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Combined GWAS and eQTL analysis uncovers a genetic
regulatory network orchestrating the initiation of secondary cell
wall development in cotton
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Introduction

Summary

e The cotton fibre serves as a valuable experimental system to study cell wall synthesis in
plants, but our understanding of the genetic regulation of this process during fibre develop-
ment remains limited.

e We performed a genome-wide association study (GWAS) and identified 28 genetic loci
associated with fibre quality in allotetraploid cotton. To investigate the regulatory roles of
these loci, we sequenced fibre transcriptomes of 251 cotton accessions and identified 15 330
expression quantitative trait loci (eQTL).

o Analysis of local eQTL and GWAS data prioritised 13 likely causal genes for differential fibre
quality in a transcriptome-wide association study (TWAS). Characterisation of distal eQTL
revealed unequal genetic regulation patterns between two subgenomes, highlighted by an
eQTL hotspot (Hot216) that established a genome-wide genetic network regulating the
expression of 962 genes. The primary regulatory role of Hot216, and specifically the gene
encoding a KIP-related protein, was found to be the transcriptional regulation of genes
responsible for cell wall synthesis, which contributes to fibre length by modulating the devel-
opmental transition from rapid cell elongation to secondary cell wall synthesis.

e This study uncovered the genetic regulation of fibre-cell development and revealed the
molecular basis of the temporal modulation of secondary cell wall synthesis during plant cell
elongation.

between genetic variation and phenotypic diversity (Lappalainen
et al., 2013; Zhu er al., 2016; Aguet et al., 2017; Hormozdiari

Phenotypic diversity in a species is usually determined by a vari-
ety of genetic variations that can be investigated by genetic
approaches such as genome-wide association studies (GWAS).
The molecular roles of causal genetic variations in controlling
phenotypes can be explored by investigating how they modulate
the differential expression of genes (Cookson er al., 2009). At a
population level, gene expression variation can be measured
quantitatively and mapped to a genomic locus (Cheung & Spiel-
man, 2009). With the application of high-throughput technolo-
gies for gene expression profiling, expression quantitative trait
locus (eQTL) mapping has emerged as a potentially powerful
new approach to investigate the genetic architecture of expression
variation in a variety of organisms, and to provide molecular links
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et al., 2018).

Over the past decade, eQTL mapping has been used to investi-
gate the genetic architecture of regulatory variation in gene
expression in model plants and major crops (West et al., 2007;
Wang et al., 2010; Zhang ez al., 2011; L. Zhang et al., 2017; X.
Wang ez al., 2018). A comprehensive eQTL analysis allows the
construction of regulatory networks (Keurentjes ez al., 2007; Fu
et al., 2013; Wang ez al., 2014). Furthermore, characterisation of
eQTL provides an approach to address additional biological
questions. In Arabidopsis, €QTL mapping has been conducted to
explore the relationship between genes responding to the envi-
ronment and genes regulated by genomic variation affecting their
expression (Lowry ez al., 2013). In maize, an eQTL analysis has
shown a critical role for noncoding genomic sequences in regulat-
ing expression variation, and a multitissue eQTL analysis revealed
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the contribution of rare genetic variants to expression extremes
(Liu et al., 2017; Kremling ez al., 2018). Recently, an integrated
analysis of eQTL and metabolic QTL revealed the metabolic
breeding history of tomato (Zhu ez al., 2018).

Cotton (Gossypium spp.) is globally cultivated for the utilisa-
tion of natural renewable fibres in textiles, which dictates that
the major goal of cotton breeding is to cultivate varieties pro-
ducing fibres of superior quality. Genome-enabled breeding
serves as an efficient approach to fulfil this goal, but requires an
understanding of the genetic basis underpinning fibre quality-re-
lated traits and how genetic variations influence fibre develop-
ment. The cotton fibre undergoes a staged cellular development
to form a mature lint fibre after the ovule epidermal cell initi-
ates an clongation process. This has been used as an excellent
experimental system for studying polarised cell growth and cell
wall biosynthesis in plants (Haigler ez al, 2012). Numerous
genetic mapping efforts have identified many loci that con-
tribute to fibre quality-related traits (Fang et al, 2017; Huang
et al., 2017; Wang et al., 2017; Liu et al., 2018; Ma et al.,
2018; Thyssen e al, 2019), and functional analysis has con-
firmed important roles for candidate genes (Tan er al, 2013;
Shan et al, 2014). It has also been found that most charac-
terised genes play a role in more than one biological process,
such as redox homeostasis, sugar transport and cell wall
metabolism (Han ez al., 2013; Guo et al., 2016; Li et al., 2016;
Z. Zhang er al., 2017). However, some intriguing questions
remain poorly understood, such as how those genes work
together to regulate the complex process of fibre development
and how they determine the transition from rapid cell elonga-
tion to secondary cell wall biosynthesis.

Here, we present an analysis of fibre transcriptomes from a
natural G. hirsutum population with 251 accessions. This allowed
us to identify 15.330 eQTL associated with 9282 genes, and
define the eQTL network for the elongating fibre. An eQTL
hotspot has been characterised for regulating the expression of
genes responsible for cell wall biosynthesis, which controls the
trait of fibre length. This study opens the way for linking regula-
tory variants to gene transcription in cotton fibre development
and provides a useful reference for accelerating the genetic
improvement of fibre quality.

Materials and Methods

Plant materials

In a previous study, we constructed a genomic variation map
by sequencing a natural population of upland cotton (Gossyp-
ium hirsutum) accessions (Wang et al., 2017). To understand
the regulatory mechanisms of fibre development, 251 upland
cotton accessions were cultivated in the field at Shihezi
(44°20'15"N, 86°3'28"E), Xinjiang, China in 2016. Shihezi
has a suitable climate for cotton growth and is one of major
locations for cotton cultivation in China. Cotton bolls were
tagged on the day of flowering as 0 dpa (day post anthesis)
samples. Three replicate populations of each accession were
planted in three separate plots, with each replicate population
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arranged randomly in each plot. For each accession, fibres at 15
dpa from at least 10 cotton bolls of different plants were col-
lected and bulked together, and were immediately frozen in lig-
uid nitrogen. Fibre samples of individual replicate populations
were used for RNA extraction.

RNA extraction and sequencing

For each accession, fibre samples were isolated for RNA extrac-
tion. Total RNA was extracted using a Spectrum Plant Total
RNA Kit (Sigma, STRN250). These RNA samples were used to
construct sequencing libraries using the Illumina TruSeq RNA
Library Preparation Kit (Illumina, San Diego, CA, USA). Each
library was sequenced on an Illumina HiSeq 4000 platform

(paired-end 150 bp).

RNA-Seq data mapping and analysis

The raw RNA sequencing data were subject to adapter filtering
and low-quality bases were removed using TRIMMOMATIC
(v.0.32) (Bolger et al., 2014). The clean data were mapped to
the reference genome sequence of G. hirsutum using HISAT2
software (v.2.1.0) with default settings (Kim ez al,, 2015; Wang
et al., 2019). The mapping reads were sorted to filter those
reads representing PCR duplicates. Sequencing reads with map-
ping quality of less than 25 were filtered using SAMTOOLS
(v.0.1.19) (Li e al, 2009). Sequencing reads that were mapped
to multiple genomic loci were filtered from the mapping files
using customised Perl scripts. The remaining reads were used
to calculate the expression levels of genes (fragments per kilo-
base of transcript per million mapped reads, FPKM) using
STRINGTIE software (v.1.3.4) with default settings (Pertea e# al,
2015).

Identification of genomic SNPs

In this study, whole genome re-sequencing data of 251 accessions
which were used for RNA-Seq analysis were mapped to the new
reference genome sequence of G. hirsutum using BWA software
(v.0.7.10-r789) using the mem method (-M -k 25) (Li &
Durbin, 2009; Wang ¢t al., 2019). The unique mapping reads
were parsed to identify single nucleotide polymorphisms (SNP)
with SamToOLS and GATK (v.3.1.1) as described previously (Li
et al., 2009; McKenna er al., 2010; Wang ez al., 2017). Only
those SNPs that were supported by both software tools were
retained. The remaining SNPs were subject to a filtering process
based on the mapping depth (>6x) and quality score (>100).
VCFrooLs (v.0.1.15) was used to merge SNPs from each acces-
sion, of which those with a minor allele frequency (MAF) of less
than 5% were filtered (Danecek et al., 2011). ANNOVAR software
was used to annotate the remaining SNPs, including those repre-
senting genic variations (synonymous, nonsynonymous, intronic,
un-translated regions, upstream 1kb sequence of the transcrip-
tion start site and downstream 1 kb sequence of transcription ter-
mination site) and intergenic variations (Hakonarson ez al,

2010).
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GWAS on fibre quality-related traits

In a previous study, data on fibre quality-related traits for a natu-
ral population, including fibre length, fibre strength, elongation,
uniformity and micronaire value, were collected over 3 yr (Wang
et al., 2017). In the current study, we collected data for these
traits in 2016 and 2017, and conduct a GWAS analysis. Com-
pared with our previous study (Wang ez al., 2017), the GWAS
analysis here leveraged new phenotypic data measured in the same
year when fibre samples were collected for RNA-Seq. GWAS was
performed using genomic variation data (2372 767 SNPs) from
those 251 accessions for eQTL analysis. Association analysis was
carried out using TASSEL (v.5.0) and FAST-LMmM (v.2.02) programs
(Kroon er al., 2007; Lippert et al., 2011). The population struc-
ture was calculated using the structure program and the kinship
was derived from all SNPs (Falush ez 2/, 2003). The cutoff for
determining significant associations was P<4.2 x 1077 (1/n,
where 7 represents the total number of genomic SNPs). To help
identify putative candidate genes for GWAS loci, RNA-Seq data
for different fibre developmental stages were used to examine
gene expression levels (Zhang ez al., 2015).

Identification of expression QTL (eQTL)
To identify eQTL for genes in fibre development, an analysis of

gene expression levels was performed to discard those with
expression levels less than 0.1 (FPKM <0.1) in more than 95%
of samples. This allowed us to filter 30 336 of 70 199 genes in
the reference genome. The remaining genes were subject to a fil-
tering process which requires an expression change of at least two
fold between two samples representing the 5th percentile and the
95th percentile of sorted expression levels, respectively. In this
step, 4098 genes were filtered. The expression levels of remaining
genes were normalised using a normal quantile transformation.
In total, we obtained 35765 genes with transformed expression
levels which were regarded as expression traits for GWAS analy-
sis. The method of eQTL identification was similar to a previous
study (Fu et al., 2013), with minor modifications. In the current
study, the merged genomic SNPs (MAF >0.05) were used to
perform GWAS for each gene using the FAST-LMM program
(Lippert ez al., 2011). The cutoff for determining significant asso-
ciations was the same as that for GWAS. The significant SNPs
for each trait (gene) were grouped into clusters with a maximum
distance of 10 kb between two consecutive SNPs, and only those
clusters with more than three significant SNPs were retained as
putative eQTL. Each eQTL was represented by the most signifi-
cant SNP of all (lead SNP). The putative eQTL which were iden-
tified in a LD region were further filtered as false-positive
associations. In addition, to identify eQTL hotspots, the
HoOT_scAN program was run for all eQTL in each chromosome (-
m 5000 -s 0.05) (Holanda et /., 2014).

TWAS

The idea of transcriptome-wide association studies (TWAS) was
described in a previous study (Gusev et al, 2016), which

New Phytologist (2020) 226: 1738-1752
www.newphytologist.com

New
Phytologist

provided an approach for identifying significant cis genetic cor-
relation between expression and phenotypic traits. This method
used a reference population with available gene expression and
genetic variation data to impute the /s genetic component of
expression into another set of phenotyped individuals for which
genetic variation has been identified. The fusion program was
used to conduct TWAS in this study (http://gusevlab.org/projec
ts/fusion/). As no measured population expression data in cot-
ton have been generated previously, the normalised expression
data of 3690 genes with local eQTL and SNP data from
upstream 500 kb to downstream 500 kb of these genes were
extracted to compute expression weights, which represent the
premodelled relationship between SNPs and expression levels of
genes (Gusev er al., 2016). In this analysis, heritability was cal-
culated using GcTa (v.1.26.0) and expression weights were com-
puted with the option — models top1, blup, lasso, enet (Yang
et al., 2011). The genome-wide GWAS SNP data were used as
the reference data. The GWAS statistics Z-score was computed
based on GWAS P-values and effect size for each respective
fibre quality-related traitc. The TWAS was performed on each
chromosome with significant GWAS associations for traits. The
TWAS P-values were corrected with the Bonferroni method in

R (v.3.2.3).

Network construction

In the eQTL hotspot data, we found that some genes were regu-
lated by several eQTL. To systematically understand the regula-
tion associations, we leveraged a genetic network involving genes
(traits) and eQTL data to visualise the relationship between
eGenes and eQTL. eQTL hotspots were highlighted in the
genetic network. This network included the relationship between
eQTL and their regulated genes, and between eQTL hotspots
and regulated genes. In this analysis, those genes which included
the lead SNPs of eQTL were regarded as causal regulators. The
construction of the network was performed using CyTOSCAPE
(v.3.6.1) with the edge-weighted force directed layout method
(Shannon ez al., 2003).

Differential expression and gene set enrichment analyses

The differential expression analysis of genes in cotton accessions
with extreme long fibre and extreme short fibre was performed
using the DESEQ package in R with a significance of false-discov-
ery rate (FDR <0.05) (Anders & Huber, 2010). The gene ontol-
ogy (GO) enrichment analysis of genes in the €QTL network or
exhibiting differential expression was performed using the
AgriGO webserver (v.2.0) with genes showing expression levels
in fibre development as a reference (Tian ez al., 2017). GO terms
with a FDR threshold of 0.05 were considered as significant

terms.

Data availability

The raw RNA-Seq data generated in this study are available in
the BioProject database under accession no. PRINA433615.
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Results

QTL identification for fibre quality-related traits using
GWAS

In a previous study, we generated genomic re-sequencing data for
a natural population, which provided a resource to identify
favourable variants associated with fibre quality-related traits
(Wang ez al., 2017). In the present study, another 15 accessions
were sequenced and integrated with previous data to generate an
individual set of 251 accessions. We aligned sequence data of the
251 accessions against our recently published reference genome
sequence of G. hirsutum acc. Texas Marker-1 (TM-1) (Wang
et al, 2019), and identified 2372767 SNPs with a MAF of
>0.05. We then used the multiple phenotypic data for fibre qual-
ity, including those measured under the same environmental con-
ditions used for sample collection for transcriptome sequencing
in 2016 (Supporting Information Table S1), to perform a
GWAS analysis of fibre quality-related traits, including fibre
length (FL), strength (FS), elongation (FE), uniformity (FU) and
micronaire value (MV). In total, 28 associations were identified
for these traits, including 10, six, eight and four loci for length,
strength, elongation and uniformity, respectively (Fig. 1; Tables
S2, 83). No significant candidate loci were identified for MV.
Among these associations, 16 were previously uncharacterised

(Table 1).

Transcriptome sequencing and eQTL mapping

GWAS analysis identified candidate loci associated with fibre
quality, but how these loci contribute to different fibre properties
between accessions remains largely unknown. We sought to find
an answer to this question by exploring expression variation of
genes that may be influenced by those loci across a population.
We sequenced fibre transcriptomes for 251 G. hirsutum acces-
sions, with fibre samples at 15 d post anthesis (dpa), which repre-
sents a late elongation period before the developmental transition
to secondary cell wall synthesis. The accessions for RNA-Seq
analysis are the same as those for genome re-sequencing. In total,
we generated 10 billion paired-end reads with an average of 40
million for each accession (Table S4). These RNA-Seq data were
mapped to the TM-1 reference genome to quantify the expres-
sion levels of genes. In this analysis, we found 39 863 genes with
expression levels at this stage of fibre development. In total,
35765 genes that exhibited expression variation, representing
50.9% of the annotated genes (70 199) in TM-1 genome, were
used for subsequent analysis.

We performed eQTL mapping using the same genomic SNP
dataset as that for GWAS analysis of fibre quality-related traits.
In total, we identified 15330 ¢QTL associated with the expres-
sion of 9282 genes (eGenes regulated by eQTL). These eQTL
and eGenes were from all 26 chromosomes (Fig. 2a). We found
that the associations of eQTL and eGenes located on the same
chromosome had a higher significance than those located on dif-
ferent chromosomes (two-sided Wilcoxon rank sum test, P-
value<2.2 x 1071¢; Fig. S1). For the interchromosomal
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associations, those that occurred in homoeologous chromosomes
between A- and D-subgenomes (691 of 15 330) were prevalent
(Fisher’s exact test, P-value<2.2 x 1071, Fig. 2a shown by two
red arrows). One intriguing observation is that the associations
between chromosome D11 and other chromosomes (962 of
15 330) were enriched (Fisher’s exact test, P-value <2.2 x 107 '%
Fig. 2a shown by an orange arrow).

Based on the distance between eQTL and eGenes, we cate-
gorised all eQTL into 5370 local eQTL (<1 Mb) and 9960 distal
eQTL (>1 Mb or in different chromosomes). We found that
local eQTL had a larger effect on expression variation than did
distal eQTL (two-sided Wilcoxon rank sum test, I~
value<2.2 x 1071, Fig. 2b), which agrees with similar findings
in other organisms (Wang ez al., 2010; Zhang ez al., 2011; L.
Zhang er al., 2017; X. Wang ez al., 2018). It was also found that
the distance between local eQTL and eGenes shows a preferential
distribution at ¢. 5 kb (Fig. 2c). Of the total eQTL, local eQTL
account for 35%, while distal eQTL account for 65%, of which
15% occurred on the same chromosome (distal_intraChr) and
the other 50% were found on different chromosomes (distal_in-
terChr). The distal_interChr eQTL were further divided into
three groups, that is within the A-subgenome (At-At; 9%),
within the D-subgenome (Dt-Dt; 15%), and between the A- and
D-subgenomes (At-Dg 26%) (Fig. 2d). Of the eGenes, we
found that 5027 were regulated by local eQTL and 6220 by dis-
tal eQTL, and the majority of eGenes (6049, 65.1%) were regu-
lated by only one eQTL (Fig. 2e).

Global roles of eQTL in the genetics of fibre quality-related
traits

Recent studies have demonstrated that TWAS represents a pow-
erful approach for prioritising causal genes for GWAS loci, using
the information of cis-eQTL (Gusev ez al., 2016). TWAS estab-
lishes a connection between gene expression, one kind of molecu-
lar phenotype, and other physical phenotypes in organisms
(Gusev er al., ). Here, on the basis of characterising local eQTL,
we attempted to prioritise likely causal genes for fibre quality-re-
lated GWAS loci using TWAS.

We modelled 3690 expression weights using SNPs from
genomic region 500 kb both upstream and downstream of each
eGene that was transcriptionally regulated by local eQTL. These
expression weights were leveraged to perform a TWAS on each
chromosome with GWAS loci. The TWAS identified 10 tran-
scriptome-wide-significant associations, including four for FL,
three for fibre elongation and three for fibre uniformity (Bonfer-
roni corrected P-value <0.05; Table 2; Fig. S2). In these associa-
tions, we found that a MYB transcription factor gene
(Ghir_D05G027990) was prioritised to be a candidate gene for a
pleiotropic locus associated with FL and fibre uniformity. We
also  noted that the TWAS prioritised two genes
(Ghir_D04G017090 and Ghir_D04G016300) for a fibre elonga-
tion-related GWAS association on chromosome D04, and two
genes (Ghir_DI12G015450 and Ghir_DI12G015670) for a fibre
uniformity-related GWAS association on chromosome D12.
Even though TWAS failed to identify gene-trait associations for
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Fig. 1 Genome-wide association study (GWAS) on cotton fibre quality-related traits. These traits include fibre length (FL), fibre strength (FS), fibre
elongation (FE) and fibre uniformity (FU). This analysis was performed using 2372 767 single nucleotide polymorphisms (SNPs) in 251 cotton accessions.
The horizontal red lines show the significance threshold of GWAS (1/n; 6.4). The x-axes show the 26 chromosomes (A0O1-A13 and D01-D13) in
Gossypium hirsutum. Each chromosome is scaled by the physical chromosome length. The significant GWAS associations are also shown in Table 1.

all GWAS loci, this approach represents an effective way to pri-
oritise likely causal genes in the genetics of fibre quality-related
traits.

Unequal subgenome transcription regulation as revealed by
eQTL analysis

The hybridisation event between two diploid species that
occurred 1-2 Ma resulted in the appearance of allotetraploid

New Phytologist (2020) 226: 1738-1752
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G. hirsutum, which significantly increased regulatory complexity
of gene transcription with an additional feature of intersubge-
nomic transcription regulation relative to diploid ancestors
(Adams et al., 2003). However, few studies have been carried out
to estimate the effect of intersubgenomic regulation on gene tran-
scription in cotton (M. Wang ez al., 2018). The mapping of dis-
tal eQTL provides an avenue to investigate intersubgenomic
genetic regulation for gene transcription in fibres. In this study,
we found that 57.1% of eQTL in the A-subgenome, including

© 2020 The Authors
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Table 1 Summary of genome-wide association study (GWAS) results for fibre quality-related traits in Gossypium hirsutum.

SNP Lead SNP Major Minor Minor allele
QTL Chr. no. position allele allele (%) P-value References’
FL1  AO5 4 38429540 T A 12.7 2.0x1077
FL2  AO7 8 93511292 T C 10.8 41x102  Maetal (2018)
FL3  A08 2 92006893 T A 5.2 8.8x 107" Liuetal (2018)
FL4 AN 2 45735171 A? C 6.8 2.7 %1077
FL5  A13 2 103375434 T2 C 15.9 29x 1077 Fangetal. (2017); Liu et al. (2018)
FL6  DO1 5 9210491 G? A 8.0 2.8x10°8
FL7 D05 135 27233958 T2 C 5.6 52x107° Maetal. (2018)
FL8 D06 6 59462878 C T2 215 1.1x1077
FLO D11 90 24616418 G? A 171 6.6 x 107'°  Maetal. 2018); Thyssen et al. (2019)
FL10 D11 3 65633365 T C 5.2 2.4x10°8
FS1  A06 1 90655795 c? T 6.8 1.8x 1077
FS2 AN 7 10086019 C T2 5.2 2.8x10°% Liuetal (2018)
FS3  A12 567 77056039 G A? 2.6 84x10 "
FS4 D04 23 53480934 C T 6.8 2.0x107°
FS5 D06 1 5570632 T c? 17.1 1.6x1077  Maetal. (2018)
FS6 D07 2 39082751 T G? 7.6 4.6 x10°% Huangetal. (2017)
FE1  A05 1 38430737 T C 6.8 13x10°8
FE2  AO7 4 93524441 c? T 8.4 41%x10°%  Maetal (2018)
FE3  A08 1 92006893 T A 5.2 63x10 "
FE4 A12 16 91652556 A G? 29.1 29x10°8
FE5 A13 6 5588715 C T2 24.7 1.6x 1077
FE6 D02 1 61894966 G A? 8.0 59 x 1078
FE7 D04 64 52570413 C T2 48.2 89 x10 M Huang et al. (2017); Wang et al. (2017); Thyssen
etal. (2019)
FE8 D05 71 27233958 T2 C 5.6 23x10°8 Thyssenetal. (2019)
FU1  AO1 2 2247417 G? A 13.1 7.1x1078
FU2  A09 5 81113800 G? T 8.0 7.2x1071°
FU3 D05 28 27260152 G? A 5.6 12%x107° Maetal. (2018)
FU4 D12 21 46644449 G? A 33.1 39x10°8

"Number of significant single nucleotide polymorphisms (SNP).
2Favourable SNP alleles.
30Overlapping GWAS loci with previous studies.

52.6% for intersubgenomic regulation and 4.5% for both inter-
and intrasubgenome regulations, are associated with the tran-
scription of genes in the D-subgenome. An analysis of ¢QTL in
the D-subgenome showed 58.2% (46.5% and 11.7%) of eQTL
are responsible for transcriptional regulation of genes in the A-
subgenome (Fig. 3a).

In terms of the number of genes, we found that 44.3% of the
eGenes identified in the A-subgenome are regulated by eQTL in
the D-subgenome, including 29.9% regulated by intergenomic
eQTL and 14.4% regulated by both inter- and intrasubgenomic
eQTL. However, an analysis of eGenes in the D-subgenome
shows that only 23.4% of eGenes (9.9% and 13.5%) have eQTL
regulation in the A-subgenome (Fig. 3b). This difference indi-
cates that a larger number of genes in the A-subgenome are tran-
scriptionally regulated by the D-subgenome at this fibre
developmental  stage chi-squared  test, -
value<2.2 x 10719, highlighting unequal transcriptional regu-
lation patterns between the two subgenomes. A GO enrichment

(Pearson’s

analysis shows that eGenes in the A-subgenome with intersubge-
nomic eQTL regulation are involved in biological processes
linked to fibre development, such as REDOX homeostasis, plant
cell wall organisation or biogenesis, and cell tip growth (Fig. 3¢;
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Table S5). In comparison, eGenes in the D-subgenome that are
regulated by the A-subgenome are enriched in fundamental pro-
cesses such as regulation of DNA metabolism and neutral amino
acid transport.

To specifically explore the intersubgenomic regulation of fibre
quality, we investigated the colocalisation of distal eQTL and
GWAS loci for fibre quality-related traits. We found that eight
GWAS associations had significant SNPs that overlapped with
intersubgenomic ¢QTL, including two for FL on the D05 and
D11 chromosomes, two for fibre strength on the A12 chromo-
some, three for fibre elongation on the A13, D04 and D05 chro-
mosomes, and one for fibre uniformity on the D12 chromosome
(Table S6). These colocalised eQTL regulated 1042 eGenes, of
which 488 of 507 (96.2%) in the A-subgenome were regulated
by eQTL in the D-subgenome and 30 of 535 (5.6%) in the D-
subgenome were regulated by eQTL in the A-subgenome, which
suggests a primary role for the D-subgenome in regulating
genetic loci associated with fibre quality in terms of intersubge-
nomic regulation. Of note is the observation that a fibre length-
associated GWAS locus on chromosome D11 was colocalised
with eQTL regulating 479 eGenes in the A-subgenome. These

data suggest that further characterisation of the functional roles
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Fig. 2 Identification of eQTL using RNA-Seq data in cotton fibre development. (a) Dot plot showing eQTL and their regulated genes in 26 chromosomes.

x-axis shows the single nucleotide polymorphism (SNP) position (bp) in each chromosome and y-axis shows gene position (bp) in each chromosome, with a
chromosome order of AO1 to D13 from left to right (x-axis) or from lower to upper (y-axis). The colour of each dot represents the significance (P-value) of
each eQTL-gene association, with low significance in green and high significance in blue. Each chromosome is scaled by the physical chromosome length.
Dots in the diagonal line show the intrachromosomal associations. The three red arrows show the enrichment of intersubgenomic associations in
homoeologous chromosomes and interchromosomal associations between the D11 and other chromosomes. (b) Difference of explanation rate (r*) of SNPs

for expression variation between local eQTL (<1 Mb) and distal eQTL (> 1 Mb). The violin plots show the distribution density and box plots show the
distribution quantiles. Two-sided Wilcoxon rank sum test, **P-value <2.2 x 10 '®. (c) Distribution of distance (< 100 kb) between eQTL and regulated
genes. (d) Proportions of local eQTL and distal eQTL. Distal eQTL were divided into three groups, including associations between the A-subgenome (At)
and D-subgenome (Dt; At-Dt), between the At and At (At-At) and between the Dt and Dt (Dt-Dt). (e) Distribution of the number of eQTL for genes
which were regulated by eQTL.

Table 2 Identification of significant gene-trait associations in Gossypium hirsutum using transcriptome-wide association study (TWAS).

QTL  GWAS lead SNP position ~ GWAS P-value ~ Significant TWAS gene  TWAS FDR  Homologue  Description’
FL6  DO01:9210491 28x10°8 Ghir_D01G006540 9.2x 1073  AT4G27270 Quinone reductase family protein
FL7  D05:27233958 52x107° Ghir_D05G027990 23x10™* AT1G22640 MYB domain protein 3
FL9  D11:24616418 6.6x10"° Ghir_D11G020340 29x1072 AT3G19150 KIP-related protein 6
Ghir_D11G020430 24 x107%  AT1G09760 U2 small nuclear ribonucleoprotein A
FE5  A13:5588715 1.6x 1077 Ghir_A13G004410 55x10"*  AT2G14820 Phototropic-responsive NPH3 family protein
FE7  D04:52570413 89x10 " Ghir_D04G017090 13x10° AT4G36720 HVA22-like protein K
Ghir_D04G016300 59x1072 AT1G21070  Nucleotide-sugar transporter family protein
FU3  D05:27260152 12x107° Ghir_D05G027990 7.4x10™* AT1G22640 MYB domain protein 3
FU4  D12:46644449 39x1078 Ghir_D12G015450 6.0x10"* AT5G50850 Transketolase family protein
Ghir_D12G015670 6.3x107% AT3G48000 Aldehyde dehydrogenase 2B4

"Characterised function of homologous genes in Arabidopsis.
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Fig. 3 Analysis of eQTL and their regulated genes at the subgenome level in Gossypium hirsutum. (a) Summary of eQTL in the A- and D-subgenomes
involved in intrasubgenomic or intersubgenomic regulation. (b) Summary of eGenes in the A- and D-subgenomes that were regulated by intrasubgenomic
or intersubgenomic eQTL. For (a) and (b), the percentages show the proportions of intra-/intersubgenomic eQTL in all distal eQTL or eGenes regulated by
intra-/intersubgenomic eQTL. (c) GO enrichment of genes in the A-subgenome (At-eGenes), which were regulated by eQTL in the D-subgenome (yellow
bar charts) and genes in the D-subgenome (Dt-eGenes) which were regulated by eQTL in the A-subgenome (green bar charts). For each subgenome, all
expressed genes at this fibre developmental stage were used as a reference for GO enrichment analysis.

of these GWAS loci should be integrated with analysis of their
intersubgenomic regulatory roles in gene transcription.

Characterisation of eQTL hotspots and a regulatory
network for fibre length

As shown in previous studies, some eQTL are located in a
genomic region which affects the expression of many genes, and
such a region is known as an eQTL hotspot (Liu et al., 2017; X.
Wang et al., 2018). We investigated whether there was a similar
phenomenon in cotton fibre development, and 243 hotspots

© 2020 The Authors
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were identified (Table S7), regulating the expression of 3820
genes (41.1% of all identified eGenes). 125 of these eQTL
hotspots were identified in the A-subgenome and 118 in the D-
subgenome. For each hotspot, the number of eGenes varies from
3 to 962 (Table S7). We predicted possible key regulators for
these hotspots affecting the expression of downstream eGenes by
integrating genetic position information for both eQTL and gene
annotations.

The identification of eQTL hotspots allows the characterisa-
tion of the complex regulatory relationship between eQTL and
eGenes. Here, we constructed an eQTL network consisting of 44

New Phytologist (2020) 226: 1738-1752
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eQTL hotspots, 220 eQTL and 1896 eGenes (Fig. 4a). In this
network, the eQTL hotspot 216 (Hot216) on chromosome D11
(24.43-24.62 Mb) was highlighted, and was found to regulate
the expression of 962 genes, including 479 in the A-subgenome
and 483 in the D-subgenome (Table S8). This explains why the
genome-wide analysis showed that expression variation of a large
number of genes is associated with a genomic region in chromo-
some D11 (Fig. 2a). A detailed analysis of those genes showed
that the expression of 293 genes is also regulated by other eQTL
or hotspots, and the remaining 669 genes are only regulated by
Hot216 (Fig. 4b).

To further characterise the biological role of Hot216, we per-
formed a GO enrichment analysis of the 962 genes. It was
observed that these genes showed an enrichment in microtubule
cytoskeleton for the category of cellular component (CC); protein
kinase and cellulase activity for the category of molecular function
(MF); and cell wall organisation or biogenesis for the category of
biological process (BP; Fig. 4c; Table S9). Given these relevant
predicted functions, the large number of eGenes regulated by the
Hot216 indicates that it represents a powerful eQTL hotspot for
the transcriptional regulation of fibre development.

Effect of genomic and transcriptional variability on fibre
length

To characterise the details of the 962 genes regulated by the
Hot216, we performed an expression analysis across the 251
accessions. It was found that the expression patterns of these genes
cluster into two groups (group-I and group-1I; Fig. 5a). Group-I
includes 287 genes which were highly expressed in 91 accessions
and group-II includes the other 675 genes which were highly
expressed in the other 160 accessions. GO analysis showed that
genes in group-I are enriched in BP of plant-type cell wall organi-
sation or biogenesis (GO:0071669) and cell wall biogenesis
(GO:0042546), while genes in group-1I are enriched in processes
including activation of mitogen-activated protein kinase kinase
(MAPKK) activity (GO:0000186), developmental growth
(GO:0048589) and cell tip growth (GO:0009932). We hypothe-
sised that the significant GO terms for group-II represent pro-
cesses which may promote fibre-cell elongation and development.

We then compared the fibre quality-related traits of accessions
between cluster-1 and cluster-11. It was found that FL in cluster-I
is significantly shorter than that in cluster-II (two-sided Wilcoxon
rank sum test, P-value<7.4 x 107°), and the other three traits
show no significant difference between the two clusters (Fig. S3).
This suggests that the analysis of gene expression patterns cate-
gorised the accessions into two clusters with significant differences
of FL. Accessions in cluster-I exhibit a short fibre phenotype with
high expression of genes responsible for cell wall synthesis, while
accessions in the cluster-IT produce longer fibre accompanied by
high expression of genes associated with cell growth. This result is
supported by previous functional characterisation of genes
amongst these 962 eGenes (Fig. 5b). For example this includes
three genes encoding two fasciclin-like arabinogalactan proteins
(FLA7: Ghir_A08G005490 and FLA11: Ghir_D11G035910)
and a  trichome (TBL3:

birefringence-like  protein
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Ghir_D13G010200; Ghir_A04G010010), with established roles
in secondary wall cellulose synthesis (Bischoff ez al, 20105
MacMillan ez al., 2010). Two genes encoding an irregular xylem-
related protein (IRX9: Ghir_A09G016060) and a xyloglucan
endotransglucosylase/hydrolase (XTH30: Ghir_A08G016210)
have been shown to be involved in xylan and xyloglucan
metabolic processes respectively (Bourquin ez al., 2002; Lee et al.,
2007). We also highlighted three MYB transcriptional factors
(MYB46: Ghir_A13G022890, MYB61: Ghir_A07G014020 and
MYB103: Ghir_A08G012250; Ghir_D08G012890) which are
involved in the positive regulation of secondary cell wall biogene-
sis (Kim ez al., 2013; Taylor-Teeples ez al., 2015).

To understand whether gene expression patterns of the
Hot216-guided network have a genetic association with FL, we
overlapped this hotspot region with GWAS signals. It is found
that the Hot216 has the same genomic location as a significant
GWAS locus for FL on chromosome D11 (24.44-24.62 Mb;
Figs 1, 5¢). Integration of eQTL and GWAS data led us to iden-
tify a candidate gene encoding KIP-related protein 6 (KRP6)
which contains a nonsynonymous mutation in the first exon (G
to T transition). Interestingly, the expression of KRPG6 was also
regulated by the same genetic region which might act in cis-eQTL
regulation (Fig. 5d). Genetic modification of KIP-related protein
in Arabidopsis has been found to affect the expression of genes
involved in plant cell wall organisation and heterochromatin
modification, and regulated cell elongation (Jégu er al, 2013).
Here, we found that two different genotypes of KRP6 correspond
to differential FL (Fig. 5¢). Moreover, KRP6 exhibits differential
expression levels between accessions with two different genotypes
(Fig. 5f). In addition, many eGenes in Hot216, known to be
involved in secondary cell wall organisation or biogenesis, such as
FLA7/11 and MYB46/103, exhibit differential expression levels
between accessions with different genotypes of KRP6 (Fig. 5f).
These results indicate that KRP6 is a candidate gene for differen-
tial fibre-cell length via transcriptional regulation of a large num-
ber of genes in fibre development.

To further support the view that differential expression of
genes responsible for cell wall synthesis may contribute to varied
FL, we made a comparative transcriptome analysis of 60 acces-
sions with extreme FL. 30 accessions with short fibres were found
to exhibit upregulated expression of 1163 genes and down-regu-
lated expression of 507 genes compared with 30 accessions with
long fibres (Fig. S4a). A GO analysis showed that these upregu-
lated genes were enriched in plant-type cell wall organisation or
biogenesis, xylan biosynthetic process and microtubule depoly-
merisation, while the down-regulated genes were enriched in cat-
egories designated response to stimulus and inorganic anion
transport (Fig. S4b). We found that genes encoding cellulose syn-
thase A catalytic subunit (CesA) 4, 7 and 8, which are required
for secondary cell wall biosynthesis (Taylor-Teeples ez al., 2015),
are highly expressed in accessions with short fibres (Fig. 6). Even
though these CesAs were not found to be directly regulated by the
Hot216, they act downstream of secondary wall cellulose synthe-
sis and may be transcriptionally regulated by other genes with
direct regulation from the Hot216 such as MYB46 (Kim et al.,
2013; Taylor-Teeples et al., 2015).
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function (MF) and biological processes (BP).

We conclude from these data that genetic variations at the
GWAS locus on chromosome D11, specifically the candidate
gene KRPG6, can induce the expression of genes responsible for
cell wall synthesis, and contributes to the early biosynthesis of
secondary cell wall that leads to the formation of a shorter cotton

fibre cell.

Discussion

eQTL analysis links regulatory variants to gene transcription

With the recent advances in sequencing the cotton genome, a
very large number of genetic variants have been identified in dif-
ferent accessions, but only a few loci with variants have been
found to be associated with agronomic traits by GWAS (Fang
et al., 2017; Huang ez al., 2017; Wang ez al., 2017; Liu et al.,
2018; Ma et al., 2018; Thyssen et al., 2019). It is believed that
many other genetic variants may have a regulatory role in gene
expression, but their regulatory targets remain undetermined. In
a previous study, we integrated DNase I digestion followed by
sequencing (DNase-Seq) and high-throughput chromosome con-
formation capture (Hi-C) data to annotate regulatory variants in
cis-regulatory elements of promoters and distal enhancers of
genes (Wang er al, 2017). Here, we demonstrate that eQTL

© 2020 The Authors
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mapping represents another high-throughput approach to link
regulatory variants to gene expression in fibre development. Our
mapping of 15330 eQTL represents the discovery of regulatory
variants only at the transition from cell elongation to secondary
cell wall development. Nevertheless, it would be expected that
more regulatory variants would be identified if RNA-Seq data
from different fibre developmental stages were generated. Never-
theless we demonstrate the practical application of TWAS for
prioritising likely causal genes for GWAS loci. Compared with
functional analysis of lead SNPs or homology-based prediction
of causal genes for GWAS loci, TWAS establishes a direct con-
nection between gene expression and phenotype using eQTL
data. This suggests that an investigation of the intermediate
omics—transcriptome between variome and phenome can facili-
tate the understanding of the regulatory roles of genetic variants
in shaping phenotypic differences.

Intersubgenomic regulation increases regulatory
complexity of gene transcription

It is known that many agronomic traits in allopolyploids, such as
fibre quality in allotetraploid cotton, are regulated by the coordi-
nation of different subgenomes (Yuan ez al., 2015; Fang ez al,
2017; Wang et al., 2017; Ma et al., 2018; Thyssen et al., 2019).

New Phytologist (2020) 226: 1738-1752
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Fig. 5 Characterisation of eQTL hotspot 216 (Hot216) on chromosome D11. (a) Clustering analysis of the expression levels of eGenes which are regulated
by Hot216. The 962 genes were categorised into two groups (group-I with 287 genes and group-Il with 675 genes) and the 251 cotton accessions are
clustered into two clusters (cluster-1 with 91 accessions and cluster-Il with 160 accessions). The significant GO terms in each gene group are shown. (b)
Genome-wide distribution of eGenes regulated by Hot216. Some representative genes are shown with the full description of gene names in Supporting
Information Table S8. (c) Manhattan plot of GWAS signal on chromosome D11 which is associated with fibre length. (d) Manhattan plot of the eQTL
signal of Ghir_D171G020340. For (c) and (d), the horizontal red lines show the significance threshold (1/n; 6.4). (e) Distribution of fibre length with two
different genotypes of Ghir_D11G020340. Two-sided Wilcoxon rank sum test, **P-value <2.2 x 10~"®. The horizontal lines in box plots show median
values, and ranges show the first and third quartiles. (f) Normalised expression (FPKM) of representative genes in two cotton groups categorised by the

SNP site of Ghir_D11G020340.

Decoding the role of each subgenome in regulating desirable
traits will enhance our understanding of the effects of polyploidi-
sation on plant development. In cotton, previous studies only
compared the expression patterns of homoeologous genes
between A- and D-subgenomes in fibre development, which
uncovered subgenome expression dominance or gene expression
bias (Hovav et 4/, 2008). In this study, we used eQTL data to
identify widespread intersubgenomic regulation, and showed that
the D-subgenome had a relatively large regulatory effect on the
A-subgenome in terms of the number of eGenes, indicating the
important role of the D-subgenome in fibre development. Even
though we do not yet have similar evidence for the entire fibre
development process, one of conclusions that can be made is that
the D-subgenome has a large regulatory effect on the develop-
ment of spinnable fibre in cultivated tetraploid cotton, because
more selection signals during domestication were identified in

New Phytologist (2020) 226: 1738-1752
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the D-subgenome, which drove the phenotypic change from
short and pigmented to long and white fibres (Wang ez al,
2017).

eQTL data represent genetic evidence for intersubgenomic
regulation of gene expression. Previously, we used Hi-C data to
identify a number of subgenomic chromatin interactions which
were proposed to play a role in the coordination of expression of
homoeologous genes in tetraploid cotton (M. Wang ez al., 2018).
It remains to be determined whether the intersubgenomic eQTL
regulation of gene transcription relies on spatio-chromatin con-
tact between chromosomes. Interestingly, we observed a pattern
of subgenome contacts using Hi-C data in leaf (Fig. S5), which
was similar to the pattern of eQTL regulation (Fig. 2a). This
open question should be investigated further using high-through-
put chromatin contact matrix and eQTL data from the same tis-
sue. From an evolutionary view, both subgenomes were divergent

© 2020 The Authors
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from a common ancestor and had a high sequence similarity, so
future studies should explore whether homoeologous sequences
in one subgenome could regulate the expression of genes in the
other subgenome. The analysis of intersubgenomic regulation
may provide a strategy for exploring the regulatory mechanism of
expression novelty in polyploids and inform our understanding
of phenotypic advantage.

Hot216-guided genetic regulatory network orchestrates
the initiation of secondary cell wall development in plants

After initiation, cotton fibre cells undergo a rapid elongation
stage followed by a secondary cell wall synthesis stage in which
cellulose is synthesised. The duration of elongation plays a vital
role in determining mature FL, and the biosynthesis of the sec-
ondary cell wall restricts fibre elongation, as supported by
metabolomic and transcriptomic data (Haigler ez al.,, 2012; Tut-
te er al, 2015). In this study, we integrate GWAS, TWAS,
eQTL networks and transcriptome analysis to address the ques-
tion of the genetic regulation of FL, and identify an important
role for a genetic locus on chromosome D11. Even though this
locus has been identified in previous studies (Ma ez al., 2018;
Thyssen et al., 2019), the regulatory mechanism underlying FL
has remained largely unknown. We demonstrate that the likely
causal gene KRP6 acts as an eQTL hotspot (Hot216) to regulate
the expression of 962 genes that are involved in a regulatory

© 2020 The Authors
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network. This large number of genes regulated by Hot216 pro-
vides a similar picture to results of experiments using chromatin
immunoprecipitation followed by high-throughput sequencing
(ChIP-Seq) of KRP5 in Arabidopsis, which showed an enrich-
ment of genes involved in cell wall organisation (Jégu er al.,
2013). This suggests a conserved regulatory role of KRPs in pro-
moting cell elongation between cotton and Arabidopsis.

In plants, KRPs have been found to act as inhibitors of cyclin-
dependent kinases and have a role in endoreduplication (Barroco
et al., 2006; Jégu et al., 2013; Garcla-Ramirez et al., 2017; Zhao
et al., 2017). In cotton, a previous study discovered that develop-
ing fibre cells undergo endoreduplication but not cell division
(Van’t Hof, 1999). The single-cell characteristic of the cotton
fibre prompts us to propose that a key function of KRP6 might
be to ensure a maintained cell cycle interphase that contributes to
fibre-cell elongation, whereas an abnormal function of KRP6 or
down-regulated expression would lead to an earlier transition to
secondary cell wall synthesis. This possibility is supported by the
identification, in this genetic regulatory network, of several
upregulated secondary cell wall synthesis genes in cotton acces-
sions with relatively short fibres. Therefore, we propose the view
that the interplay between secondary wall synthesis and
endoreduplication may play a vital role in determining the rate or
timing of fibre elongation and final length (Sablowski & Carnier
Dornelas, 2013). Characterisation of this genetic locus and the
related regulatory network suggests that future improvement of
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fibre quality, especially for FL, should focus on the temporal
manipulation of secondary cell wall synthesis by genetic selection
of eQTL hotspots such as Hot216.

In conclusion, we provide an example of the power of integrat-
ing genotypic, gene expression and phenotypic analysis to gain
insights into the genetic regulation of fibre quality-related traits,
which informs our understanding of the role of secondary cell
wall in modulating cell elongation in plants.
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