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Cotton fiber quality traits are controlled by multiple quantitative trait loci (QTL), and the improvement of these traits requires extensive germplasm. Herein, an Upland cotton cultivar from America, Acala Maxxa, was crossed with a local high fiber quality cultivar, Yumian 1, and 180 recombinant inbred lines (RILs) were obtained. In order to dissect the genetic basis of fiber quality differences between these parents, a genetic map containing 12116 SNP markers was constructed using the CottonSNP80K assay, which covered 3741.81 cM with an average distance of 0.31 cM between markers. Based on the genetic map and growouts in three environments, we detected a total of 104 QTL controlling fiber quality traits. Among these QTL, 25 were detected in all three environments and 35 in two environments. Meanwhile, 19 QTL clusters were also identified, and nine contained at least one stable QTL (detected in three environments for a given trait). These stable QTL or QTL clusters are priorities for fine mapping, identifying candidate genes, elaborating molecular mechanisms of fiber development, and application in cotton breeding programs by marker-assisted selection (MAS).
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INTRODUCTION

Gossypium hirsutum L. (2n = 4x = 52), one of the 52 Gossypium species, is the most important natural fiber crop and yields ~95% of all cotton fiber due to its high productivity and wide adaptability (Chen et al., 2007). However, its moderate fiber qualities for spinning, especially length, strength, and fineness (“micronaire”), are in urgent need of improvement. And the most effective methods may be integrate traditional breeding and the high-efficiency method known as marker-assisted selection (MAS).

Cotton fiber quality traits are controlled by multiple quantitative trait loci (QTL) and affected greatly by environment, which leads to inefficient selection of traditional breeding approaches. However, MAS can differentiate homozygous individuals from heterozygotes and eliminate environmental effects by selection based on DNA marker genotype, promoting breeding progress and shortening breeding cycles. Unfortunately, large gaps still exist between the expectations and actual applications in practical plant breeding (Xu and Crouch, 2008), because of the limited numbers of established molecular markers linked to traits prioritized by breeders (Yang et al., 2015). In cotton, although approximately 1506 QTL controlling fiber quality traits have been identified according to CottonQTLdb (Said et al., 2013, 2015a,b), the majority explained small effects or were unstable in different environments (Li C. et al., 2016; Liu et al., 2017). In addition, the paucity of SSR marker polymorphism in cotton resulted in insufficient linkage between markers and priority traits, which hindered the “pyramiding” of favorable QTL through MAS and fine mapping or map-based cloning.

Single-nucleotide polymorphism (SNP) markers with genome wide abundance characterized by high-throughput genotyping fulfill the need for saturated genetic map construction and are suitable for application to QTL dissection and MAS. With the release of genome sequences for cotton species such as G. raimondii (Paterson et al., 2012; Wang et al., 2012), G. arboreum (Li et al., 2014), G. hirsutum (Li et al., 2015; Zhang et al., 2015), and G. barbadense (Liu X. et al., 2015; Yuan et al., 2015), “next generation sequencing (NGS)” has been exploited and applied to construct high-density genetic maps and identify QTL in allotetraploid cotton, including restriction-site associated DNA (RAD) (Wang H. et al., 2015; Jia et al., 2016), genotyping by sequencing (GBS) (Qi et al., 2017) and specific locus amplified fragment sequencing (SLAF-seq) (Zhang et al., 2016). In addition, a SNP array for hybridization, CottonSNP63K array, has been developed (Hulse-Kemp et al., 2015) and utilized to evaluate genetic diversity, conduct genome-wide association studies (GWAS) (Hinze et al., 2017; Huang et al., 2017; Sun et al., 2017), construct genetic maps (Hulse-Kemp et al., 2015) and dissect QTL (Li C. et al., 2016; Palanga et al., 2017; Zhang Z. et al., 2017). However, the CottonSNP80K was developed based on SNP markers selected from the re-sequencing of 100 cotton cultivars, and has been rarely applied in practical breeding (Cai et al., 2017). Moreover, few of these studies were conducted for fiber quality genetic dissection, which was far removed from map-based cloning, elaborating the molecular mechanism of fiber development and further application of MAS in breeding programs. Therefore, it is urgent to identify more novel and stable QTL and develop functional markers using high-throughput genotyping as reported in rice and wheat (Wang et al., 2011; Zhang P. et al., 2017).

In the present study, the CottonSNP80K array (Cai et al., 2017) was implemented to genotype 180 F2:8 recombinant inbred lines (RILs) derived from the cross between a local high fiber quality cultivar, Yumian 1 and Acala Maxxa from American. Our objectives were to construct a high-density intraspecific genetic map of Upland cotton, then identify novel and stable fiber quality QTL for breeding programs and map-based cloning.

MATERIALS AND METHODS

Mapping Population and Statistical Analysis

Gossypium hirsutum cultivars Yumian 1 and Acala Maxxa were crossed to produce a segregating population at Southwest University, Chongqing, China, in the summer of 2010 (Shao et al., 2014). Yumian 1 is a high fiber quality cultivar bred by a multiple-cultivar intermating program at Southwest University, Chongqing, China (Zhang et al., 2009). Acala Maxxa, with high productivity, was introduced from America (Shao et al., 2014). The F1 seeds were planted in Hainan, China, in the winter of 2010. A total of 180 F2 plants were randomly selected and self-mated at Southwest University, Chongqing, China, in the summer of 2011. Single-seed descent was conducted from the F2:3 generation to the F2:8 generation to complete a RIL population in the summer of 2015. The 180 RILs were planted in single-row plots with 0.8 m width and 5 m long at Chongqing, China, in the summer of 2016, and at Hainan, China, in the winter of 2016, respectively.

All naturally-opened bolls of the RILs and parents in three different environments were harvested for fiber quality evaluation using the HVI900 instruments (Uster®Hvispectrum, Spinlab, USA) at the Supervision Inspection and Testing Cotton Quality Center, Anyang, China. Data including fiber length (FL, mm), fiber strength (FS, cN/tex), fiber elongation (FE, %), fiber micronaire (FM), and fiber length uniformity (FU, %) were analyzed by SPSS 20.0 (SPSS, Chicago, IL, USA) for correlations, and Microsoft Excel 2013 for variance analysis (ANOVA).

DNA Extraction and Genotyping

Genomic DNA was extracted from young leaves of the mapping population and parents using a modified CTAB method (Zhang et al., 2005). DNA was hybridized to CottonSNP80K arrays according to the Illumina protocols (Illumina Inc., San Diego, USA). The Illumina iScan was used to scan arrays. The GenomeStudio Genotyping software (V2011.1, Illumina, Inc.) was applied to cluster the raw data for SNP alleles and genotypes (Cai et al., 2017). The raw genotyping data were filtered, retaining only markers that behave co-dominantly and with < 40% missing data (Hulse-Kemp et al., 2015). Subsequently, the genotyping data were transformed into mapping data format (“ABH”).

Genetic Map Construction

The retained SNP markers were initially partitioned and located to the 26 chromosomes based on the physical map of the G. hirsutum TM-1 genome sequence (Zhang et al., 2015). Then, the SNP markers on each chromosome were manually curated to identify and remove problematic markers that caused elevated numbers of double crossovers and expansions in the length of the linkage group (Hulse-Kemp et al., 2015). Ultimately, the genetic map was constructed using JoinMap 4.0 (Van Ooijen, 2006) with the default settings and with the log of odds (LOD) score of from 3 to 10 on each chromosome. Map distances were calculated using Kosambi's mapping function (Kosambi, 1944).

Chi-squared tests were employed to test loci that deviated from the 1:1 expected segregation ratio (p < 0.05). Regions containing at least three adjacent deviated loci were defined as segregation distortion regions (SDR) (Yu et al., 2011). Circos-0.66 (Krzywinski et al., 2009) was used to compare the colinearity of SNPs between genetic and physical maps.

QTL Mapping

MapQTL 6.0 (Van Ooijen, 2009) was employed to detect QTL by Multiple QTL mapping. A threshold of log of odds (LOD) ≥ 2.0 was used to declare suggestive QTL, as suggested (Lander and Kruglyak, 1995). Positive additive effects indicated that alleles originating from Yumian 1 increased the phenotypic value, while negative additive effects indicated that alleles derived from Acala Maxxa increased the phenotypic value. QTL with partially or fully overlapping confidence intervals was regarded as one QTL. The QTL nomenclature was designated beginning with a letter “q”, followed by the trait abbreviation as mentioned above, the chromosome number and the QTL serial number. MapChart 2.3 (Voorrips, 2002) was used to draw graphic representation of the genetic map and QTL bars representing 1-LOD likelihood intervals.

RESULTS

Fiber Quality Evaluation

Descriptive statistics for fiber quality traits of the mapping parents and the RIL population across three environments are shown in Table 1. Acala Maxxa showed a little higher fiber length and much lower fiber micronaire than Yumian 1, however, it is indistinguishable for fiber uniformity and strength across three environments. For the RIL population, all traits showed a broad and continuous range of variation with transgressive segregation, consistent with normal distributions.


Table 1. Variation of fiber quality traits for Yumian 1, Acala Maxxa, and their RIL population.
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Correlation analysis across three environments was conducted separately (Table 2). Results of three environments showed that FL had significant positive correlations with FU, FS, and FE; FS had significant positive correlations with FU and FE; and FE had significant positive correlations with FU, respectively.


Table 2. Correlation analysis among fiber quality traits across three environments.
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Furthermore, analyses of variance indicated highly significant genotypic and environmental effects (P < 0.01) for all tested fiber quality traits (Table 3), which suggested that environmental factors played a crucial role in the development of fiber quality traits.


Table 3. Analysis of variance (ANOVA) for fiber quality traits across three environments for the Yumian 1 × Acala Maxxa RIL population.
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Map Construction

CottonSNP80K arrays were used for screening 180 RILs, with 12,318 SNP (15.84%) polymorphic between the two mapping parents and segregating in the population, of which 12,116 were mapped on 26 chromosomes, accounting for 15.58% of the total of 77,774 SNP markers. The final genetic map spanned 3,741.81 cM with an average distance of 0.31 cM between consecutive loci (Table 4; Figure S1). The At subgenome included 5,975 SNP markers and covered 1,979.72 cM with an average of 0.33 cM between consecutive loci, while the Dt subgenome contained 6141 SNP markers and spanned 1,762.09 cM with an average of 0.29 cM between consecutive loci. Uneven distribution of SNP markers was observed. Chr17 had the most loci (707), while Chr02 had the least (197). The average length of the 26 chromosomes was 143.91 cM. The longest chromosome was Chr05 (209.49), and the shortest was Chr25 (102.04). Nineteen gaps (>15 cM) were present in this genetic map, including 10 on the At subgenome and 9 on the Dt subgenome (Table 4).


Table 4. Summary of the SNP genetic map of the Yumian 1 × Acala Maxxa RIL population.
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Segregation Distortion

Among the total of 12,116 mapped SNPs markers, 32.82% (3977) showed segregation distortion (P < 0.05) with most (3743) enriched for Yumian 1 alleles (Table 4; Figure S1). These segregation distorted markers (SDMs) were unevenly distributed on the 26 chromosomes (1734 on At subgenome and 2243 on Dt subgenome). Chr09 and Chr21 contained the most SDMs (483 and 459, respectively) with the highest percentage of 99.38 and 91.62%, respectively; Chr02 and Chr04 included the fewest SDMs (8 and 8, respectively) with the percentage lower than 5%. The SDMs were aggregated into 49 segregation distortion regions (SDRs) on 26 chromosomes, including 25 on At and 24 on Dt chromosomes. Notably, SDMs located on six SDRs (SDR02-1, SDR05-1, SDR08-2, SDR13-2, SDR15-1, SDR26-4) skewed toward the paternal (Acala Maxxa) alleles, and others skewed toward the maternal (Yumian 1) alleles (Figure S1).

Colinearity Analysis

To validate the accuracy and precision of the genetic map, we compared it with the physical maps of the G. hirsutum reference genome sequence (Zhang et al., 2015) (Figure 1). The vast majority of loci on the genetic map were reasonably consistent with their corresponding physical locations, which suggested the high quality of the genetic map. However, several deviations on Chr02 and Chr07 were observed. In total, 3,741.81 cM of the genetic map corresponded to 1,934.65 Mb of the physical map, spanning 97.99% of the genome length of the 26 chromosomes. All chromosomes showed good coverage of the physical map except for Chr21 with 89.33% coverage (Table S1).
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FIGURE 1. Colinearity between genetic map (green) and physical map (blue). (At) Colinearity for At subgenome. (Dt) Colinearity for Dt subgenome.



QTL Mapping of Fiber Quality Traits

A total of 104 QTL controlling fiber quality traits were detected in this study (Table S2; Figure S1), explaining 5.0–18.8% of the total phenotypic variance with LOD values ranging from 2.0 to 7.7. These QTL were unevenly distributed on 22 chromosomes except for Chr03, Chr04, Chr06, and Chr12, including 51 QTL on the At subgenome and 53 on the Dt subgenome. Yumian 1 contributed positive additive effects at 48 QTL to increase relevant trait values, whereas 56 QTL alleles with negative additive effects derived from Acala Maxxa. Significantly, 35 QTL were detected in 2 environments (Table S2) and 25 in three environments (Table 5).


Table 5. Stable QTL for fiber quality traits identified across three environments in the Yumian 1 × Acala Maxxa RIL population.
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Fiber Length

Twenty-one QTL controlling fiber length were detected on 17 chromosomes (with two each on Chr05, Chr10, Chr11, and Chr21), explaining 5.0–17.6% of phenotypic variance (Table S2; Figure S1). Among these QTL, 11 favorable alleles that increased fiber length were derived from Yumian 1, whereas 10 were contributed by Acala Maxxa. Seven QTL (qFL01.1, qFL08.1, qFL15.1, qFL20.1, qFL21.1, qFL23.1, and qFL24.1) were detected across three environments, with six explaining ~10% of phenotypic variance (Table 5).

Fiber Uniformity

Sixteen QTL were identified on 11 chromosomes and explained 5.5–17.8% of the phenotypic variance. Chr14, Chr15, Chr21, and Chr24 included 2, 3, 2, and 2 QTL, respectively (Table S2; Figure S1). There were only four QTL for which alleles increasing fiber uniformity came from Yumian 1, whereas 12 favorable QTL alleles originated from Acala Maxxa. Furthermore, four QTL (qFU05.1, qFU15.3, qFU16.1, and qFU20.1), which explained more than 10% phenotypic variance were stable and detected in three environments (Table 5).

Fiber Strength

Twenty-seven QTL were detected on 18 chromosomes and explained 5.1–14.0% of the phenotypic variance. On Chr09, Chr13, Chr15, Chr16, and Chr19, we identified 3, 4, 3, 2, and 2 QTL, respectively (Table S2; Figure S1). Favorable alleles of 11 QTL which increased fiber strength were derived from Yumian 1, whereas others were contributed by Acala Maxxa. Notably, there were seven stable QTL (qFS01.1, qFS08.1, qFS13.4, qFS15.2, qFS15.3, qFS19.1, and qFS20.1) identified across all environments. Moreover, qFS13.4, qFS15.2, and qFS20.1 explained ~10% of the phenotypic variance (Table 5).

Fiber Micronaire

Eighteen QTL were identified on 14 chromosomes, explaining 5.2–17.2% of the phenotypic variance. And there were 2, 3, and 2 QTL detected on Chr08, Chr13, and Chr16, respectively (Table S2; Figure S1). Among these QTL, six favorable alleles for decreasing fiber micronaire value were contributed by Yumian 1, the rest came from Acala Maxxa. There were only two stable QTL (qFM16.2 and qFM24.1) identified in three environments. However, five QTL (qFM09.1, qFM13.2, qFM16.1, qFM19.1, and qFM25.1) also explained ~10% of phenotypic variance (Table S2).

Fiber Elongation

Twenty-two QTL were mapped on 15 chromosomes, explaining 5.2–18.8% of the phenotypic variance. Chr10, Chr11, Chr13, Chr15, and Chr18 contained 3, 2, 3, 2, and 2 QTL on different regions, respectively (Table S2; Figure S1). Among these QTL, 10 favorable alleles increasing the trait value came from Yumian 1, whereas the rest were derived from Acala Maxxa. There were five stable QTL (qFE01.1, qFE08.1, qFE15.2, qFE20.1, and qFE24.1) detected in three environments (Table 5).

QTL Cluster Analysis

QTL clusters were defined as regions which contained multiple QTL associated with various traits within ~20 cM (Said et al., 2015b). In this study, there were 19 QTL clusters on16 chromosomes (Table 6 and Table S3). Significantly, both Chr01-cluster-1 and Chr08-cluster-1 contained three stable QTL for FL, FS, and FE, explaining ~10% of the phenotypic variance. Chr05 carried 2 clusters, both of which included three QTL, with a stable QTL (qFU05.1) mapped on Chr05-cluster-2. There were also two clusters on Chr13—Chr13-cluster-1 included 7 QTL, qFE13.1, qFM13.1, and qFS13.1 mapped on almost the same location with positive additive effects, and another four QTL with negative additive effects overlapping these; Chr13-cluster-2 contained four QTL including a stable QTL, qFS13.4, identified across three environments. Among two clusters on Chr15, Chr15-cluster-1 conferred 3 QTL identified only in 2016HN and Chr15-cluster-2 carried 6 QTL which included five stable QTL identified in three environments. Chr16-cluster-1 included 6 QTL with two stable QTL (qFU16.1 and qFM16.2), and two sets of QTL for FS and FM were identified in obviously different regions. Chr20-cluster-1 contained 4 stable QTL except for FM, explaining about 10% of the phenotypic variance. Chr23-cluster-1 carried 3 QTL including a stable QTL, qFL23.1. Chr24-cluster-1 contained 4 QTL, with 2 stable QTL, qFE24.1 and qFL24.1. Details were summarized in Table S3. In partial summary, there were 9 QTL clusters which carried at least one stable QTL—in addition, stable QTL qFS19.1, qFL21.2, and qFM24.1 each linked to another QTL should also be priorities for further study and deployment.


Table 6. QTL Clusters for fiber quality traits identified across three environments in the Yumian 1 × Acala Maxxa RIL population.
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DISCUSSION

High-Density Genetic Map Construction

High-throughput genotyping methods are useful to evaluate genetic diversity, construct genetic maps, and dissect the genetic architecture of important traits (Truco et al., 2013). Previously, the narrow genetic base and two closely related subgenomes of Upland cotton had hindered the identification of SNP markers (Islam et al., 2015). With the release of genome sequences of several cotton species (Paterson et al., 2012; Wang et al., 2012; Li et al., 2014, 2015; Liu X. et al., 2015; Yuan et al., 2015; Zhang et al., 2015) and the improvement of in silico methods, CottonSNP63K and CottonSNP80K arrays were develop and applied to cotton research (Hulse-Kemp et al., 2015; Cai et al., 2017).

Here, CottonSNP80K arrays were employed to genotype 180 RILs and construct a high density genetic map containing 12116 SNP markers which spanned a total recombinational length of 3741.81 cM with an average distance of 0.31 cM between consecutive markers. To our knowledge, this is the first application for genetic map construction of the CottonSNP80K array, which is based on SNP markers selected from the re-sequencing of 100 cotton cultivars (Cai et al., 2017). Compared with previous intraspecific SNP genetic maps (Hulse-Kemp et al., 2015; Jia et al., 2016; Zhang et al., 2016; Qi et al., 2017), the present map was efficient and possessed more SNP markers, due to both the high-efficiency genotyping of the CottonSNP80K array (Cai et al., 2017) and the use of relatively divergent parents, specifically the Chinese cultivar Yumian 1 and the American cultivar Acala Maxxa.

Good colinearity between the present genetic map and the corresponding physical map suggests the accuracy and precision of the map. Colinearity analysis also indicated that the present genetic map had good coverage of the cotton genome, except for Chr21 due to few polymorphic loci in a 6.48 Mb region at the end of the chromosome. Nonetheless, the present map still harbored 19 gaps (>15 cM). Such defects were also widespread among genetic maps constructed using SSR (Liu D. et al., 2015; Li, X. et al., 2016; Liu et al., 2017) and SNP markers in cotton (Hulse-Kemp et al., 2015; Jia et al., 2016; Qi et al., 2017; Sun et al., 2017) and other crops (Shao et al., 2015; Clarke et al., 2016; Montero-Pau et al., 2017).

Segregation Distortion

Segregation distortion, recognized as a potentially powerful evolutionary force (Taylor and Ingvarsson, 2003), is widespread in mapping populations. It is more serious in RIL populations because of genetic drift (Zhang et al., 2009) associated with both natural and artificial selection for several generations, during which time lethality, partial male or female sterility, gametic selection, zygotic selection, and/or pollen spine development happen naturally (Xian-Liang et al., 2007). In the present study, the frequency of segregation distortion (32.82%) was higher than in a previous F2 SSR map (16.9%) with the same parents (Shao et al., 2014), which suggested that RIL development contributed to more distorted segregation once again. Furthermore, previous SNP maps constructed for RIL populations of Upland cotton showed segregation distortion ranging from 13.29 to 63.77% (Wang, Y. et al., 2015; Li C. et al., 2016; Zhang et al., 2016; Zhang Z. et al., 2017), implying that the divergence level of the mapping parents may play a critical factor in segregation distortion (Paterson et al., 1988). Curiously, most distorted loci (89.50%) skewed toward Yumian 1, whereas only 10.50% skewed toward Acala Maxxa, consistent with previous studies that 74.5–95% of the distorted loci favored Yumian 1 alleles (Hu et al., 2008; Tan et al., 2014; Tang et al., 2014; Liu D. et al., 2015; Liu et al., 2017), suggesting that specific features of its genome may favor Yumian 1 genotypes.

QTL Mapping

While fiber quality traits of the mapping parents were similar, except for fiber micronaire, significant differences among the RIL population and variance analysis showed that the parents carried different alleles for many fiber quality traits. We detected 104 QTL controlling fiber quality traits, with 42 favorable alleles from Yumian 1 and 62 from Acala Maxxa. This relatively rich QTL diversity between parents with similar phenotypes is consistent with prior studies (Shen et al., 2005; Tan et al., 2014; Li C. et al., 2016; Liu et al., 2017), supporting the ideas that different elite cultivars can have different favorable alleles for the same traits. That Acala Maxxa conferred twice as many (12 vs. 6) favorable fiber micronaire alleles as Yumian 1 was consistent with significant dissimilarity of this trait between parents, in accordance with the expectation that selection of one superior and one inferior parent will confer rich segregation for traits of interest (Shen et al., 2007; Sun et al., 2012).

Significant positive correlations among fiber quality traits was consistent with the phenomenon that most (74 of 104) QTL were concentrated in 19 QTL clusters, similar to previous studies (Zhang et al., 2009; Li C. et al., 2016; Liu et al., 2017). This suggested that certain traits involved multiple genes concentrated in certain genomic regions (Said et al., 2013) or were pleiotropic effects of single genes. Curiously, Chr13-cluster-1 and Chr18-cluster-1 included two sets of linked QTL with opposite additive effects, respectively, suggesting that favorable alleles at some loci were closely linked with unfavorable alleles at nearby loci. Identification of complementary haplotypes and use of tightly linked or functional markers to identify recombinants and pyramid favorable alleles through MAS may be a highly effective breeding strategy in such cases.

Interestingly, we found that most fiber micronaire QTL were mapped on a segregated or skewed region relative to QTL controlling others traits. For example, fine mapping of clustered QTL for fiber quality on chr07 also proved that qFM-chr.7 was tightly linked to qFL-chr.7 and qFS-chr.7, but not pleiotropic (Cao et al., 2015). The additive efforts of the fiber micronaire QTL in clusters had no constant positive or negative correlation with other traits, resulting in insignificant phenotypic correlation between fiber micronaire and the other traits in the current study. These interesting results had not previously been reported in QTL mapping using Yumian 1 as a parent (Hu et al., 2008; Zhang et al., 2009; Tan et al., 2014; Tang et al., 2014; Liu et al., 2017).

Stable and Common QTL

Variance analysis suggested that environmental effects play an important role in the development of fiber quality traits, with only 25 QTL identified in all three test environments. These stable QTL, especially those distributed into clusters, were credible and deserved priority for fine mapping and identification of candidate genes to elaborate molecular mechanisms of fiber development.

We compared the detected QTL with the CottonQTLdb (Release 2.2, February 01, 2017) (Said et al., 2013, 2015a,b) through the physical position of the nearest marker(s). In total, there were 10 QTL clusters (Table S4) that shared almost the same physical position of the TM-1 reference genome (Zhang et al., 2015), while stable QTL or clusters of qFS19.1, qFL21.2, qFM24.1, Chr08-cluster-1 and Chr20-cluster-1 were newly found in this study. These common QTL clusters (Table S4) and novel stable QTL or clusters (Tables 5, 6) would be priorities for implementation in breeding programs using MAS to improve cotton fiber quality traits. In contrast, unstable and uncommon QTL may be attributed to imprecise coarse mapping that caused inconsistencies among different genetic backgrounds (Said et al., 2015b) or may be specific to particular environments or genotypes.

CONCLUSION

In this study, a high-density genetic map containing 12116 SNP markers was constructed, which spanned 3741.81 cM of recombinational length with an average distance of 0.31 cM between markers. Twenty-two stable QTL were distributed into 9 QTL clusters, and three additional stable QTL (QTL qFS19.1, qFL21.2, and qFM24.1) were credible and deserved priority for fine mapping to identify candidate genes and be deployed using MAS in cotton breeding programs.
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FL QFLO1.1 20150Q TM1432-TM3147 T™M1620 94.854 338 038 87
2016cQ TM1162-TM3147 T™M1620 94.854 434 0.47 1.1

2016HN TMI140-TM1470 T™1162 90.402 202 034 50

QFLO8.1 20150Q TM21793-TM21830 TM21807 8.857 632 050 157
20160Q TM21777-TM21814 TM21805 7.398 7.6 058 176

2016HN TM21805-TM21923 T™M21814 10316 484 053 17

QFLIS.A 20150Q TM48765-TMA9556 TM49428 91518 254 -033 67
20160Q TM48872-TMA9556 TM49428 91518 258 -036 67

2016HN TM48600-TM49428 TM48737 73.361 248 -038 62

QFL20.1 20150Q TM74863-TM75013 TM74991 94.431 356 -039 9.2
20160Q TM74977-TM75013 TM74991 94.431 2.12 -033 56

2016HN TM74758-TM74985 TM74955 89.112 572 -058 136

qFL21.2 20150Q TM76374-TM76405 TM76404 109.189 354 -0.42 9.1
20160Q TM76374-TM76405 TM76404 100.189 4.00 ~0.49 103

2016HN TM76378-TM76405 TM76404 109.189 204 -037 5.1

QFL23.1 20150Q TM72938-TM72973 TM72959 130821 448 0.43 1.4
20160Q TM72952-TM72973 TM72971 131.681 322 0.41 84

2016HN TM72885-TM72973 TM72952 126,570 442 051 107

qFL24.1 20150Q TMB8725-TMBY012 TM68991 62.109 456 0.45 16
20160Q TMBB643-TMBI000 TM68932 61.540 3144 0.41 8.1

2016HN TMB8725-TMBY014 TM68991 62.109 320 0.45 79

Fu qFU0S.1 20150Q TM13164-TM13321 T™M13220 171894 6.12 —0.42 153
20160Q TMI3164-TM13347 TM13329 177.699 670 -0.48 166

2016HN TMI3144-TM13325 TM13220 171894 244 -038 60

QU153 20150Q TM50014-TM50078 TM50051 100.549 446 -036 1.4
20160Q TM50014-TM50078 TM50051 109549 238 -0.30 63

2016HN TMA9771-TM50078 TM50051 109.549 270 -0.39 67

qFU16.1 20150Q TMB3183-TM63269 T™63214 13.639 444 -087 13
20160Q TMB3183-TM63217 TM63187 11.080 374 -038 96

2016HN TMB3237-TM63411 TM63318 22.338 272 -0.40 67

QFU20.1 20150Q TM74740-TM75048 TM74991 94.431 6.06 —0.42 15.1
20160Q TM74755-TM75033 TM74991 94.431 432 -0.39 1.0

2016HN TM74755-TM74903 TM74834 85.390 328 ~0.45 8.1

Fs qFsO1.1 20150Q TMI140-TM3147 T™162 90.402 3.42 0.70 88
20160Q TM1613-TM3147 TM2506 99.820 3.10 101 8.1

2016HN TMI140-TM1432 T™M1162 90.402 412 0.65 100

qFS08.1 20150Q TM21777-TM21825 T™M21793 499 378 076 97
20160Q TM21777-TM21814 T™M21798 499 3.12 100 8.1

2016HN TM21777-TM21928 TM21805 7.398 2.80 054 69

qFs13.4 20150Q TM47688-TM47730 T™M47705 121.794 6.40 -091 136
20160Q TM47699-TMAT716 TM47705 121.794 330 —1.04 85

2016HN TM47694-TM47730 T™M47705 121794 590 -079 140

qFs152 20150Q TM48872-TM49692 TM49428 91518 444 -080 13
20160Q TM48872-TM49695 TM49428 91518 3.90 -1.09 100

2016HN TM48872-TMA9518 TM49428 91518 282 —054 7.0

qFs153 20150Q TM50014-TM50078 TM50051 109.549 200 -055 53
20160Q TM50014-TM50078 TM50062 109.549 2.10 -082 55

2016HN TM49556-TM49695 TM49562 98.749 332 -058 8.1

qFs19.1 20150Q TM57119-TM57276 TM57229 50.938 308 073 80
20160Q TM57193-TM57264 TM57229 50.938 234 093 6.1

2016HN TM57143-TM57294 TM57167 46.474 322 0.63 79

QFS20.1 20150Q TM74946-TM75012 TM74991 94.431 3.86 -0.76 9.9
2016CQ TM74977-TM75018 T™M74991 94.431 274 -093 72

2016HN TM74834-TM75011 TM74955 89.112 a4 071 1.4

FM FM16.2 2015CQ TM63214-TM63269 T™MB3238 15361 494 0.13 125
2016CQ TM63332-TM63411 T™MB3377 27.434 460 0.16 1m7

2016HN TM63214-TM63269 T™MB3238 15361 268 011 67

aFM24.1 2015CQ TM69870-TM69911 TMB9890 119.333 534 -013 135
2016CQ TM69856-TM69911 TMB9890 119.333 424 -015 109

2016HN TM69873-TM69913 MBSO 119333 3.20 -012 79

FE GFEO11 2015CQ TM1140-TM2506 ™I162 90.402 4.66 0.03 18
2016CQ TM1140-TM3147 ™I162 90.402 3.06 0.04 80

2016HN TM1140-TM1432 T™M1162 90.402 434 0.03 105

GFE0B.1 2015CQ TM21777-TM21818 T™M21793 4996 6.68 0.04 165
2016CQ TM21777-TM21814 ™M21793 4996 7.70 0.06 188

2016HN TM21793-TM21923 ™21814 10316 350 0.03 86

FE15.2 2015CQ TM48872-TM49557 TM4g428 91518 5.48 003 138
2016CQ TM48872-TM49533 TM49428 91518 324 ~004 84

2016HN TM48872-TM49557 TM49534 96.740 450 003 109

oFE20.1 2015CQ TM74946-TM75011 T™M74991 94.431 4.48 -003 14
2016CQ TM74977-TM75012 T™M74991 94.431 3.70 -004 96

2016HN TM74863-TM74985 TM74955 89.112 566 003 135

oFE24.1 2015CQ TM68898-TM69014 TMBB991 62.109 488 0.03 124
2016CQ ‘TM68802-TM69013 T™MB8991 62.109 2.18 0.03 57

2016HN TM68746-TM69013 T™MB8991 62.109 430 0.03 104

FL, Fiber length; FU, fiber uniformity; FS, fber strength; FE, fiber elongation; FM, fiber micronaire. 2015CC: 2015 in Chongging; 20160Q: 2016 in Chongaing; 2016HN: 2016 in
Hainan. *Positive adltive effects indicated that Yumian 1 alleles increased the phenotypic value, negative additive effects suggested that Acala Maxxa leles increased the phenotypic
value. ®Phenotypic variance explained.
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“Indicate significance at the 0.01 level, respectively. °FL, Fiber length; FU, fiber
unitormity; FM, fiber micronaire; FE, fiber elongation; FS, fiber strength, 2015CQ, 2015
in Chongging; 2016CQ, 2016 in Chongqing; 2016HN, 2016 in Hainan.
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FL Environment 107.97 2 5399 11067
Genotype 699.12 169 414 8.48"
Eror 164.87 338 0.49

FU Environment 41625 2 20813 31274
Genotype 48663 169 288 432
Enor 22494 338 067

FS Environment 4,023.42 2 201171 1004.94"
Genotype 2,462.67 169 1457 727
Eror 676,62 338 2.00

FM Environment 57.81 2 2891 52029"
Genotype 5893 169 035 627"
Eror 1878 338 0.06

FE Environment 187 2 093 24054"
Genotype 369 169 002 562
Eror 131 338 0.00

“Indicates signiicance at the 0.01 level. °FL, Fiber length; FU, fiber uniformity; FM, fiber
micronaire; FE, fiber elongation; FS, fiber strength. Exclucied missing data when analysis
e





OPS/images/fpls-09-00225-t006.jpg
Cluster

Chr01-cluster-1
Chr02-cluster-1
Chr05-cluster-1
Chr05-cluster-2
Chr07-cluster-1
Chr08-cluster-1
Chr09-cluster-1
Chr11-cluster-1

Chr13-cluster-1

Chri3-cluster-2

Chri5-cluster-1
Chri5-cluster-2

Chr16-cluster-1

Chrig-cluster-1
Chr20-cluster-1

Chr21-cluster-1

Chr23-cluster-1
Chr24-cluster-1

Chr26-cluster-1

am?

qFLO1.1%, gFS01.1#, qFEO1.1#
GFLO2.1, GFS02.1, GFE02.1
GFLOS.1, GFS05.1, GFE0S.1
qFL05.2, qFU0S.1%, gFMO5. 1
GFS07.1, GFMO7.1, GFEO7.1
qFL08.1#, gFS08.1#, qFE08.1*
QFL09.1, GFS09.2, GFM09.1

QFL11.2, gFS11.1, gFM11.1,
QFEI12

GFS18.1, 6FS13.2, gFS18.3,
AFM13.1, GFM132, oFE13.1,
qFE13.2

QFU13.1, gFS13.4%, gFM13.3,
QFE133
GFUI5.1, FS15.1, GFE15.1

QFL15.1%, gFU15.2, gFU15.3%,
aFs15.2%, qFs15.3%, gFE15.2"

GFL16.1, qFU16.1, GFS16.1%,
qFS16.2, FM16.1, gFM16.2*

QFL18.1, qFS18.1, gFE18.1, GFE18.2

QFL20.1%, gFU20.1¥, oFS20.1#,
qFE20.1"

QFL21.1, gFS21.1, GFM21.1,
qFE21.1

qFL23.1%, GFM23.1, gFE23.1

QFL24.1%, gFU24.1, FS24.1,
qFE24.1%

GFL26.1, qFS26.1, FE26.1

Flanking markers®

TMI140-TMB147
TM4519-TM4763

TM10778-TM10916
TM12925-TM13329
TM20539-TM21347
TM21777-TM21923
TM33017-TM33444
TMB9464-TM39697

TM43304-TM43875

TM47648-TM47738

TM48070-TM48361
TM48600-TM50078

TMB3172-TMB3428

TMBO134-TMB0469
TM74740-TM75048

TM75301-TM75569

TM72885-TM72973
TMB8643-TMBY014

TM79192-TM79332

"Indicated stable QTL identified across three environments. °FL, Fiber length; FU fiber
unitormity; FS, fiber strengthy FE, fiber elongation; FM, fiber micronaire. ®Flanking Markers
contained a larger region consisting all QTL in a giving cluster.
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Trait® Env® Parents Population

1 Pg Py—P, Max Min Range  Average sD Variance  Kurtosis  Skewness
FL 201500 2925 8010 080 3220 2645 575 2074 1.18 139 -026 -7
20160Q 29.10 30.30 -1.20 32.80 27.30 5.50 30.30 129 1.68 -0.78 0.10
2018HN 2940 2990 050 8210 2520 690 2021 1.42 203 -008 -049
FU 20150Q 8485 8420 070 8760 8305 455 8.15 098 097 -025 011
201600 8480 8700 220 8880 8390 490 86.26 1.09 118 -032 014
2016HN 84.90 81.40 3.50 87.60 80.60 7.00 84.02 1.42 201 -0.09 -0.07
Fs 201500 3285 8255 030 3790 2780 1040 3251 221 489 -0.13 036
201600 9580 8740 160 4540 2090 1550 3595 320 1025 041 061
2016HN 2990 2770 220 3350 2340 1010 2013 192 367 017 0.2
M 201500 410 840 070 495 380 165 399 03¢ 042 -026 018
201600 480 420 060 550 340 210 440 043 019 003 -001
2018HN 840 260 080 440 260 180 857 089 015 -038 007
FE 20150Q 8.75 6.70 0.10 6.90 6.45 0.45 6.69 0.09 0.01 0.01 -0.16
201600 680 680 000 700 650 050 676 013 002 -064 003
2016HN 8.70 6.60 0.10 6.80 6.40 0.40 6.62 0.08 0.01 -0.15 -0.30

“FL, Fiber length; FU, fiber uniformity; FS, fibers strength; FM, fiber micronaire; FE, fiber elongation. 201500, 2015 in Chongging; 2016C0, 2016 in Chongaing; 2016HN, 2016 in
Hainan. Py, Yumian 1.9P5, Acala Maxxa.
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