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Abstract Lint percentage is a major yield compo-
nent in cotton breeding programmes. To identify
quantitative trait loci (QTLs) and candidate genes
related to lint percentage, we used an intraspecific
recombinant inbred line population of 137 lines
derived from Gossypium hirsutum cv. CCRI36 and
G. hirsutum acc. G2005 for QTL mapping of lint
percentage. Based on a high-density genetic map and
phenotype data collected in four growing environ-
ments, we identified a total of 28 QTLs for lint
percentage. Three stable QTLs (gLP-At5-2, gLP-Dt7-
1 and ¢gLP-Dt7-2) were detected in at least two
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environments. Two genes (Gh_A05GI1584 and
Gh_A05G1689) containing nonsynonymous single
nucleotide polymorphisms (SNPs) were identified by
association analysis using published data. The quan-
titative real-time PCR results showed that the expres-
sion levels of Gh_A05G1584 were higher in cv.
CCRI36 than in acc. G2005 during all fibre develop-
ment stages; Gh_A05G1689 was mainly expressed in
15 and 25 days post-anthesis fibres and its expression
level was higher in cv. CCRI36. These results suggest
candidate genes for lint percentage and provide
molecular information for use in cotton breeding
programmes aimed at improving yield.
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Introduction

Cotton is one of the most important cash crops in the
world, and cotton fibres account for the majority of
natural fibres used in the textile industry. Among the
four cultivated Gossypium species (G. herbaceum, G.
arboreum, G. hirsutum and G. barbadense), upland
cotton (G. hirsutum) is most important cultivated
variety, accounting for approximately 95% of the
world’s cotton production (Chen et al. 2007). Yield is
the main factor that determines cotton planting
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benefits, and improving cotton yield is the primary
goal of cotton breeders.

Lint percentage (LP) is an important component of
cotton lint yield and an index for the evaluation of lint
yield improvement in cotton varieties (Culp and
Harrell 1975; Su et al. 2016). LP has been greatly
improved in the past several decades through conven-
tional breeding methods. However, the genetic and
molecular mechanisms responsible for LP in cotton
are not well understood. With the rapid development
of molecular marker technology, many quantitative
trait loci (QTLs) for LP have been identified and
mapped on different chromosomes (Liu et al.
2015, 2017; Ning et al. 2014; Shi et al. 2015; Wang
et al. 2015a, 2016). According to the Cotton QTL
Database (http://www?2.cottonqtldb.org:8081/index),
a total of 327 QTLs, distributed on 26 chromosomes,
have been identified by linkage and association anal-
ysis as being related to LP. Due to the limitations of
sequencing technology and reference genomes, prior
to 2016 many QTLs were identified by simple
sequence repeat (SSR) markers. Ning et al. (2014)
used an SSR-based genetic map containing 279 SSR
loci to identify nine QTLs for LP on seven chromo-
somes in an upland cotton population. Liu et al. (2015)
constructed a high-density genetic map containing
1675 SSR loci to identify eight stable QTLs for LP
identified in at least two environments ). However, due
to the low resolution and polymorphic rate of SSR
markers, it is difficult to construct a saturated genetic
map that covers the whole genome.

The rapid development of next-generation sequenc-
ing (NGS) technologies, together with reduced costs
of such technologies, has enabled the development and
implementation of single nucleotide polymorphism
(SNP) markers that cover the whole genome. Restric-
tion site-associated DNA sequencing (RAD-seq) (Jia
et al. 2016; Wang et al. 2015b), genotyping-by-
sequencing (GBS) (Diouf et al. 2018) and specific-
locus amplified fragment sequencing (SLAF-seq) (Su
et al. 2016; Zhang et al. 2016) have been successfully
applied to the detection of SNP markers in cotton.
Zhang et al. (2016) identified 344 candidate genes
using a high-density genetic map containing 5521
SNPs that was constructed using SLAF-seq, with a
total distance of 3259.37 cM and an average marker
distance of 0.78 cM. Diouf et al. (2018) constructed a
high-density genetic map of cotton using the GBS
method, resulting in map linkage of 5178 markers with
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a total distance of 4768.10 cM. NGS technologies
have also greatly promoted the development of
genome-wide association studies (GWAS) of cotton
yield traits (Su et al. 2016). Su et al. (2016) identified
81,675 SNPs in 355 upland cotton accessions using
SLAF-seq and obtained 12 SNPs associated with LP
via GWAS. These authors also reported the identifi-
cation of a candidate gene, Gh_A02G 1268, that might
regulate seed development. A cell wall-associated
receptor-like kinase 3 protein (GhWAKL3) highly
correlated with increased LP was identified based on a
combination of identity-by-descent detection, QTL
and candidate association analyses (Ma et al. 2019).
Song et al. (2019) used 276 upland cotton accessions
and a CottonSNP63K array to obtain 10,660 SNPs, of
which 23 SNPs were identified to be associated with
LP; two -candidate genes, Gh_D05G0313 and
Gh_D05G1124, were defined as the most promising
potential regulators of LP. In a previous study
conducted in our laboratory, we developed a recom-
binant inbred line (RIL) population containing 137
individuals from an intraspecific cross between upland
cotton cv. CCRI36 and acc. G2005 and then con-
structed a high-density genetic map containing 6295
SNPs and 139 SSRs based on this RIL population by
RAD-seq. In the present study, we used phenotypic
data from four environments to identify valuable
QTLs related to LP in intraspecific upland cotton
populations. The candidate intervals and genes corre-
lated to cotton lint percentage were obtained for
further fine mapping and map-based cloning.

Materials and methods
Mapping population and trait evaluation

Gossypium hirsutum cv. CCRI36 and G. hirsutum acc.
G2005 were used as the mapping parents (Jia et al.
2016). F, seeds were obtained in Anyang, China, in the
summer of 2006. The F; plants were planted and self-
pollinated to produce the F, generation during the
winter in Hainan Province in 2006. A total of 137 F,
plants were randomly selected and self-pollinated to
obtain F,.3 seeds at the farm in Anyang in 2007. F;.9
RIL populations were obtained using the single seed
descendant method in 2010.

Each year from 2011 to 2015, the RIL population
and two parents were planted at the farm of the Cotton
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Research Institute of the Chinese Academy of Agri-
cultural Sciences at Anyang using a randomized
complete block design with three replicates. The lines
were planted in single-row plots that measured 5 m in
length with an inter-row spacing of 0.8 m. A total of 50
naturally opened bolls from each line were manually
harvested each year in September, referred to as E1l
(2011), E2 (2013), E3 (2014) and E4 (2015). Com-
bined analysis (ES) was performed based on the mean
values of LP in four environments. The LP (%) of each
line was measured as the ratio of lint weight to seed
cotton weight.

Data analysis and QTL detection

The phenotypic data for the two parents were analysed
using a r-test. The phenotype data of the RIL
population were analysed using SPSS version 21.0
(SPSS IBM Corp., Armonk, NY, USA). The two-way
analysis of variance (ANOVA) with interaction was
performed using R software (R Foundation for Statis-
tical Computing, Vienna, Austria). The broad-sense
heritability of LP was calculated as H? = Vg/(Vg +
Vee/n + V./rn), where Vg is the genetic variance, Vgg
is the interaction variance of genotype x environment,
V. is the error variance, n represents the number of
environments and r is the number of replications per
environment (Knapp et al. 1985).

The genetic map for QTL mapping used in this
present study was reported previously (Jia et al. 2016).
The high-density genetic map contained 6295 SNPs
and 139 SSR loci identified by RAD-seq. QTLs were
identified by composite interval mapping using Win-
dows QTL Cartographer version 2.5 (http://statgen.
ncsu.edu/qtlcart/ WQTLCart.htm). The parameters of
window size, walk speed and background markers
were set as 5 ¢cM, 1 cM and 10, respectively. In
addition, 1000 permutation tests were used to detect
statistical significance of the limit of detection (LOD)
value. LOD score > 2.5 was used to detect QTLs.
QTLs identified in more than one environment were
regarded as ‘stable’, and QTLs explaining > 10% of
the phenotypic variance (PV) were regarded as ‘ma-
jor’. The QTL nomenclature was adapted according to
the method described in a previous study (McCouch
et al. 1997).

Gene ontology analyses of the candidate genes

Gene ontology (GO) enrichment analysis of the
candidate genes related to LP was performed using
the AgriGO v2.0 programme (http://systemsbiology.
cau.edu.cn/agriGOv2/), with the P value set at < 0.05
(Tian et al. 2017).

Association analysis of candidate genes with LP
trait

The data obtained from genotyping the QTL regions
and LP traits (9 environments) of 258 diverse acces-
sions reported in the previous study were used for the
association analysis (Fang et al. 2017). A total of 258
accessions were planted each year for 3 years
(2007-2009) in three replicates in Anyang (AY),
Nanjing (NJ) and Kuche (KC), respectively. The best
linear unbiased prediction (BLUP) of the phenotype
data was estimated using the R package Ime4 (R
Foundation for Statistical Computing). The kinship
coefficients (K) and principal component analysis
were evaluated using R package GAPIT (Lipka et al.
2012). Association analysis was performed using the
mixed linear model in the R package GAPIT (Lipka
et al. 2012). The non-synonymous SNPs were iden-
tified in at least four environments and BLUP data
with P < 0.01.

Gene expression pattern, RNA extraction
and quantitative real-time PCR analysis

The expression levels of the genes in various tissues
were obtained from previously reported transcriptome
data (Zhang et al. 2015). Cotton bolls of cv. CCRI36
and acc. G2005 were harvested at 0, 3, 5, 10, 15, 20
and 25 days post-anthesis (DPA). The fibres at 5, 10,
15, 20 and 25 DPA were separated from ovules in
liquid nitrogen. Three biological replicates for each
sample were harvested and stored at — 80 °C. Total
RNA was isolated using an RNAprep Pure Plant kit
(TTANGEN, Beijing, China). Quantitative real-time
PCR (qRT-PCR) experiments were carried out on an
ABI Prism 7500 system (Applied Biosystems, Foster
City, CA, USA). The Gossypium hirsutum Actin
(GhActin) gene was used as the reference gene. The
relative expression levels were calculated using three
biological replicates according to the 2744 method
(Livak and Schmittgen 2001). The primers used in
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this study are listed in Electronic Supplementary
Material (ESM) Table S1.

Results

Phenotype characteristics of lint percentage
under four environments

The phenotypic data for LP of the two parents and RIL
population are shown in Table 1. The LP of cv.
CCRI36 was significantly higher than that of acc.
G2005 in the four environments. The RIL population
underwent transgressive segregation according to
normal distributions in the four environments. The
ANOVA results revealed that LP was significantly
influenced by genotype, environment and genotype X
environment (P < 0.001) (Table 2). The broad-sense
heritability of LP was 91.47%, suggesting that the LP
trait was stable under significant genotype x environ-
ment effects.

QTL mapping for LP

A total of 28 QTLs for LP were identified on 13
chromosomes based on the previously published high-
density genetic map (Jia et al. 2016). These QTLs
explained 4.18-17.83% of the PV, with LOD scores
ranging from 2.53 to 9.24 (see Table 3). Eight of these
28 QTLs and three novel QTLs were identified by
combined analysis (ES). Fourteen and 14 QTLs were
mapped on the At and Dt subgenomes, respectively.

Gossypium hirsutum cv. CCRI36 conferred positive
additive alleles for 9 QTLs, and G. hirsutum acc.
G2005 conferred positive additive alleles for 19 QTLs.
QTL gLP-At5-2 was identified in three environments
(E2, E3 and E4) as well as in the combined analysis
(ES), explaining 5.15-8.99% of the PV, with LOD
scores ranging from 2.96 to 5.03. QTL gLP-Dt7-1 was
identified in two environments (E1 and E2) and in the
combined analysis (ES), explaining 5.10-6.74% of the
PV, with LOD scores ranging from 3.06 to 3.91. QTL
qLP-Dt7-2 was identified in three environments (E1,
E2 and E3) and in the combined analysis (ES5),
explaining 4.29-7.95% of the PV, with LOD scores
ranging from 2.54 to 4.67. QTL ¢gLP-At4-2 was
identified in one environment (E3) and in the
combined analysis (ES), and QTLs gLP-Az5-1, qLP-
Dt1-2, gLP-Dt10-1 and gLP-Dt10-2 were identified in
one environment (E4) and in the combined analysis
(ES).

Identification of favourable alleles of QTLs for LP

Three stable QTLs (¢qLP-At5-2, gLP-Dt7-1 and gLP-
Dt7-2) and six major QTLs (gqLP-At4-1, qLP-At5-1,
qgLP-Dti-1, gLP-Dt10-1, gLP-Dt10-2 and gLP-Dt10-
3) were used for further analysis to identify the
favourable alleles of QTLs for LP. gLP-At5-1, qLP-
At5-2 and gLP-Dt1-1 showed positive additive effects
originating from cv. CCRI36, and gLP-At4-1, gLP-
Dt7-1, qLP-Dt7-2, qLP-Dt10-1, gLP-Dt10-2 and gLP-
Dt10-3 showed positive additive effects originating
from acc. G2005 (Table 3). The population was
divided into two groups (group 1 and group 2) based

Table 1 Phenotypic variation of lint percentage for the recombinant inbred lines and their parents

Trait Environments* Parents (Gossypium CCRI36- Maximum Minimum Mean Skewness Kurtosis
hirsutum) G2005
cv. acc.
CCRI36 G2005
Lint El 41.2 32.27 8.93 sk 43.59 26.10 3422 031 0.09
percentage E2 36.42 30.81 5.61%%%* 45.07 27.42 3496 0.06 0.83
E3 43.45 37.45 6.00%* 48.56 33.19 39.98 0.08 0.25
E4 41.53 35.23 6.30%*%* 47.07 30.48 38.53 0.06 0.19

** F#xSignificant at P = 0.01 and P = 0.001, respectively
Fifty naturally opened cotton bolls were manually plucked in September of each of four consecutive years: E1, 2011; E2, 2013; E3,

2014; E4, 2015
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Table 2 Variance analysis of lint percentage in the recombinant inbred line population

Trait Source of variance SS df MS F Hy
Lint percentage Genotypes 9165 136 67.40 19.88%%* 91.47%
Environments 8061 3 2687.10 792.52%**
Genotypes x Environments 3280 408 8.00 237
Error 2784 821 3.40
Total variation 23290 1368

SS, sum of squares; MS, mean square; F, Fisher’s F statistic; HZB, broad-sense heritability

***Significant at P = 0.001

on the favourable alleles of nine QTLs (Fig. 1). The
favourable alleles of group 1 and group 2 were
conferred by CCRI36 and G2005, respectively. The
phenotypic values of group 1 in the gLP-At5-1, qLP-
At5-2 and gLP-DtI-1 regions were higher than those
of group 2 (Fig. 1). The phenotypic values of group 2
in the gLP-At4-1, gLP-Dt7-1, gLP-Dt7-2, gLP-Dt10-
1, gLP-Dt10-2 and gLP-Dt10-3 regions were higher
than those of group 1 (Fig. 1). The results indicate that
these QTLs can provide available information to
develop functional markers for molecular marker-
assisted selection (MAS) in cotton.

GO analysis of genes in three stable QTL regions

According to the reference genome (Zhang et al.
2015), 455, 117 and 55 genes were identified in the
regions of the three stable QTLs gqLP-At5-2, gLP-Dt7-
1 and gLP-Dt7-2, respectively. Lint fibre production is
a key index for cotton LP, which is closely associated
with fibre development (Ma et al. 2019). Based on the
transcriptome data of upland cotton TM-1 (Zhang
et al. 2015), the expression patterns of these genes in
11 tissues (root, stem, leaf, petal, stamen, pistil, 0 DPA
ovule and fibres at four developmental stages) were
obtained. In the gLP-At5-2, gLP-Dt7-1 and gLP-Dt7-2
QTL regions, 339, 81 and 46 genes, respectively, with
FPKM > 1 in at least one of the five investigated
tissues (0 DPA ovule, 5, 10, 20 and 25 fibres) were
used in subsequent analyses.

All 466 genes were used in the GO analysis to
identify potential biological functions, which were
classified into three main GO categories (cellular
component, molecular function and biological pro-
cess) and eight GO terms (Fig. 2; ESM Table S2).
Microtubule-associated complex (5 genes) was the

main subcategory in the cellular component category
(Fig. 2). In the molecular function category, tubulin
binding (6 genes), microtubule binding (6 genes),
cytoskeletal protein binding (6 genes), motor activity
(5 genes) and microtubule motor activity (5 genes)
were the principal subcategories (Fig. 2). In the
biological process category, movement of cell or
subcellular component (5 genes) and microtubule-
based movement (5 genes) were the main subcate-
gories (Fig. 2).

Prediction of candidate genes by association
analysis

To identify the candidate genes related to LP, the
genotyping data in three QTL regions (qLP-At5-2,
gLP-Dt7-1 and gLP-Dt7-2) of 258 diverse accessions
and the LP phenotype data reported in a previous study
were used for association analysis to detect the
significant site (Fang et al. 2017). Two non-synony-
mous SNPs (A05_16215549 and AO05_17576051)
were identified in the gLP-At5-2 regions (Table 4).
The GG haplotype of the A05_16215549 (A/G) SNP
locus had positive phenotypic effects on LP (Fig. 3a).
The AA haplotype of the A05_17576051 (A/G) SNP
locus had positive phenotypic effects on LP (Fig. 3b).
Thus, two genes (Gh_A05G1584 and Gh_A05G1689)
were shown to contain non-synonymous SNPs
(Table 4).

RT-PCR analysis was used to identify the differ-
ences in the expression levels of these two genes at
various fibre development stages between the two
parents cv. CCRI36 and acc. G2005. The expression
levels of Gh_A05G1584 in CCRI36 were higher than
those in G2005 during all fibre development stages
(Fig. 3c); Gh_A05G1689 was mainly expressed in 15
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Table 3 Quantitative trait loci for lint percentage in the recombinant inbred line population under four environments

Marker interval

Environment

qLP-Atl-1QTL  Position (¢cM) LOD R? Additive  95% Confidence
interval (cM)
qLP-Atl-1 79.51 2.81 4.62 0.78 76.20-81.10
qLP-At3-1 28.81 2.82 464 —0.76 24.90-36.30
qLP-At4-1 2291 6.85 13.18 —1.70 19.00-25.10
qLP-At4-2 4481 3.79 6.51 —0.81 42.50-46.30
46.61 4.98 844 — 094 44.10-53.00
qLP-At4-3 54.51 4.31 7.38 — 091 53.20-56.90
qLP-At4-4 102.91 2.73 4.66 0.76 97.60-107.40
qLP-At5-1 99.01 6.46 11.27 1.18 98.70-100.40
99.01 3.16 5.14 0.61 98.10-100.20
gqLP-At5-2 104.61 5.03 8.99 1.03 103.90-107.10
107.71 3.02 5.15 0.69 104.30-111.60
108.71 2.96 5.26 0.66 104.20-113.20
109.71 2.63 5.00 0.59 107.70-111.90
qLP-At9-1 2.71 3.87 6.48 —0.94 0.00-6.70
qLP-At9-2 46.71 4.51 8.83 0.87 45.20-51.30
qLP-At9-3 99.71 3.34 555 —0.84 98.30-102.20
qLP-At10-1 84.51 4.15 7.18 —0.81 81.50-86.20
qLP-At10-2 88.71 4.45 749  —0.97 87.90-89.90
qLP-At13-1 106.91 5.51 9.58 0.91 105.70-108.20
qLP-At13-2 120.71 4.51 7.58 0.78 119.20-123.50
qLP-Dtl-1 141.21 9.24 17.43 1.48 136.50-142.20
qLP-Dt1-2 149.41 4.60 8.97 1.02 149.00-150.40
149.41 2.54 4.13 0.56 148.30-150.40
qLP-Dt3-1 60.11 3.09 5.09 —0.80 58.70-65.90
qLP-Dt3-2 69.41 2.97 557 —0.69 68.80-71.20
qLP-Dt4-1 11.71 4.58 795 —0.98 6.60-14.30
qLP-Dt5-1 120.71 2.53 418 —0.60 115.50-124.50
qLP-Dt7-1 18.81 3.06 5.10 —0.65 16.30-19.50
19.51 391 6.74 — 0.96 17.70-20.60
18.81 3.00 5.16 —0.62 17.40-19.50
qLP-Dt7-2 24.31 3.46 691 —1.03 24.10-28.60
24.81 4.67 795 —1.04 24.40-29.70
29.61 2.54 429 —0.62 25.50-36.30
33.51 4.06 6.85 —0.71 29.60-36.30
qLP-Dt10-1 17.51 8.18 1520 —1.36 16.40-18.40
18.41 6.18 10.83 —0.90 12.60-19.70
qLP-Dt10-2 23.61 9.05 1653 —1.43 22.70-24.10
23.61 6.54 1140 —093 23.00-25.70
qLP-Dt10-3 30.41 9.03 17.83 — 1.49 28.60-33.40

Marker487-Marker525
Marker4596-Marker4587
Marker4701-Marker4712
Marker4730-Marker4985
Marker4730-Marker4995
Marker4995-Marker5001
Marker5080-Marker5090
Marker5519—Marker5478
Marker5556-Marker5478
Marker5471-Marker5463
Marker5465-Marker5458
Marker5465-Marker5457
Marker5463—Marker5458
Marker15666-Marker15651
NAU923-Marker15550
Marker15037-Marker15017
Marker16057-Marker16108
Marker16115-Marker16162
Marker19123-Marker19103
Marker18991-Marker18984
DPL0425-PGML03277
Marker24025-Marker24020
Marker24025-Marker24020
Marker25886-Marker25899
Marker25905-Marker25913
Marker26949-Marker26969
Marker27691-Marker27676
Marker33507-Marker33494
Marker33498—-Marker33251
Marker33506-Marker33494
Marker33171-Marker33055
Marker33171-Marker33046
Marker33162-Marker33038
Marker33055-Marker33038
Marker36492-Marker36478
Marker36495-Marker36448
Marker36463—Marker36462
Marker36463-Marker36442
Marker36441-Marker36437

El
El
El
E3
ES
ES
ES
E4
E5
E4
E3
E2
ES
El
E2
El
E3
El
E2
ES
E4
E4
ES
E4
E2
E4
E2
E2
El
E5
E3
El
E2
ES
E4
ES
E4
E5
E4

QTL, Quantitative trait locus
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Fig. 1 Boxplot of phenotypic characteristics of the two groups
classified based on favourable alleles in the recombinant inbred
line population. Group 1 comprises favourable alleles conferred
by Gossypium hirsutum cv. CCRI36; group 2 indicates
favourable alleles conferred by G. hirsutum acc. G2005. The

and 25 DPA fibres and its expression level was higher
in CCRI36 (Fig. 3d).

Discussion

High yield has always been the primary goal of cotton
breeding programmes. LP is a relative trait defined as
the ratio of lint weight to boll weight. It is one of the
important components of yield traits, and its improve-
ment can help to increase lint yield. The broad-sense
heritability of LP in the present study was 91.47% and
higher than that of other traits in the same RIL
population reported in previous studies (Jia et al.
2016, 2018). In other segregation populations (Diouf

environments are given along the x-axis: £/ 2011 in Anyang, E2
2013 in Anyang, E3 2014 in Anyang, E4 2015 in Anyang.
Asterisks indicate a significant difference at *P = 0.05 and
**P = (.01. LP Lint percentage

et al. 2018; Wang et al. 2015a), the broad-sense
heritability of LP was also high. Wang et al. (2015a)
reported that the broad-sense heritability of the LP was
61.21%. The broad-sense heritability of LP in an F,.5
population reported by Diouf et al. (2018) was as high
as 82.65%. In the natural population, LP showed the
same characteristics. The broad-sense heritability of
the LP was 69.72% in 355 upland cotton accessions
grown in four environments (Su et al. 2016). Sun et al.
(2018) reported the broad-sense heritability of LP as
high as 88.66% in 719 upland cotton accessions grown
in seven environments. In the present study, the RIL
population and the two parents were planted at the
farm of the Cotton Research Institute of the Chinese
Academy of Agricultural Sciences, Anyang City,

@ Springer
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Fig. 2 Gene ontology enrichment analysis of the genes located in the stable quantitative trait locus intervals

Table 4 Non-synonymous single nucleotide polymorphisms and candidate genes identified by association analysis

Gene ID Arabidopsis ID SNP position SNP Amino acid variant Name Function description
Gh_A05G1584 AT1G20110 16215549 A/G Val->Ala FREEI1 Protein FREE1
Gh_A05G1689 AT1G75030 17576051 A/G Met->Thr TLP3 encodes a PR5-like protein

SNP, Single nucleotide polymorphism

Henan Province for 4 years. Data on daily average
temperature and weather from May to September were
collected for 4 years. Analysis of these data showed
that the average temperature in May, August and
September had significant environmental effects
(P < 0.001) (ESM Table S3). The numbers of clear
days, cloudy days and rainy days during these 5
months for each year during the 4-year study period
were clearly different (ESM Table S4), suggesting that
that the weather in Anyang City was different in these
4 years (ESM Tables S3 and S4). These results
indicate that LP was significantly influenced by the
environment, albeit it is a stably inherited trait in
various environments. Therefore, we conclude that
breeding for high yield through genetic selection of the
LP trait is an efficient method.

A total of 28 QTLs related to LP were identified in
the present study using a high-density genetic map
under four environments (Table 3). These 28 QTLs

@ Springer

were distributed on 13 chromosomes, among which
Chr16, Chr05, Chr20 and Chr09 contained five, four,
three and three QTLs, respectively. A previous meta-
analysis of QTLs (Said et al. 2015) demonstrated that
the hotspots of QTLs related to LP were mainly
distributed on Chr03, ChrO7, Chrl1, Chr13, Chr16 and
Chr24. Thus, most QTLs identified in the present
study may be new. The positive additive alleles of nine
and 19 QTLs were derived from cv. CCRI36 and acc.
G2005, respectively. Low-value parent acc. G2005
provided a higher number of positive additive loci than
the high-value parent cv. CCRI36. Similar results
were obtained in previous studies on the mapping of
QTLs related to LP (Li et al. 2016; Liu et al. 2018;
Ning et al. 2014; Yu et al. 2013). Taken together, it
appears that not all favourable alleles are derived from
high-value parents (Xiao 1996), especially alleles
related to the LP trait in cotton. These results suggest
that it might be necessary to aggregate the favourable
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Fig. 3 Phenotypic characteristics of two single nucleotide
polymorphism (SNP) loci and expression levels of two
candidate genes during fibre development stages. a Phenotypic
characteristics for LP based on SNP A05_16215549, 07AY
(2007 in Anyang), 07KC (2007 in Kuche), 07NJ (2007 in
Nanjing), 08AY (2008 in Anyang), 08KC (2008 in Kuche),
08NJ (2008 in Nanjing), 09AY (2009 in Anyang), 09KC (2009
in Kuche), 09NJ (2009 in Nanjing), BLUP (BLUP analysis

alleles from different parents (not only high-value
parents) to improve the LP. Of the 28 QTLs identified,
three stable QTLs (qLP-At5-2, gLP-Dt7-1 and gLP-
Dt7-2) were detected under at least 2 environments,
and six major QTLs (gLP-At4-1, gLP-At5-1, qLP-Dtl-
1, qLP-Dt10-1, ¢LP-Dtl10-2 and qLP-DtI0-3)
explained > 10% of the PV (Table 3).The population
can be clearly divided into two groups based on the
favourable alleles of nine QTLs of the two parents
(Fig. 1). These results show that these QTLs are
reliable and are available for future MAS in breeding
programmes for high-yield cotton.

The objective of QTL mapping was to obtain
available genetic information for molecular breeding.
To further confirm the commonality and reliability of
the QTLs obtained in the present study, we compared
the physical intervals of the QTLs associated with LP
in previous studies with our results. Nine QTLs (gLP-

B
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based on 9 environments). b Phenotypic characteristics of LP
based on SNP A05_17576051. ¢ Expression levels of
Gh_A05G1584 during 7 fibre development stages in cv. CCRI36
and acc. G2005. d Expression levels of Gh_A05G1689 during 7
fibre development stages in cv. CCRI36 and acc. G2005.
Asterisks indicate a significant difference at *P = 0.05 and
##pP = 0.01

At3-1, gLP-At5-2, gLP-At9-2, qLP-At10-2, gLP-At13-
1, qLP-At13-2, qLP-Dt4-1, gLP-Dt5-1 and qLP-Dt7-
2) were identified in previous studies by e-PCR
(Huang et al. 2017; Jia et al. 2014; Ma et al. 2018;
Mei et al. 2013; Qin et al. 2015; Shi et al. 2015). QTL
qLP-At3-1 was mapped to an adjacent region of
NAUS862 that was shown to be associated with LP
under two environments in an association analysis
study (Qin et al. 2015). A pair of loci (HAU1185 and
TMB1791) detected in a natural population were
located in the interval of the stable QTL gLP-At5-2
(Jia et al. 2014). gLP-At9-2 and qLP-Atl3-2 were
identified as gGhLP-c9 and gGhLP-c13, respectively,
in a genome-wide association study (GWAS) (Huang
et al. 2017). Ma et al. (2018) reported that SNP loci
A10_96602651, A13_10477365 and D05_25310910
associated with LP were located in the region of the
QTLs ¢qLP-At10-2, qLP-Atl3-1 and g¢LP-Dt5-1,
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respectively (Ma et al. 2018). gLP-Dt4-1 was identi-
fied as gGhLP-c22-2 in a study of Huang et al. (2017),
and D04_5572787 was also mapped to the gLP-Dt4-1
region (Ma et al. 2018). These common QTLs were
identified in different populations and markers, con-
firming their reliability and potential use for future fine
mapping and mapping-based cloning.

In the present study we identified 455, 117 and 55
genes in the regions of the three stable QTLs gLP-At5-
2, gLP-Dt7-1 and gLP-Dt7-2, respectively. The geno-
types and phenotypes of 258 accessions reported in a
previous study (Fang et al. 2017) were used for
additional analyses to investigate the candidate genes
associated with LP in the three candidate intervals.
Two non-synonymous SNPs (— logoP > 2) were
identified in more than four environments, and two
candidate genes (Gh_A05G1584 and Gh_A05G1689)
were also identified (Table 4). The expression levels
of the two candidate genes were significantly different
between the two parents during the fibre development
stages (Fig. 3). Gh_A05G1584 (GhFREE]I) is homol-
ogous to AtFREEI, which is the key regulator of
intracellular trafficking and vacuole biogenesis and
plays an essential role in plant growth and develop-
ment (Gao et al. 2014; Kolb et al. 2015). The osmotic
regulation of vacuole enlargement is important for
cotton fibre development and cell expansion (Wang
et al. 2010, 2014; Wang and Ruan 2010).
Gh_A05G1689 (GhTLP3) is a member of the thau-
matin-like protein family and encodes a pathogenesis-
related 5-like protein. GbTLPI participates in sec-
ondary cell-wall synthesis (Tu et al. 2007) and
enhances resistance against Verticillium dahliae in
transgenic tobacco (Munis et al. 2010). GrTLP3 is
considered a candidate gene related to fibre length and
fibre strength (Islam et al. 2016). Li et al. (2017)
identified a candidate gene (GhTLP) significantly
correlated with fibre length by RNA-seq and QTL
mapping (Li et al. 2017). These results provide
candidate genes for future cloning of the genes related
to LP, and understanding of the associated molecular
mechanisms provides a foundation for cotton yield
breeding.
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