700 At1g04910 

Uncharacterized protein 

At1g04910 17.98 22.14 22.23 20.78333 

Gh_D06G132100 NA NA 24.16 21.42 16.59 20.72333 

Gh_D06G133100 CBWD2 

COBW domain-containing 

protein 2 21.12 14.49 26.3 20.63667 
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Appendix I (continued). 

 

Gh_D06G182500 NA NA 24.65 17.02 20.02 20.56333 

Gh_D06G141800 NA NA 18.72 14.17 28.53 20.47333 

Gh_D06G157100 PUB17 

U-box domain-containing protein 

17 21.91 18.66 19.84 20.13667 

Gh_D06G163500 DELTA-OAT 

Ornithine aminotransferase, 

mitochondrial 22.52 16.9 17.87 19.09667 

Gh_D06G169100 UBC34 

Ubiquitin-conjugating enzyme E2 

34 19.56 19.63 17.82 19.00333 

Gh_D06G148300 TIF3D1 

Eukaryotic translation initiation 

factor 3 subunit D 16.62 19.26 19.52 18.46667 

Gh_D06G142400 PVA42 Vesicle-associated protein 4-2 18.64 16.5 19.62 18.25333 

Gh_D06G172000 CAND1 

Cullin-associated NEDD8-

dissociated protein 1 15.74 18.06 20.48 18.09333 

Gh_D06G156500 RABA1C Ras-related protein RABA1c 17 18.7 17.63 17.77667 

Gh_D06G176100 DER2.2 Derlin-2.2 16.85 17.11 18.77 17.57667 

Gh_D06G147700 NSF Vesicle-fusing ATPase 14.42 16.96 19.59 16.99 

Gh_D06G161200 AGL29 

Agamous-like MADS-box 

protein AGL29 16.73 17.29 14.96 16.32667 

Gh_D06G158800 STY17 

Serine/threonine-protein kinase 

STY17 16.29 14.35 18.31 16.31667 

Gh_D06G168900 pad-2 

GDP-fucose protein O-

fucosyltransferase 2 14.01 17.78 16.93 16.24 
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Appendix I (continued). 

 

Gh_D06G138900 SYNPO Synaptopodin 15.58 17.64 14.23 15.81667 

Gh_D06G167900 AGO2 Protein argonaute 2 15.45 15.95 15.09 15.49667 

Gh_D06G161600 At4g18260 

Cytochrome b561 domain-

containing protein At4g18260 15.59 13.75 16.89 15.41 

Gh_D06G160000 MCA0497 

Putative pterin-4-alpha-

carbinolamine dehydratase 13.01 16.14 15.08 14.74333 

Gh_D06G162800 CUL4 Cullin-4 13.94 12.01 18.23 14.72667 

Gh_D06G134300 ANKRD30B 

Ankyrin repeat domain-

containing protein 30B 13.67 13.36 15 14.01 

Gh_D06G159700 NA NA 12.53 14.78 14.64 13.98333 

Gh_D06G134600 MTPC4 Metal tolerance protein C4 13.79 12.81 13.48 13.36 

Gh_D06G180800 At4g22160 

Uncharacterized protein 

At4g22160 13 13.67 13.02 13.23 

Gh_D06G153300 NA NA 14.56 13.21 11.46 13.07667 

Gh_D06G158900 At4g18930 Cyclic phosphodiesterase 15.3 13.07 10.85 13.07333 

Gh_D06G136600 MMT1 Methionine S-methyltransferase 13.27 10.42 15.4 13.03 

Gh_D06G169400 MPE3 Pectinesterase 3 12.73 11.12 14.87 12.90667 

Gh_D06G171600 NA NA 13.86 13.22 11.29 12.79 

Gh_D06G176700 At1g61900 

Uncharacterized GPI-anchored 

protein At1g61900 11.14 13.13 12.98 12.41667 
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Gh_D06G159000 SBT5.6 Subtilisin-like protease SBT5.6 10.55 11.3 14.85 12.23333 

Gh_D06G178300 NA NA 11.53 9.13 14.08 11.58 

Gh_D06G134900 AVPL2 

Pyrophosphate-energized 

membrane proton pump 3 11.22 9.45 13.9 11.52333 

Gh_D06G152100 NAC073 

NAC domain-containing protein 

73 10.13 12.55 11.49 11.39 

Gh_D06G177800 44654 

5'-adenylylsulfate reductase 3, 

chloroplastic 13.52 5.04 14.82 11.12667 

Gh_D06G164000 At2g20490 

H/ACA ribonucleoprotein 

complex subunit 3-like protein 11.21 15.72 6.11 11.01333 

Gh_D06G159900 ctdspl2 

CTD small phosphatase-like 

protein 2 10.8 11.28 10.61 10.89667 

Gh_D06G165000 EXO84C 

Exocyst complex component 

EXO84C 10 11.19 11.09 10.76 

Gh_D06G132000 NA Structural polyprotein 10.66 11.8 9.63 10.69667 

Gh_D06G164800 vacA 

Vacuolating cytotoxin 

autotransporter 11.68 8.92 11.22 10.60667 

Gh_D06G162000 At1g65750 

Putative ribonuclease H protein 

At1g65750 11.59 11.89 8.32 10.6 

Gh_D06G149300 SMG7L Protein SMG7L 10.73 10.09 9.91 10.24333 

Gh_D06G139400 CRK29 

Cysteine-rich receptor-like 

protein kinase 29 9.82 9.17 11.39 10.12667 
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Appendix I (continued). 

 

Gh_D06G164500 SPCC777.06c Putative hydrolase C777.06c 11.37 11.88 6.78 10.01 

Gh_D06G156400 WRKY65 

Probable WRKY transcription 

factor 65 8.35 10.83 10.5 9.893333 

Gh_D06G178500 At4g26910 

Dihydrolipoyllysine-residue 

succinyltransferase component of 

2-oxoglutarate dehydrogenase 

complex 2, mitochondrial 10.1 8.92 10.5 9.84 

 

Gh_D06G133000 At1g04910 

Uncharacterized protein 

At1g04910 8.5 11.38 9.59 9.823333 

Gh_D06G160200 TPK3 Two-pore potassium channel 3 8.99 9.73 10.52 9.746667 

Gh_D06G179000 bimB Separin 10.05 11.27 7.74 9.686667 

Gh_D06G179900 NA NA 9.74 11.39 7.92 9.683333 

Gh_D06G174800 PCFS4 

Polyadenylation and cleavage 

factor homolog 4 9.41 8.96 10.01 9.46 

Gh_D06G142300 topA DNA topoisomerase 1 9.37 7.14 11.74 9.416667 

Gh_D06G183300 Usp39 

U4/U6.U5 tri-snRNP-associated 

protein 2 10.19 9.06 8.4 9.216667 

Gh_D06G137700 COX5B-2 

Cytochrome c oxidase subunit 

5b-2, mitochondrial 8.15 11.24 8.12 9.17 

Gh_D06G159600 SH3P3 SH3 domain-containing protein 3 6.96 9.58 10.87 9.136667 
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Appendix I (continued). 

 

Gh_D06G132700 HAT 

Zinc finger BED domain-

containing protein 

DAYSLEEPER 8.09 9.04 10.08 9.07 

Gh_D06G171300 MAD1 

Mitotic spindle checkpoint 

protein MAD1 8.25 8.45 9.68 8.793333 

Gh_D06G164300 CIPK23 

CBL-interacting serine/threonine-

protein kinase 23 8.72 8.25 8.63 8.533333 

Gh_D06G175100 BGLU47 Beta-glucosidase 47 10 6.07 9.16 8.41 

Gh_D06G168500 TAN 

Probable microtubule-binding 

protein TANGLED 9.46 8.86 6.86 8.393333 

Gh_D06G163600 At5g46170 F-box protein At5g46170 9.5 7.05 7.45 8 

Gh_D06G146500 TRAPPC13 

Trafficking protein particle 

complex subunit 13 7.2 9.02 7.71 7.976667 

Gh_D06G176200 CKAP5 Cytoskeleton-associated protein 5 8.33 8.05 7.37 7.916667 

Gh_D06G165100 BRG1 

BOI-related E3 ubiquitin-protein 

ligase 1 10.04 6.96 6.45 7.816667 

Gh_D06G147900 NA NA 6.98 9.54 6.62 7.713333 

Gh_D06G141000 NAA15 

N-terminal acetyltransferase A 

complex auxiliary subunit 

NAA15 9.5 6.31 6.87 7.56 

Gh_D06G164100 KIN4C Kinesin-like protein KIN-4C 6.73 8.91 6.99 7.543333 

Gh_D06G153400 RPL34 

50S ribosomal protein L34, 

chloroplastic 8.19 5.96 8.48 7.543333 
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Gh_D06G177600 ADT1 

Arogenate 

dehydratase/prephenate 

dehydratase 1, chloroplastic 8.57 7.18 6.8 7.516667 

Gh_D06G140900 LIMYB  

L10-interacting MYB domain-

containing protein 8.93 7.68 5.22 7.276667 

Gh_D06G136300 MEE23 Berberine bridge enzyme-like 15 7.97 7.77 6.05 7.263333 

Gh_D06G144100 CSE Caffeoylshikimate esterase 7.76 7.02 6.83 7.203333 

Gh_D06G170700 DAGLA 

Sn1-specific diacylglycerol lipase 

alpha 7.48 7.07 7.03 7.193333 

Gh_D06G182600 MED11 

Mediator of RNA polymerase II 

transcription subunit 11 6.14 6.18 9.05 7.123333 

Gh_D06G183500 UPL5 E3 ubiquitin-protein ligase UPL5 6.92 6.79 7.32 7.01 

Gh_D06G147800 NA NA 9.67 5.03 6.32 7.006667 

Gh_D06G155300 MYH11 Myosin-11 14.36 0 6.49 6.95 

Gh_D06G176000 CLS 

Cardiolipin synthase (CMP-

forming), mitochondrial 5.55 8.29 6.5 6.78 

Gh_D06G162600 Katnal2 

Katanin p60 ATPase-containing 

subunit A-like 2 5.93 7.01 7.14 6.693333 

Gh_D06G148900 SOC1 MADS-box protein SOC1 4.62 11.52 3.75 6.63 

Gh_D06G182900 UCC1 Uclacyanin 1 7.41 7.46 4.97 6.613333 

Gh_D06G133300 TSS Protein TSS 6.19 4.61 8.87 6.556667 
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Gh_D06G139900 At5g01610 

Uncharacterized protein 

At5g01610 6.72 6.75 5.98 6.483333 

Gh_D06G151800 VOZ1 Transcription factor VOZ1 6.39 6.31 6.28 6.326667 

Gh_D06G147400 UBC24 

Probable ubiquitin-conjugating 

enzyme E2 24 7.17 4.39 7.17 6.243333 

Gh_D06G155000 CAMRLK 

Calmodulin-binding receptor 

kinase CaMRLK 6.42 4.57 7.5 6.163333 

Gh_D06G165900 RAD23B Ubiquitin receptor RAD23b 5.76 6.84 5.86 6.153333 

Gh_D06G166600 LBD4 LOB domain-containing protein 4 6.47 5.95 5.86 6.093333 

Gh_D06G155500 At3g51120 

Zinc finger CCCH domain-

containing protein 44 6.91 5.9 5.39 6.066667 

Gh_D06G179700 Prosc 

Pyridoxal phosphate homeostasis 

protein 5.38 7.04 5.65 6.023333 

Gh_D06G151900 ARF3 Auxin response factor 3 6.33 4.32 7.35 6 

Gh_D06G132200 MRS2-1 Magnesium transporter MRS2-1 6.57 4.75 6.57 5.963333 

Gh_D06G135300 panC Pantothenate synthetase 5.82 5.55 6.31 5.893333 

Gh_D06G172100 SWC2 SWR1 complex subunit 2 6.12 5.24 6.28 5.88 

Gh_D06G166800 NA NA 10.15 2.52 4.95 5.873333 

Gh_D06G164400 zc3hc1 NIPA-like protein 6.19 5.46 5.69 5.78 

Gh_D06G135900 44628 

E3 ubiquitin-protein ligase 

MARCH8 7.74 4.14 5.36 5.746667 
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Gh_D06G173600 RP1 

Pyruvate, phosphate dikinase 

regulatory protein 1, chloroplastic 5.78 5.54 5.91 5.743333 

Gh_D06G183100 MAN6 

Mannan endo-1,4-beta-

mannosidase 6 5.26 6.09 5.62 5.656667 

Gh_D06G138500 CRK14 

Cysteine-rich receptor-like 

protein kinase 14 6.38 4.48 6.04 5.633333 

Gh_D06G160600 CAB3C 

Chlorophyll a-b binding protein 

3C, chloroplastic 5.66 3.38 7.61 5.55 

Gh_D06G135700 MUR4 UDP-arabinose 4-epimerase 1 4.65 6.82 5.09 5.52 

Gh_D06G147000 LCR12 Putative defensin-like protein 165 4.98 6.96 4.6 5.513333 

Gh_D06G144000 CHR28 

Helicase-like transcription factor 

CHR28 5.69 4.89 5.94 5.506667 

Gh_D06G139600 CRRSP55 

Cysteine-rich repeat secretory 

protein 55 5.15 6.36 4.51 5.34 

Gh_D06G139100 At1g22950 

Uncharacterized PKHD-type 

hydroxylase At1g22950 4.88 6.05 4.59 5.173333 

Gh_D06G168600 SRF6 

Protein STRUBBELIG-

RECEPTOR FAMILY 6 5.24 4.98 5.29 5.17 

Gh_D06G141400 NFIA_018760 Vacuolar membrane protease 5.61 4.81 4.93 5.116667 

Gh_D06G171000 CCX4 Cation/calcium exchanger 4 5.26 5.2 4.82 5.093333 

Gh_D06G141200 MIP1B B-box domain protein 31 5.56 3.47 6.24 5.09 
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Gh_D06G135000 APC7 

Anaphase-promoting complex 

subunit 7 5.4 3.77 6 5.056667 

Gh_D06G172200 MTR4 

DExH-box ATP-dependent RNA 

helicase DExH9 5.82 3.5 5.78 5.033333 

Gh_D06G157300 CTDSPL 

CTD small phosphatase-like 

protein 3.53 8.72 2.66 4.97 

Gh_D06G149400 NA NA 5.68 3.8 5.38 4.953333 

Gh_D06G146400 CRPK1 Cold-responsive protein kinase 1 4.76 4.91 5 4.89 

Gh_D06G167400 At5g45160 

Protein ROOT HAIR 

DEFECTIVE 3 homolog 2 6.02 4.73 3.9 4.883333 

Gh_D06G166900 PYD3 Beta-ureidopropionase 4.08 3.58 6.62 4.76 

Gh_D06G174900 GPT2 

Glucose-6-phosphate/phosphate 

translocator 2, chloroplastic 7.22 3.86 3.11 4.73 

Gh_D06G137800 UVR3 (6-4)DNA photolyase 4.91 3.89 5.36 4.72 

Gh_D06G146200 WAPL Wings apart-like protein homolog 4.66 4.94 4.45 4.683333 

Gh_D06G133600 hus1 Checkpoint protein hus1 homolog 4.95 4.97 4.04 4.653333 

Gh_D06G161800 LIMYB  

L10-interacting MYB domain-

containing protein 5.83 2.49 5.44 4.586667 

Gh_D06G155400 ORC2 

Origin of replication complex 

subunit 2 6.67 6.25 0.69 4.536667 

Gh_D06G180300 SRF8 

Protein STRUBBELIG-

RECEPTOR FAMILY 8 4.79 4.96 3.7 4.483333 
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Gh_D06G149500 DOF1.4 Dof zinc finger protein DOF1.4 4.7 3.29 5.35 4.446667 

Gh_D06G153500 SAG12 

Senescence-specific cysteine 

protease SAG12 5.95 0.87 6.52 4.446667 

Gh_D06G169900 HSP90-5 

Heat shock protein 90-5, 

chloroplastic 5.05 3.2 4.86 4.37 

Gh_D06G132800 DUF3 

DUF724 domain-containing 

protein 3 4.93 4.55 3.56 4.346667 

Gh_D06G173900 XTH8 

Probable xyloglucan 

endotransglucosylase/hydrolase 

protein 8 2.2 8.88 1.75 4.276667 

Gh_D06G163800 AERO1 

Endoplasmic reticulum 

oxidoreductin-1 3.32 5.45 3.84 4.203333 

Gh_D06G163300 E1-BETA-2 

Pyruvate dehydrogenase E1 

component subunit beta-3, 

chloroplastic 4.17 4.85 3.48 4.166667 

Gh_D06G158200 RKF1 

Probable LRR receptor-like 

serine/threonine-protein kinase 

RFK1 4.25 4.52 3.73 4.166667 

Gh_D06G148000 LECRK71 

L-type lectin-domain containing 

receptor kinase VII.1 3.45 3.47 5.45 4.123333 

Gh_D06G172600 CRK25 

Cysteine-rich receptor-like 

protein kinase 25 5.1 3.06 4.14 4.1 

Gh_D06G158000 NIP1-2 Aquaporin NIP1-2 4.88 4.07 3 3.983333 

Gh_D06G171100 NA NA 2.16 3.97 5.66 3.93 
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Gh_D06G170200 NA NA 4.22 3.24 4.29 3.916667 

Gh_D06G164900 PETJ Cytochrome c6, chloroplastic 2.47 4.04 4.96 3.823333 

Gh_D06G178600 ABCF5 

ABC transporter F family 

member 5 3.49 3.44 4.47 3.8 

Gh_D06G147500 RPL21M 

50S ribosomal protein L21, 

mitochondrial 3.24 4.55 3.52 3.77 

Gh_D06G135200 COG4 

Conserved oligomeric Golgi 

complex subunit 4 3.35 4.45 3.49 3.763333 

Gh_D06G139800 At1g55890 

Pentatricopeptide repeat-

containing protein At1g55890, 

mitochondrial 3.05 4.43 3.74 3.74 

Gh_D06G180000 EMB2369 

Leucine--tRNA ligase, 

chloroplastic/mitochondrial 3.71 3.44 4.04 3.73 

Gh_D06G152000 GBP7 Guanylate-binding protein 7 3.39 3.93 3.87 3.73 

Gh_D06G172800 CRK25 

Cysteine-rich receptor-like 

protein kinase 25 4.26 2.34 4.58 3.726667 

Gh_D06G175600 ADAL  Adenosine deaminase-like protein 3.39 4.2 3.56 3.716667 

Gh_D06G146700 HLB1 Protein HLB1 3.46 3.87 3.75 3.693333 

Gh_D06G134400 dnaJ Chaperone protein DnaJ 3.26 3.35 4.02 3.543333 

Gh_D06G182100 At1g16860 

Uncharacterized membrane 

protein At1g16860 3.82 3.33 3.26 3.47 

Gh_D06G156200 NA NA 4.82 0.6 4.92 3.446667 



   

220 

 

Appendix I (continued). 

 

Gh_D06G138300 HEN1 

Small RNA 2'-O-

methyltransferase 3.73 2.88 3.53 3.38 

Gh_D06G143300 NA NA 5.7 2.51 1.89 3.366667 

Gh_D06G177900 NA L-ascorbate oxidase homolog 1.97 5.52 2.54 3.343333 

Gh_D06G175700 PLA1 Phospholipase A I 3.28 3.42 3.21 3.303333 

Gh_D06G153700 YNL011C 

Uncharacterized protein 

YNL011C 2.97 3.23 3.66 3.286667 

Gh_D06G150300 HAK2 Probable potassium transporter 2 4.89 1 3.95 3.28 

Gh_D06G150200 NA NA 3.94 2.66 3.07 3.223333 

Gh_D06G149100 MYOC Myocilin 5.71 2.56 1.32 3.196667 

Gh_D06G141600 At3g51120 

Zinc finger CCCH domain-

containing protein 44 3.19 2.69 3.68 3.186667 

Gh_D06G167000 NA NA 3.4 3.62 2.45 3.156667 

Gh_D06G170100 GLO4 

Peroxisomal (S)-2-hydroxy-acid 

oxidase GLO4 2.98 2.99 3.45 3.14 

Gh_D06G161300 KAS1 

3-oxoacyl-[acyl-carrier-protein] 

synthase I, chloroplastic 4.3 3.21 1.9 3.136667 

Gh_D06G151600 NA NA 3.29 2.92 3.17 3.126667 

Gh_D06G160500 NA NA 0 9.37 0 3.123333 

Gh_D06G141900 ENT3 

Equilibrative nucleotide 

transporter 3 3.71 2.29 3.09 3.03 
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Appendix I (continued). 

 

Gh_D06G150800 NUDT15 

Nudix hydrolase 15, 

mitochondrial 2.93 3.07 3.07 3.023333 

Gh_D06G160400 PUP21 Purine permease 21 3.32 1.43 3.98 2.91 

Gh_D06G182700 PUR3 

Phosphoribosylglycinamide 

formyltransferase, chloroplastic 2.3 3.49 2.79 2.86 

Gh_D06G164200 NA NA 3.52 2.77 2.17 2.82 

Gh_D06G151200 PTI5 

Pathogenesis-related genes 

transcriptional activator PTI5 2.97 2.89 2.32 2.726667 

Gh_D06G135500 RPI4 

Probable ribose-5-phosphate 

isomerase 4, chloroplastic 3.17 1.91 2.95 2.676667 

Gh_D06G160100 At2g43200 

Probable methyltransferase 

PMT19 2.52 1.64 3.8 2.653333 

Gh_D06G155200 BP-73 SAP-like protein BP-73 2.58 2.26 2.99 2.61 

Gh_D06G140400 At1g11410 

G-type lectin S-receptor-like 

serine/threonine-protein kinase 

At1g11410 2.99 1.58 3.07 2.546667 

Gh_D06G143100 uppP Undecaprenyl-diphosphatase 3.04 2.83 1.67 2.513333 

Gh_D06G142800 NDB2 

External alternative NAD(P)H-

ubiquinone oxidoreductase B2, 

mitochondrial 2.35 2.74 2.42 2.503333 

Gh_D06G181800 DK-ACO1 

1-aminocyclopropane-1-

carboxylate oxidase 2.97 2.36 2.09 2.473333 
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Appendix I (continued). 

 

Gh_D06G177300 PCMP-H73 

Pentatricopeptide repeat-

containing protein At1g15510, 

chloroplastic 0.93 3.87 2.58 2.46 

Gh_D06G150100 PVA43 Vesicle-associated protein 4-3 2.24 4.77 0 2.336667 

Gh_D06G151300 RAC7 Rac-like GTP-binding protein 7 2.62 2.22 2.12 2.32 

Gh_D06G153800 XKR6 XK-related protein 6 1.91 2.37 2.52 2.266667 

Gh_D06G176800 At1g11710 

Pentatricopeptide repeat-

containing protein At1g11710, 

mitochondrial 2.63 1.67 2.46 2.253333 

Gh_D06G180900 figl -1 Fidgetin-like protein 1 2.26 2.22 2.27 2.25 

Gh_D06G153100 NA 

Retrovirus-related Pol 

polyprotein from transposon TNT 

1-94 2.51 1.93 1.67 2.036667 

Gh_D06G135100 SEN1 Helicase SEN1 2.05 1.8 2.03 1.96 

Gh_D06G149800 RING1A 

Putative E3 ubiquitin-protein 

ligase RING1a 2.11 2.45 1.28 1.946667 

Gh_D06G179100 SLAH1 S-type anion channel SLAH1 2.42 0.58 2.78 1.926667 

Gh_D06G176500 SPBC1773.06c 

Zinc-type alcohol dehydrogenase-

like protein C1773.06c 2.01 2.18 1.54 1.91 

Gh_D06G167100 44623 

E3 ubiquitin-protein ligase 

MARCH3 4.66 1.06 0 1.906667 
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Appendix I (continued). 

 

Gh_D06G160900 FLS2 

LRR receptor-like 

serine/threonine-protein kinase 

FLS2 1.49 2.02 2.18 1.896667 

Gh_D06G177100 Ankrd13c 

Ankyrin repeat domain-

containing protein 13C 2.15 2.03 1.48 1.886667 

Gh_D06G156100 BHLH35 Transcription factor bHLH35 3.32 1.31 1.01 1.88 

Gh_D06G177200 TRN1 Transportin-1 2.53 2.27 0.8 1.866667 

Gh_D06G168000 NPR4 

Ankyrin repeat-containing protein 

NPR4 2.47 1.82 1.26 1.85 

Gh_D06G131900 At1g80880 

Pentatricopeptide repeat-

containing protein At1g80880, 

mitochondrial 1.77 2.36 1.17 1.766667 

Gh_D06G136400 LIMYB  

L10-interacting MYB domain-

containing protein 1.85 2.9 0.53 1.76 

Gh_D06G143600 Brd8 

Bromodomain-containing protein 

8 2.01 1.37 1.74 1.706667 

Gh_D06G135600 CHUP1 Protein CHUP1, chloroplastic 1.49 2.16 1.31 1.653333 

Gh_D06G182300 HT1 

Serine/threonine-protein kinase 

HT1 1.5 1.65 1.79 1.646667 

Gh_D06G173100 LPXD2 

Probable UDP-3-O-

acylglucosamine N-

acyltransferase 2, mitochondrial 2.27 1.08 1.42 1.59 
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Appendix I (continued). 

 

Gh_D06G165400 PFP-ALPHA 

Pyrophosphate--fructose 6-

phosphate 1-phosphotransferase 

subunit alpha 0.87 2.81 0.98 1.553333 

Gh_D06G146000 At4g19900 

Uncharacterized protein 

At4g19900 1.19 1.73 1.68 1.533333 

Gh_D06G165300 C15C7.7 

GDP-fucose protein O-

fucosyltransferase 1 1.37 1.47 1.73 1.523333 

Gh_D06G153000 CHUP1 Protein CHUP1, chloroplastic 1.44 1.85 1.24 1.51 

Gh_D06G173500 Il12a Interleukin-12 subunit alpha 1.62 0.89 1.93 1.48 

Gh_D06G181000 NA NA 1.44 1.33 1.66 1.476667 

Gh_D06G140100 BHLH112 Transcription factor bHLH112 1.8 1.27 1.23 1.433333 

Gh_D06G145000 At4g04980 

Uncharacterized protein 

At4g04980 1.18 1.16 1.91 1.416667 

Gh_D06G146600 CBSX5 

CBS domain-containing protein 

CBSX5 1.48 1.12 1.56 1.386667 

Gh_D06G141300 UPL7 E3 ubiquitin-protein ligase UPL7 2.97 0 1.15 1.373333 

Gh_D06G151400 RABA1F Ras-related protein RABA1f 2.22 1.25 0.58 1.35 

Gh_D06G166400 BRF1 

Transcription factor IIIB 90 kDa 

subunit 0.93 2.07 0.95 1.316667 

Gh_D06G181500 ITN1 

Ankyrin repeat-containing protein 

ITN1 1.34 1.4 1.1 1.28 

Gh_D06G160800 NA NA 0.96 1.08 1.76 1.266667 
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Appendix I (continued). 

 

Gh_D06G143700 NA NA 1.21 1.12 1.3 1.21 

Gh_D06G140800 PBP1 Calcium-binding protein PBP1 1.96 0.89 0.78 1.21 

Gh_D06G170800 At4g18975 

Pentatricopeptide repeat-

containing protein At4g18975, 

chloroplastic 0.46 2.35 0.81 1.206667 

Gh_D06G168200 NA 

Putative glucose-6-phosphate 1-

epimerase 0.99 0.85 1.78 1.206667 

Gh_D06G161000 imp1 

Mitochondrial inner membrane 

protease subunit 1 0.91 0.99 1.72 1.206667 

Gh_D06G143900 At5g65660 

Uncharacterized protein 

At5g65660 1.42 1.69 0.5 1.203333 

Gh_D06G153200 NA 

Cytochrome b-c1 complex 

subunit Rieske-4, mitochondrial 1.76 1.63 0 1.13 

Gh_D06G181400 At5g02620 

Ankyrin repeat-containing protein 

At5g02620 1.33 0.94 1.08 1.116667 

Gh_D06G170500 At1g17410 

Probable nucleoside diphosphate 

kinase 5 0.29 2.06 0.85 1.066667 

Gh_D06G143800 NA NA 0.61 1.11 1.43 1.05 

Gh_D06G175300 At3g55350 Protein ALP1-like 0 0 3.12 1.04 

Gh_D06G133500 SLC4A1AP Kanadaptin 1.4 0.65 1.05 1.033333 

Gh_D06G175400 BGLU46 Beta-glucosidase 46 1.4 0.52 1.15 1.023333 
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Appendix J. Segregation distortion observed in the linkage map of the RIL mapping population 

(G. hirsutum cv. Acala Maxxa × G. hirsutum cv. Arkot 8102) (see the attached excel file). 

 

Appendix K. Collinearity between SNP-based linkage groups with the sequence-based physical 

map groups of G. hirsutum cv. TM1 CRI v1 (Yang et al. 2019)(see the attached excel file). 
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Appendix L. Putative genes for CBB resistance identified by combined association mapping and linkage analyses in the Upland 

cotton. 

 

Gene ID Gene Name Description Start End 

Gh_D02G007500 shkC Dual specificity protein kinase shkC 556344 560079 

Gh_D02G007600 Os03g0733400 Zinc finger BED domain-containing protein RICESLEEPER 2 562449 564696 

Gh_D02G007700 UGT74F2 UDP-glycosyltransferase 74F2 567050 569092 

Gh_D02G007800 UGT74F2 UDP-glycosyltransferase 74F2 571800 574023 

Gh_D02G007900 UGT74F2 UDP-glycosyltransferase 74F2 575648 577841 

Gh_D02G008000 cwf25 Pre-mRNA-splicing factor cwf25 580700 583228 

Gh_D02G008100 BT3 BTB/POZ and TAZ domain-containing protein 3 587277 590243 

Gh_D02G008200 BIP103 Proton pump-interactor BIP103 590441 594157 

Gh_D02G008300 LSM6B Sm-like protein LSM36B 606398 609098 

Gh_D02G008400 FH2 Formin-like protein 2 612316 615905 

Gh_D02G008500 NA NA 632574 633373 

Gh_D02G008600 CASTOR Ion channel CASTOR 639291 646726 

Gh_D02G008700 HSP70 Stromal 70 kDa heat shock-related protein, chloroplastic 648392 652268 

Gh_D02G008800 PCMP-H81 

Pentatricopeptide repeat-containing protein At3g57430, 

chloroplastic 653240 656041 

Gh_D02G008900 RGA2 Disease resistance protein RGA2 656995 665225 
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Appendix L (continued). 

 

Gh_D02G009000 ccdc94 Coiled-coil domain-containing protein 94 homolog 667198 673281 

Gh_D02G009100 NA NA 675314 675514 

Gh_D02G009200 RGA3 Putative disease resistance protein RGA3 676179 686190 

Gh_D02G009300 RGA3 Putative disease resistance protein RGA3 697138 718723 

Gh_D02G009400 SAC9 Probable phosphoinositide phosphatase SAC9 730715 733059 

Gh_D02G009500 ccdc94 Coiled-coil domain-containing protein 94 homolog 733788 736596 

Gh_D02G009600 RGA3 Putative disease resistance protein RGA3 736606 745709 

Gh_D02G009700 ccdc94 Coiled-coil domain-containing protein 94 homolog 748361 752255 

Gh_D02G009800 SAC9 Probable phosphoinositide phosphatase SAC9 753958 767949 

Gh_D02G009900 At3g49150 Putative F-box/LRR-repeat protein At3g49150 770100 771642 

Gh_D02G010000 At4g14096 F-box/LRR-repeat protein At4g14096 780767 782218 

Gh_D02G010100 At4g14103 F-box/LRR-repeat protein At4g14103 784735 785843 

Gh_D02G010200 At3g59210 F-box/LRR-repeat protein At3g59210 798816 800379 

Gh_D02G010300 At3g44060 Putative F-box protein At3g44060 802576 805027 

Gh_D02G010400 At3g59240 Putative F-box/FBD/LRR-repeat protein At3g59240 807993 809425 

Gh_D02G010500 RPL5 60S ribosomal protein L5 810521 813478 

Gh_D02G010600 At1g58310 Putative F-box protein At1g58310 813562 815277 
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Appendix L (continued). 

 

Gh_D02G010700 At3g59200 F-box/LRR-repeat protein At3g59200 818540 821540 

Gh_D02G010800 MMK1 Mitogen-activated protein kinase homolog MMK1 823135 827309 

Gh_D02G010900 NA Natterin-4 839876 842296 

Gh_D02G011000 NA Natterin-4 860298 861722 

Gh_D02G011100 NA Natterin-4 869869 871934 

Gh_D02G011200 NA Natterin-1 888886 890067 

Gh_D02G011300 NA Natterin-4 895541 898238 

Gh_D02G011400 NA Natterin-4 905357 906331 

Gh_D02G011500 NA Natterin-4 917101 918591 

Gh_D02G011600 NA Natterin-4 924583 926004 

Gh_D02G011700 IQD14 Protein IQ-DOMAIN 14 927756 930784 

Gh_D02G011800 BAGP1 BAG-associated GRAM protein 1 947572 956175 

Gh_D02G011900 BHLH153 Transcription factor bHLH153 956799 959498 

Gh_D02G012000 SPBC4B4.04 Eukaryotic translation initiation factor 2A 969532 975110 

Gh_D02G012100 RGA4 Putative disease resistance protein RGA4 980685 983807 

Gh_D02G012200 At4g27190 Disease resistance protein At4g27190 987105 994162 

Gh_D02G012300 ndhB NAD(P)H-quinone oxidoreductase subunit 2 995922 996752 



   

230 

 

Appendix L (continued). 

 

Gh_D02G012400 PGM1 2,3-bisphosphoglycerate-independent phosphoglycerate mutase 998816 1002429 

Gh_D02G012500 NAC014 NAC domain-containing protein 14 1004477 1037718 

Gh_D02G012600 NLP8 Protein NLP8 1038345 1042182 

Gh_D02G012700 Os05g0583200 Zinc finger BED domain-containing protein RICESLEEPER 3 1044289 1053365 

Gh_D02G012800 GAI DELLA protein GAI 1053601 1054329 

Gh_D02G012900 Os05g0583200 Zinc finger BED domain-containing protein RICESLEEPER 3 1059951 1066506 

Gh_D02G013000 DOT4 Pentatricopeptide repeat-containing protein DOT4, chloroplastic 1085583 1087633 

Gh_D02G013100 NA NA 1097977 1098809 

Gh_D02G013200 HAT Zinc finger BED domain-containing protein DAYSLEEPER 1099033 1100651 

Gh_D02G013300 GIP Copia protein 1115365 1116150 

Gh_D02G013400 ULP1B Putative ubiquitin-like-specific protease 1B 1121200 1123019 

Gh_D02G013500 ESD4 Ubiquitin-like-specific protease ESD4 1134403 1135511 

Gh_D02G013600 Os05g0583200 Zinc finger BED domain-containing protein RICESLEEPER 3 1166185 1169777 

Gh_D02G013700 Os03g0733400 Zinc finger BED domain-containing protein RICESLEEPER 2 1184474 1190358 

Gh_D02G013800 Os05g0583200 Zinc finger BED domain-containing protein RICESLEEPER 3 1200236 1203994 

Gh_D02G013900 GAI DELLA protein GAI 1205161 1208450 

Gh_D02G014000 DOT4 Pentatricopeptide repeat-containing protein DOT4, chloroplastic 1229920 1232103 
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Appendix L (continued). 

 

Gh_D02G014100 RPL38 60S ribosomal protein L38 1233364 1235198 

Gh_D02G014200 Os03g0733400 Zinc finger BED domain-containing protein RICESLEEPER 2 1235517 1254478 

Gh_D02G014300 Os05g0239150 Zinc finger BED domain-containing protein RICESLEEPER 1 1279981 1283390 

Gh_D02G014400 ulp-1 Sentrin-specific protease 1308195 1309121 

Gh_D02G014500 Os05g0583200 Zinc finger BED domain-containing protein RICESLEEPER 3 1316891 1322622 

Gh_D02G014600 ESD4 Ubiquitin-like-specific protease ESD4 1322758 1324872 

Gh_D02G014700 PPAN Peter Pan-like protein 1329176 1331651 

Gh_D02G014800 PPAN Peter Pan-like protein 1331749 1332125 

Gh_D02G014900 Os05g0583200 Zinc finger BED domain-containing protein RICESLEEPER 3 1334327 1346188 

Gh_D02G015000 NA NA 1355760 1359357 

Gh_D02G015100 CRT3 Calreticulin-3 1367646 1373635 

Gh_D02G015200 GLX2-4 Probable hydroxyacylglutathione hydrolase 2, chloroplastic 1377413 1381885 

Gh_D02G015300 

3BETAHSD/D

3 3beta-hydroxysteroid-dehydrogenase/decarboxylase isoform 3 1385278 1392441 

Gh_D02G015400 FPA Flowering time control protein FPA 1395300 1404690 

Gh_D02G015500 SKIP16 F-box protein SKIP16 1406472 1410275 

Gh_D02G015600 POSF21 Probable transcription factor PosF21 1416446 1420845 

 




