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agronomic traits, including 491 novel alleles that undetectable by previous SNP-GWAS
methods. For instance, a novel polymorphic STR consisting of GAACCA repeats was
identified in GH_D06G 1697, with its (GAACCA); allele increasing fiber length by 1.96-
4.83% relative to the (GAACCA), allele. The database CottonSTRDB was further developed
to facilitate use of STR datasets in breeding programs. Our study provides functional roles
for STRs in influencing complex traits, an alternative strategy STR-GWAS for allele mining,
and a database serving the cotton community as a valuable resource.

Keywords: Gossypium hirsutum, short tandem repeats, polymorphism, STR-GWAS, agronomic traits

INTRODUCTION

Short tandem repeats (STRs) are repetitive genome sequence elements that range in length
from 1 to 10bp (Hannan, 2010) and are widely present in most eukaryotic, prokaryotic, and
viral genomes across the tree of life (Oliveira et al., 2006; Torresen et al., 2019). STRs can
regulate phenotypes involved in dozens of human diseases, such as Huntington’s disease (Duyao
et al, 1993), neuronal intranuclear inclusion disease (Tian et al., 2019), autism (Trost et al.,
2020), and Friedreich ataxia (Montermini et al, 1997). In plants, STRs regulate prominent
biological processes such as development and stress response. For example, in Arabidopsis
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thaliana, a STR in PFTI (AT1G25540) has been shown to
regulate flowering in a photoperiod-dependent manner (Rival
et al., 2014), while another STR with dramatically expanded
TTC/GAA repeat in the intron of IIL1 (AT4G13430) causes
an environment-dependent reduction in IIL1 activity and severely
impairs growth (Sureshkumar et al, 2009). In chickpeas, a
STR with CT repeat length variation in the 5-UTR of the
CaIMP gene might regulate phytic acid levels to confer drought
tolerance in natural populations (Joshi-Saha and Reddy, 2015).
In cotton, STR length variations in invertases (EC 3.2.1.26)
were found to be involved in fiber development (Taliercio
et al., 2010). These observations support the importance of
STRs as a reservoir of functional genetic variation.

Next-generation sequencing (NGS) technologies have
generated massive amounts of genomic data with high coverage
and depth (Pareek et al, 2011; van Dijk et al, 2014), which
also contains a great deal of information on polymorphic STRs.
However, genomic studies have mainly focused on SNPs and
indels, and only to a lesser extent on STRs (Fang et al., 2017;
Ma et al., 2018). Recent STR-GWAS publications have revealed
additional genetic associations of STRs with traits including
height, serum urea, and hair phenotypes in human (Sun et al.,
2012; Gymrek et al., 2016; Mukamel et al., 2021) and flowering
in A. thaliana (Press et al., 2018; Reinar et al., 2021). Another
study reported that length variations had more impact on
phenotype than SNP variations (Huang et al, 2015). STRs
can impact phenotype through several mechanisms: modulating
the binding of transcription factors (TFs), changing the spacing
of regulatory sites (Willems et al, 1990), altering splicing
efficiency (Hefferon et al., 2004), and altering the structure of
proteins (La Spada et al., 1991). In addition to their biological
importance, STRs are of substantial value as molecular markers,
being both highly abundant and highly polymorphic (Paques
et al, 1998; Saha et al, 2003). STRs are generated by
DNA-polymerase strand slippage during replication and
recombination events, which results in the addition or deletion
of repeat units (Paques et al., 1998; Verstrepen et al., 2005;
Fan and Chu, 2007); this origin confers higher mutation rates
than the average for other mutations, ranging from 107> to
107 per generation (Ellegren, 2004; Sun et al, 2012).
Consequently, STRs have seen wide use for genetic applications
such as map construction, quantitative trait loci (QTL) mapping,
genotype fingerprinting, and genetic diversity analyses (Kalia
et al.,, 2011).

Cotton (Gossypium spp.) is one of the most important natural
textile fiber and oil crops around the world. In keeping with
that status, more than 3,000 natural accessions and commercial
cultivars have been sequenced to date (Fang et al., 2017, 2021;
Wang et al, 2017; Ma et al, 2018, 2021b; He et al, 2021;
Yuan et al.,, 2021). However, identification of STRs has so far
been limited to two single individuals constituting the reference
genome sequences of G. hirsutum (Gh) acc. TM-1 and
G. barbadense (Gb) cv. Hai7124 (Blenda et al., 2006; Wang
et al,, 2015; Wu et al., 2020). Cotton STRs and their genotyping
remain largely unknown at the population level, and few
functional STRs have yet been reported. Here, we constructed
a high-density STR map for G. hirsutum using WGS data

from 911 cultivars (Fang et al., 2017, 2021; Ma et al., 2018)
and evaluated in detail the potential impacts of STRs on cotton
gene structure and agronomic traits.

MATERIALS AND METHODS

Sources of Genomic Sequences and
Phenotype Data

WGS data of 911 cotton accessions were downloaded from
the National Center for Biotechnology Information (NCBI)
database. These originated from three independent panels of
GWAS projects: PRINA375965, containing 258 global modern
improved cultivars or enhanced lines (termed P1; Fang et al,
2017); PRJNA613140, containing 234 commercial cultivars
(termed P2; Fang et al, 2021); and SRP115740, containing
419 worldwide accessions (termed P3; Ma et al., 2018). The
corresponding phenotype data, including measures of quality
(FE, FL, FM, FS, LU, MAT, SCI, and FU), yield (BW, FWBP,
LI, LP, SI, and BN), and other traits (VW and FD), were,
respectively, retrieved from http://mascotton.njau.edu.cn/
info/1058/1132.htm (Fang et al., 2017), http://cotton.zju.edu.
cn/ (Fang et al,, 2021), and http://cotton.hebau.edu.cn/zlxz.html
(Ma et al, 2018). The data of PP and PH are new in this
study, which were provided in Supplementary Table SI.

Identification of Polymorphic STRs

In total, we obtained 8.76 Tb of raw sequences for 911 samples.
The WGS data were pre-processed using fastp (v 0.12.2) with
default parameters to remove adapters and low-quality bases
(Chen et al, 2018). The clean data were aligned against the
genetic standard line of Gh TM-1 (V 2.1; Hu et al, 2019)!
using Burrows-Wheeler Aligner with the mem model (Li and
Durbin, 2009). Mapping results were then converted into the
BAM format and sorted using samtools (v 1.6; Li et al., 2009).
Duplicate reads were removed using Picard (v 1.124).> After
mapping, we performed STR calling separately for the three
sets of samples using HipSTR v.0.5, which takes aligned BAM
files as input and returns the maximum likelihood diploid
STR allele sequences for each sample. Samples were genotyped
separately with nondefault parameters (--minreads 5,
--max-str-len 300, and -def-stutter-model; Willems et al., 2017).
This workflow allowed us to obtain a high-density polymorphic
STR map comprising 556,426 STRs.

To study the localization of STRs with protein coding genes,
we used the GFF annotation files of TM-1 (V 2.1; Hu et al,
2019) to measure distance to the nearest gene TSS, and
additionally categorized variants based on their overlap with
introns, exons, promoters, and transposable elements
(TE>500bp). Overlapping was performed using the intersectBed
tool of the BEDTools suite (v.2.28.0; Quinlan and Hall, 2010).
For each STR, we defined the canonical repeat unit intergrade
with EST-SSR markersMIcroSAtellite (MISA; Thiel et al., 2003)*

'http://cotton.zju.edu.cn/
*http://broadinstitute.github.io/picard/
*http://pgrc.ipk-gatersleben.de/misa/misa.html
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with basic motifs from mono- to decanucleotide. Minimum
repeat count for each motif length was set as 6, 3, 2, 2, 2,
2, 2, 2, 2, and 2, respectively. STRs were further annotated
using ANNOVAR (2016-02-01; Wang et al., 2010) and categorized
as being sited in either exonic or intergenic regions. Genes
with exonic STRs were then classified according to whether
the STRs were ORF-disrupting.

Gene Ontology and KEGG Enrichment
Analysis

Gene Ontology (GO) analysis of 6,021 genes with exonic STRs
was performed using the R package Gostats (Falcon and
Gentleman, 2007). All genes in the cotton genome were used
as background. The GO annotation for cotton was obtained
from TM-1 v2.1 (Hu et al,, 2019). To reduce redundancy of
GO terms, significant GO terms were clustered according to
similarity using the R package simplifyEnrichment (v 1.0.0).*
Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment
analysis was conducted using TBtools (v1.0971; Chen et al,
2020). GO terms exhibiting a corrected (after false discovery
rate adjustment) p<0.05 were considered to be significantly
enriched.

To identify STR-associated genes related to flowering,
we retrieved Arabidopsis flowering genes from FLOR-ID, which
contains information on 306 genes and links to 1,595 publications
gathering the work of >4,500 authors (Bouche et al., 2016).
We then identified 4,562 flowering genes in cotton using BLAST
and homology to the set of A. thaliana flowering genes
(Supplementary Table S2).

Gene Expression Analysis

A total of 65 accessions were collected from the Institute of
Cotton Research at CAAS, the core germplasm samples were
previously genotyped by our laboratory (Fang et al., 2017).
Plants were grown in a farm environment during the summer
of 2018 at Dangtu, Anhui, China. Two independent biological
samples of each accession were grown in different experimental
fields. For fiber collection, 16-18 plants were grown per accession;
the collected 20-DPA fibers were bulked for total RNA extraction
and sequencing. Clean RNA-seq reads (150 bp paired-end) were
aligned to the Gh TM-1 v2.1 reference genome using Hisat2
(V 2.1.0) with parameter (--dta; Pertea et al., 2016). Mapped
reads in each library were subsequently passed to StringTie
(V 2.0) for transcript assembly (Pertea et al, 2016) using
annotated TM-1 transcripts as the reference transcriptome. The
obtained expression values were normalized to fragments per
kilobase of exon model per million mapped fragments (FPKM).

Genome-Wide Association Analysis

Association analyses were conducted on the P1, P2, and P3
panels collected from three published GWAS (Fang et al., 2017,
2021; Ma et al, 2018). For the present analysis, we utilized
high-quality STRs [minor allele frequency (MAF)>0.05, missing
ratio <30%, and biallelic]. VCFs were filtered using vcftools

*https://bioconductor.org/packages/simplifyEnrichment/

(v 0.1.13; Danecek et al, 2011), leaving 14,241 STRs for P1
(Fang et al., 2017), 8,504 STRs for P2 (Fang et al., 2021), and
36,557 STRs for P3 (Ma et al., 2018).

Association analysis was performed with a linear mixed
model through Efficient Mixed-Model Association eXpedited
(EMMAX, emmax-beta-07Mar2010; Kang et al., 2010). The
kinship matrix was calculated with a centered identity-by-state
(IBS) matrix. The genome-wide significant p-value thresholds
were set following the adjusted Bonferroni method for multiple
testing correction, p<1/N, where N is the number of STRs
used for GWAS; for the three panel populations, this yielded
respective thresholds of p<7.02x 107 for P1 (Fang et al,, 2017),
p<1.18x107* for P2 (Fang et al.,, 2021), and p<2.74x107* for
P3 (Ma et al, 2018). To identify novel trait-associated loci,
we conducted a SNP-GWAS using similar methodology for
comparison. Pairwise linkage disequilibrium and r values between
STRs were calculated by PLINK software. STR-associated loci
for which no trait-associated SNPs were in linkage disequilibrium
(LD, r>0.1) were defined as Novel Significant association loci
(termed novel STRs).

DNA Extraction and STR Amplification
Cotton genomic DNA was extracted from young leaves using
a modified cetyltrimethylammonium bromide (CTAB) method
(Paterson et al,, 1993). Amplification system: 50pl reaction
volume comprising 25 pl of 2x Rapid Taq Master Mix, 10 pumol L™
STR primer, and 100 ng DNA template. Amplification procedure:
pre-denaturation at 95°C for 5min; denaturation at 95°C for
15s, annealing at 53°C for 15s, and extension at 72°C for
15s, repeated for a total of 34cycles; and finally, extension at
72°C for 5min. Polymerase chain reaction (PCR) primers used
in this study to amplify STR DO06:54211118 are given in
Supplementary Table S3.

RESULTS

Genome-Wide Identification of
Polymorphic STRs in Gossypium hirsutum
To investigate STR polymorphisms in G. hirsutum, a global
collection of 911 accessions from three independent GWAS
panels was analyzed (Supplementary Table S4). These comprised
258 global modern improved cultivars or enhanced lines (termed
P1; Fang et al, 2017), 234 commercial cultivars (termed P2;
Fang et al., 2021), and 419 representative worldwide accessions
released by Ma et al. (2018; termed P3). After quality control,
reads of each accession were mapped to the reference genome
Gh TM-1 V2.1 (Hu et al, 2019). Consecutively repeated units
of 1-10bp were identified from each aligned BAM file using
HipSTR (Willems et al., 2017) in order to construct a polymorphic
STR map. A total of 556,426 polymorphic STRs were identified
(Figure 1A and Supplementary Table S5), which is far greater
than the currently reported number of 100,290 STRs in the
cotton genome (Wang et al., 2015). Among STRs identified
here, 132,925 and 249,782 were shared by two and
three datasets, respectively (Supplementary Figure S1).
Interestingly, we found 70.5% (n=392,116) of polymorphic
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FIGURE 1 | Polymorphic STR map of 911 cotton accessions. (A) Genomic distribution of polymorphic STRs in 911 allotetraploid cotton accessions. The 26
allotetraploid chromosomes, A01-D13, are represented in green. From outer ring to inner, curves represent the distributions of STRs, SNPs, genes, and TEs
(>500bp). (B) Distribution of STR motif lengths (length of the reference sequence at each locus). (C) Bar plot showing STR allele numbers. (D) Bar plot showing STR
distributions within different genomic features [exons, introns, promoters, and TEs (>500bp)]. (E) Density of STRs in relation to gene transcription start sites (TSSs).
(F) CG composition of STR motifs according to associated genomic features.

STRs to also contain mutations such as SNPs and short indels
(Supplementary Table S5).

Short tandem repeats were observed to be unevenly distributed
across the genome, with a density of 0.25 per kb (Supplementary
Table S6). Consistently, lower levels of STRs were observed
in the centriole and terminals of each chromosome (Figure 1A),
a finding in agreement with a previous report of greater SSR
density in the distal gene-rich ends of chromosomes (Wang
et al.,, 2015). Moreover, the genomic distribution of STRs was
positively correlated with genes (rho=0.89, p<2.2x107%,
Spearman) and negatively correlated with transposable elements
(TEs, >500bp; rho=—0.81, p<2.2x107'%,  Spearman;
Supplementary Figure S2). A higher density of STRs was
observed on GhDt (n=251,188, 0.31 per kb) than on GhAt
(n=305,238, 0.22 per kb; Supplementary Table S6). The motif

length of STRs ranged from 11 to 108bp, and 97.84% (544,400
out of 556,426) were shorter than 50 bp, with a mean of 21.1bp,
much shorter than the threshold for classification as structural
variation (SV; >50bp; Figure 1B and Supplementary Table S7).
The majority of STRs (69.08%, n=384,374) was biallelic,
indicating a high level of polymorphism (Figure 1C and
Supplementary Table S5).

In terms of genomic location, markedly fewer STRs were
identified in exonic regions (1.39%, n=7,718, termed exonic
STRs) than in intronic regions (10.62%, n=>59,103) or transposons
(31.67%, n=176,245; Figure 1D). A total of 204,269 (36.71%)
were sited close to genes, and particularly within 2,000bp
upstream of the transcriptional start sites (TSSs; Figure 1E
and Supplementary Figure S3), indicating STRs as having
potential to affect phenotypes by generating mutations in cis
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regulatory elements. We also examined the distribution of SNPs
in relation to TSSs and found that less than 5% were located
close to a TSS (<2Kb; Supplementary Figures S3, S4).
We further assessed STR motif types and the frequency with
which different motifs occurred near a TSS (<2Kb), and found
that AT-rich motifs were more commonly enriched around
TSSs (Supplementary Figure S5). In addition, the CG content
of exonic STRs (46.74%, n=288,732) was notably different from
that in STRs of other regions (13.82%, n=960,191), showing
a significant CG bias in nucleotide composition (Figure 1F
and Supplementary Table S8).

Potential Effects of Polymorphic Exonic
STRs on Genes

Exonic STRs have more potential to be important resources
than do intergenic STRs. We identified 7,718 exonic STRs that
were harbored by 6,021 genes (Supplementary Table S9),
despite this category only accounting for 1.39% of total STRs
(Figure 2A). Among these exonic STRs, only 5.88% altered
the open reading frame (ORF) of the containing gene, including
26  transcription  factors (TFs; Figure 2A  and
Supplementary Table S10). Interestingly, we found the
overwhelming majority of exonic STRs (97.16%) to
be trinucleotide, unlike those in introns (23.71%), promoters
(30.57%), or TEs (29.26%; Figure 2B). We also found the
expression levels of genes with non-trinucleotide exonic STRs
were significantly lower compared to those with trinucleotide
across multiple tissues (p<0.05, student test; Supplementary
Figure S6). In addition, it has been previously reported that
STRs can have a cis regulatory effect on gene expression.
We integrated both RNA-seq and whole-genome resequencing
data to analyze the cis effects of STRs on gene expression.
We identified 1,262 genes for which the presumed promoter
contains a STR and determined that 8.95% of those genes
(n=113) exhibit different expression levels in association with
different STR allels in promoter (Students t-test, p<0.05;
Supplementary Table S11).

Pathway enrichment analysis showed genes with exonic STRs
to be significantly enriched in TFs (p=7.29x107", Fisher’s
exact test), ribosome biogenesis (p=5.17x107, Fisher’s exact
test), signal transduction (p=6.10x107*, Fisher’s exact test),
and like terms (Figure 2C and Supplementary Table S12).
GO analysis returned a similar result, with enrichment of terms
such as regulation of transcription (GO:0006355, p=2.16 x 107",
Fisher’s exact test) and regulation of gene expression
(GO:0010468, p=5.35x10"%, Fishers exact test; Figure 2D,
Supplementary Figure S7 and Supplementary Table S13).
With respect to TFs, we found 974 genes coding for TFs that
harbored exonic STRs. We tested each TF family for enrichment
using Fishers exact test and revealed enrichment for exonic
STRs in TFs related to stress, such as WRKY (p=2.37x107",
Fisher’s exact test, n=62; Wang et al., 2021), ERF (p=5.51 x 107",
Fisher’s exact test, n=93; Xie et al., 2019), and AP2 (p=5.74x 1075,
Fisher’s exact test, n=18; Kazan, 2015), and also in those
relating to fiber development, such as MYB (p=1.26x107%,
Fisher’s exact test, n=94; Wu et al., 2018) and NAC (p=7.14x 1075,

Fisher’s exact test, n=52; Figure 2E and Supplementary
Table S14).

Of genes containing exonic STRs, 572 are known to
be involved in flowering (out of 4,562 flowering genes,
Supplementary Table S2). Integrating this set with observed
flowering traits (FD: days to flower; PP: plant period), we found
at least 11 flowering genes for which STR genotypes corresponded
to significant differences in traits (p<0.05, Student’s t-test;
Supplementary Table S15). For example, GhTCP18 (GH_
D12G2879) encodes the TF TCP18 and harbors a STR in its
exon. In Arabidopsis, overexpression of ATTCP18 (AT3G18550)
in the shoot apical meristem leads to a late-flowering phenotype
under both long-day and short-day conditions, mediated by
interactions with the florigen proteins Flowing locus t (FT)
and Twin sister of ft (TST; Aguilar-Martinez et al., 2007; Niwa
et al.,, 2013).

Previous research reported a STR in GhUBX (GH_D03G0985)
to have a significant correlation with fiber strength (FS;
Supplementary Figure S8A), on account of influencing the
interaction of GhUBX with GhSPLI in the cortical microtubules
of developing fibers (Zang et al., 2021). This variation of STR
was also detected in P1 and P3 (Fang et al,, 2017; Ma et al,
2018), with alleles of (GCCTCC);s and (GCCTCC),. The 6-bp
variation segregated with the FS trait under different field
conditions in multiple years (p=8.40x107% Supplementary
Figure S8B).

Genome-Wide Association Analysis of
STRs

To address whether STRs could contribute to agronomic traits,
we performed a STR-GWAS in P1, P2, and P3 cotton accessions
originally subjected to SNP-based GWAS (Fang et al., 2017,
2021; Ma et al, 2018) in relation to 18 traits
(Supplementary Figure S9). After strict quality control, we,
respectively, obtained 14,241 (Fang et al., 2017), 8,504 (Fang
et al., 2021), and 36,557 (Ma et al., 2018) high-quality biallelic
STRs (MAF>0.05, missing ratio <30%) from P1, P2, and
P3. LD analysis indicated that the scope of LD among STRs
ranged from 300 to 400kb, showed a low LD with the
surrounding SNPs (Supplementary Figure S10; Fang et al.,
2017), and their MAF ranged from 0.185 to 0.197
(Supplementary Figure S11). We then identified trait-associated
STRs using Efficient Mixed-Model Association eXpedited
(Emmax; Kang et al, 2010), which yielded a total of 824
significant STRs including 214 associated with yield, 422
associated with fiber quality, and 228 associated with other
traits (Figure 3A and Supplementary Table S16). Of the
GWAS loci, 333 (40.41%) were supported by previous SNP-based
GWAS due to the associated STR and SNP falling in the
same LD block. Next, we examined the functional effects of
these STRs in relation to specific traits and classified them
into 18 groups based on their functional consequences
(Figure 3B and Supplementary Figure S12). For instance,
one group comprised STRs affecting lint percentage (LP) and
included STR A06:25398972, the alternate allele of which
increased LP by 3% in multiple environments.
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FIGURE 2 | Investigating the impacts of STRs on genes. (A) Pie charts showing the proportion of exonic STRs and the distribution of exonic STRs causing
frameshifts. (B) Proportion of length variation at each STR locus across different genomic annotation sets, where length variation was computed as |Ref(STR

length) — Alt(STR length)|. (C) Bar diagram showing the KEGG analysis of 6,021 genes with exonic STRs. Blue bars represent —logs, (o), for which a greater value
indicates higher enrichment degree. The red line represents the enrichFactor. The y-axis plots KEGG terms; numbers represent the genes included in each term.
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As another example, a locus associated with fiber length
on chromosome D11 was previously detected by SNP-based
GWAS (Figure 4A). The SNP-based study reported and validated
GhFL2 (GH_D11G2038) as a candidate gene controlling fiber
development (Ma et al., 2018), but STR variation of this locus
was ignored. We identified a lead STR (D11:23844508) located
1.4Kb downstream of GhFL2 (Figure 4B) for which the (TA),
allele was associated with 3.69-6.44% greater fiber length (FL)

compared to the (TA), allele (p<1.7x107 Students t-test;
Figure 4C).

In addition to direct fiber traits, early maturation of cotton
cultivars is important for cotton breeding. We obtained 47 STRs
associated with days to flower (FD), of which 66% (n=31) were
located on A03. We also detected a STR on D03 (D03:32951122;
Supplementary Figure S13A), at the 85 Kb upstream of GH_

D03G0916 (GhUCE; Supplementary Figure S13B), which encodes

Frontiers in Plant Science | www.frontiersin.org 6

May 2022 | Volume 13 | Article 916830


https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

Mei et al.

Polymorphic STRs for Allele Mining

A04

D08 D09}
21

— Novel STRs
4 Yield traits

— Non-novel STRs
7 Other traits

O Fiber quality traits O Loci associated with two or more traits

B © Novel STRs ® Non-novel STRs
Fl LP

W

. D11:61744644] @
D13:42681446 D13:53042378.
D11:61729378:
D10:48791667
D08:59325767] @
D11:37336068

D05:31388100 D08:12193960{ ®

D04:987683 ®e |  D11:37002489
D02:13477385 °

D02:34302869

D01:59967468: °
D08:27138520
A10:97971900 . A11:23960860
A09:75060549|  ®
A10:114054374 {@ D08:18363660 {

A09:64132292
A09:59061034 . A06:7618641] @
A06:25398972 {
A06:40851518®

A05:38517427 oo

A03:96814609]  ®
A06:16566596 {

L
T
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|

A05:35791452 { @ A01:113580917- .

%
T
|
|
|
|

D04:19854988- } -
|
|
|
|
|
|
|
|
|
|
0

e —————T

~10 05 00 05 10
Effect size (mm)

T2 3 s
Effect size (%)

Effect size
FIGURE 3 | Distribution of 824 STR loci associated with agronomic traits.
(A) Chromosomal distribution of 824 STR loci associated with agronomic
traits. Red indicates novel STR loci, and blue those supported by previous
SNP-based GWAS (non-novel STRs). Yield traits are BW, FWBP, LI, LP, S,
and BN (triangles). Fiber quality traits are FE, FL, FM, FS, LU, MAT, SClI, and
FU (circles). Other traits are PH, VW, FD, and PP (stars). Hexagons represent
STR loci associated with two or more traits (yield, quality, and other traits).
A1-D13 represent the 26 allotetraploid cotton chromosomes. (B) Effect sizes
of STRs associated with FL, LP, and VW. Red circles represent novel STR loci
and blue circles non-novel STRs. Each dot indicates an environment.

an ubiquitin-conjugating enzyme. Overexpression of GhUCE
results in early flowering and fewer rosette leaves relative to
wild type (Ma et al, 2018). In the present study, accessions
with the (TATCTG); allele (n=392) had FD reduced by 2.34-
14.21days relative to those with the (TATCTG), allele (n=21;
p<4.9x107, Students t-test) in seven out of nine examined
environments (Supplementary Figure S13C). These results support
that STRs could be utilized as molecular breeding markers.

Novel STR Loci Associated With
Agronomic Traits

Overall, we identified 491 STRs that had not previously been
detected by GWAS (Supplementary Table S16). One notable
example is a STR D06:54211118 associated with FL in seven

environments; this variation is located in an exon of GH_
D06G1697, which encodes Snl-specific diacylglycerol lipase
alpha (Figure 5A) and is characterized by a (GAACCA), repeat
that can cause deletion of a glutamine and asparagine
(Figure 5A). Expression analysis of GH_D06G1697 showed
the gene to be consistently expressed in most tissues, including
ovules and fibers at different developmental stages (Figure 5B).
Expression analysis in 65 individuals showed that the reference
(GAACCA); allele does alter expression of GH_D06G1697
(p<1.4x107% Student’s t-test; Supplementary Figure S14 and
Supplementary Table S17). Plants with that allele (n=119)
exhibited significantly increased FL (1.96-4.83% greater,
p<3.5x107% Student’s t-test) over those having the alternate
(GAACCA), allele (n=27; Figure 5C).

To further examine whether the effect of STR D06:54211118
on FL is common across upland cotton, we utilized a previously
published GWAS population (Ma et al, 2018). In 12
environments, GH_D06G1697 with the (GAACCA); allele
(reference, n=324) resulted in significantly increased FL (1.84-
3.38% greater, p<1.0x 1073, Student’s ¢-test) over the (GAACCA),
allele (alternate, n=74) in P2 (Figure 5D). As the STR
D06:54211118 was not supported by prior GWAS, we selected
16 accessions according to genotype [(GAACCA);, n=8;
(GAACCA),, n=8; Supplementary Figure S15] and verified
the locus by PCR (Supplementary Figure S16 and
Supplementary Table S3). This result supports that GH_
D06G1697 may be a novel gene controlling fiber development.

We furthermore compared the sequence of this STR in
allotetraploid (AADD) Gb and Gh and the two diploid cotton
species presumed their ancestors, G. arboretum (Ga; AA)
and G. raimondii (Gr; DD; Supplementary Figure S17).
We identified a genotype of (GAACCA); in Ga and the A
subgenomes from Gb and Gh, but a range of 2-5 repeats in
Gr and the D subgenomes from Gb and Gh (Supplementary
Figure S18 and Supplementary Table S3). This indicates the
STR variation of GH_D06G1697 to have occurred only in
the D subgenome during the polyploidization and differentiation
of Gh and Gb.

Utility of a Web-Based Application for STR
Datasets

Trait-associated STRs would constitute a considerable resource
for better understanding the genetic basis of traits and also
provide new markers for marker-assisted breeding of G. hirsutum.
Here, we developed a database named CottonSTRDB.® It contains
a wealth of information on the 556,426 STRs identified in
this study, including their chromosome locations, putative
functions, polymorphism among genotypes, and the results of
our STR-GWAS (Supplementary Figure S19). The markers
can be searched using multiple parameters including chromosome
number(s), chromosome/scaffold location, motif type, associated
loci, and genotypes of STR loci, which can be downloaded
in TXT format. All results can be downloaded in CSV format.
If a breeder is interested in a specific trait, information can

*https://www.datanewlook.com/shiny/str/
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be retrieved on STRs involved in that trait. Thus, our database
will hasten the process of developing candidate gene markers.

DISCUSSION

In crop, the identification of STRs typically relied on the
presence of STR motifs in DNA sequences (Wang et al., 2015;
Wu et al.,, 2020) and the variation found in one individual
were limited (Wang et al., 2015). To date, few population-
scale studies identifying STRs have been reported in crops.
In this study, we constructed a genome-wide and population-
scale polymorphic STR map of G. hirsutum with 556,426
STRs that integrated 911 cotton genomes (Fang et al., 2017,
2021; Ma et al,, 2018). We performed an integrative study
involving detailed characterization of STR in the cotton genome
and their impact on gene structure and phenotype. Moreover,
we constructed a platform, named CottonSTRDB, based on
collective data from the abundant publications on cotton
genetics and GWAS cohorts. This database includes genotype
information for STRs related to traits of interest, along with
their effect sizes. Our results provide insights into functional
roles of STRs in influencing complex traits and will serve
the cotton community as a valuable resource for molecular
breeding.

Short tandem repeats were previously considered as
evolutionarily neutral DNA sequence (Awadalla and Ritland,
1997). Recent study and our analysis demonstrated that STR
distribution is nonrandom: (i) STR distribution and effect
in gene expression. Distinct from SNPs, STRs in the cotton
genome have higher extent near TSSs and within coding
exons compared to other regions (Supplementary
Figures S3, S4). We found 8.95% of those genes (n=113)
exhibited different expression levels in association with
different STR alleles at promotor (Student’s t-test, p <0.05).
This result suggests that the STR can work as cis-acting
sequences to regulate the levels of expression. (ii) Evolutionary
significance in different species. Genes with STRs have
biological relevance in diverse species. In cotton, 8.26% of
genes harbored exonic STRs, similar to previously reported
values ranging from 13.1 to 21% in Caenorhabditis elegans,
A. thaliana, and Drosophila melanogaster (Gemayel et al,
2010). The genes with exonic STR have mostly identical
function descriptions, which were implicated in processes
such as regulation of transcription, consistent with previous
studies in yeast (Richard and Dujon, 2006) and humans
(Legendre et al., 2007).

We employed GWAS to determine the likelihood that
each STR causally affects trait. We identified a total of 824
significant STRs related to specific traits. Interestingly, 491
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14:2014; 15: 2015.

novel STR-GWAS signals that cannot be detected by regular
SNP-GWAS. The phenomenon can be explained by different
mutation ratios between SNP and STR. Indeed, most STR
showed a low LD with the surrounding SNPs; thus, some
of the STRs were not being in high linkage disequilibrium
with any SNP. Our result showed STR can also reveal
additional association loci. Due to the limited mapping
resolution of GWAS, most our STR-GWAS findings are
associative, not causative. Moreover, various molecular
mechanisms have been proposed of STR (Fotsing et al.,
2019). Analysis using STR combined with transcriptomic,
proteomic and metabonomics can help to study STR function.
Recently, two population-scale transcriptomes have been

released in cotton community (Li et al, 2020; Ma et al,
2021a). Further work should integrate genomic and
transcriptomic statistical analysis of eSTR to identify causative
trait-associated STR.

Additionally, STR has a high mutation rate related to SNP
and exhibits evolutionary significance. The change in STR may
provide immediate benefits in adaptation to varying ecological
factors, such as biotic, environmental, and climate change. For
example, we found 47 STR associated with days to flower.
We detected a STR on D03 (D03:32951122; Supplementary
Figure S13), accessions with the (TATCTG); allele (n=392) had
FD reduced by 2.34-14.21 days relative to those with the (TATCTG),
allele (n=21; p<4.9x107, Student’s t-test) in seven out of nine
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examined environments. It is therefore to intriguing to explore
the STR associated with environmental factor.

CONCLUSION

The study was designed to determine whether STR could
provide a strategy for allele mining in crop. A total of 911
individuals from three independent GWAS cohorts was genotyped
for the STR variations. A total of 556,426 polymorphic STRs
were well categorized, including their genomic location, linkage
disequilibrium, impact on gene structure, and their potentially
association with specific traits. We found that 824 STRs were
significantly associated with agronomic traits, including 491
novel alleles. The database CottonSTRDB was further developed
to facilitate use of STR datasets for complex traits. Our study
provides an alternative strategy STR-GWAS for allele mining
and valuable resource for cotton breeding.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found in the article/Supplementary
Material.

REFERENCES

Aguilar-Martinez, J. A., Poza-Carrion, C., and Cubas, P. (2007). Arabidopsis
BRANCHEDI acts as an integrator of branching signals within axillary
buds. Plant Cell 19, 458-472. doi: 10.1105/tpc.106.048934

Awadalla, P, and Ritland, K. (1997). Microsatellite variation and evolution in
the Mimulus guttatus species complex with contrasting mating systems.
Mol. Biol. Evol. 14, 1023-1034. doi: 10.1093/oxfordjournals.molbev.a025708

Blenda, A., Scheffler, J., Scheffler, B., Palmer, M., Lacape, J. M., Yu, J. Z,, et al.
(2006). CMD: a cotton microsatellite database resource for Gossypium
genomics. BMC Genomics 7, 132-141. doi: 10.1186/1471-2164-7-132

Bouche, E, Lobet, G., Tocquin, P, and Perilleux, C. (2016). FLOR-ID: an
interactive database of flowering-time gene networks in Arabidopsis thaliana.
Nucleic Acids Res. 44, D1167-D1171. doi: 10.1093/nar/gkv1054

Chen, C., Chen, H., Zhang, Y., Thomas, H. R., Frank, M. H., He, Y,, et al.
(2020). TBtools: an integrative toolkit developed for interactive analyses
of big biological data. Mol Plant 13, 1194-1202. doi: 10.1016/j.
molp.2020.06.009

Chen, S., Zhou, Y., Chen, Y., and Gu, J. (2018). fastp: An ultra-fast all-in-one
FASTQ preprocessor. Bioinformatics 34, 884-i890. doi: 10.1093/bioinformatics/
bty560

Danecek, P, Auton, A., Abecasis, G., Albers, C. A., Banks, E., DePristo, M. A,,
et al. (2011). The variant call format and VCFtools. Bioinformatics 27,
2156-2158. doi: 10.1093/bioinformatics/btr330

Duyao, M., Ambrose, C., Myers, R., Novelletto, A., Persichetti, E, Frontali, M.,
et al. (1993). Trinucleotide repeat length instability and age of onset in
Huntington’s disease. Nat. Genet. 4, 387-392. doi: 10.1038/ng0893-387

Ellegren, H. (2004). Microsatellites: simple sequences with complex evolution.
Nat. Rev. Genet. 5, 435-445. doi: 10.1038/nrg1348

Falcon, S., and Gentleman, R. (2007). Using GOstats to test gene lists for GO
term association. Bioinformatics 23, 257-258. doi: 10.1093/bioinformatics/
btl567

Fan, H., and Chu, J. Y. (2007). A brief review of short tandem repeat mutation.
Genomics Proteomics Bioinformatics 5, 7-14. doi: 10.1016/S1672-0229
(07)60009-6

AUTHOR CONTRIBUTIONS

LF and TnZ conceptualized the project. HM, TnZ, ZD, and
YH performed the bioinformatics analysis. HM, JH, BX, RC,
JunZ, and JuncZ extracted high-quality DNA and performed
PCRs for STR genotyping. LE, TnZ, HM, and TaZ prepared
the manuscript. All authors contributed to the article and
approved the submitted version.

FUNDING

This study was financially supported in part by grants from
projects of the Hainan Yazhou Bay Seed Lab (B21HJ0223),
the NSFC (32172008 and 31822036), the Leading Innovative
and Entrepreneur Team Introduction Program of Zhejiang
(2019R01002), a project from Sanya Yazhouwan Technology
City (SKJC-2021-02-001), and the Fundamental Research Funds
for the Central Universities (2020XZZX004-03).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpls.2022.916830/
full#supplementary-material

Fang, L., Wang, Q.,, Hu, Y, Jia, Y,, Chen, J, Liu, B,, et al. (2017). Genomic
analyses in cotton identify signatures of selection and loci associated with
fiber quality and yield traits. Nat. Genet. 49, 1089-1098. doi: 10.1038/ng.3887

Fang, L., Zhao, T.,, Hu, Y, Si, Z., Zhu, X, Han, Z., et al. (2021). Divergent
improvement of two cultivated allotetraploid cotton species. Plant Biotechnol.
J. 19, 1325-1336. doi: 10.1111/pbi.13547

Fotsing, S. F, Margoliash, J., Wang, C., Saini, S., Yanicky, R., Shleizer-Burko, S.,
et al. (2019). The impact of short tandem repeat variation on gene expression.
Nat. Genet. 51, 1652-1659. doi: 10.1038/s41588-019-0521-9

Gemayel, R., Vinces, M. D., Legendre, M., and Verstrepen, K. J. (2010).
Variable tandem repeats accelerate evolution of coding and regulatory
sequences. Amnnu. Rev. Genet. 44, 445-477. doi: 10.1146/annurev-
genet-072610-155046

Gymrek, M., Willems, T., Guilmatre, A., Zeng, H., Markus, B., Georgiev, S.,
et al. (2016). Abundant contribution of short tandem repeats to gene
expression variation in humans. Nat. Genet. 48, 22-29. doi: 10.1038/ng.3461

Hannan, A. J. (2010). Tandem repeat polymorphisms: modulators of disease
susceptibility and candidates for ‘missing heritability’ Trends Genet. 26, 59-65.
doi: 10.1016/j.tig.2009.11.008

He, S., Sun, G., Geng, X., Gong, W,, Dai, P, Jia, Y, et al. (2021). The genomic
basis of geographic differentiation and fiber improvement in cultivated cotton.
Nat. Genet. 53, 916-924. doi: 10.1038/s41588-021-00844-9

Hefferon, T. W,, Groman, J. D., Yurk, C. E., and Cutting, G. R. (2004). A
variable dinucleotide repeat in the CFTR gene contributes to phenotype
diversity by forming RNA secondary structures that alter splicing. Proc.
Natl. Acad. Sci. U. S. A. 101, 3504-3509. doi: 10.1073/pnas.0400182101

Hu, Y., Chen, J., Fang, L., Zhang, Z., Ma, W,, Niu, Y,, et al. (2019). Gossypium
barbadense and Gossypium hirsutum genomes provide insights into the
origin and evolution of allotetraploid cotton. Nat. Genet. 51, 739-748. doi:
10.1038/s41588-019-0371-5

Huang, J., Chen, J., Esparza, J., Ding, J., Elder, . T., Abecasis, G. R, et al.
(2015). eQTL mapping identifies insertion- and deletion-specific eQTLs in
multiple tissues. Nat. Commun. 6, 6821-6839. doi: 10.1038/ncomms7821

Joshi-Saha, A., and Reddy, K. S. (2015). Repeat length variation in the 5UTR
of myo-inositol monophosphatase gene is related to phytic acid content

Frontiers in Plant Science | www.frontiersin.org

10

May 2022 | Volume 13 | Article 916830


https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://www.frontiersin.org/articles/10.3389/fpls.2022.916830/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2022.916830/full#supplementary-material
https://doi.org/10.1105/tpc.106.048934
https://doi.org/10.1093/oxfordjournals.molbev.a025708
https://doi.org/10.1186/1471-2164-7-132
https://doi.org/10.1093/nar/gkv1054
https://doi.org/10.1016/j.molp.2020.06.009
https://doi.org/10.1016/j.molp.2020.06.009
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1093/bioinformatics/btr330
https://doi.org/10.1038/ng0893-387
https://doi.org/10.1038/nrg1348
https://doi.org/10.1093/bioinformatics/btl567
https://doi.org/10.1093/bioinformatics/btl567
https://doi.org/10.1016/S1672-0229(07)60009-6
https://doi.org/10.1016/S1672-0229(07)60009-6
https://doi.org/10.1038/ng.3887
https://doi.org/10.1111/pbi.13547
https://doi.org/10.1038/s41588-019-0521-9
https://doi.org/10.1146/annurev-genet-072610-155046
https://doi.org/10.1146/annurev-genet-072610-155046
https://doi.org/10.1038/ng.3461
https://doi.org/10.1016/j.tig.2009.11.008
https://doi.org/10.1038/s41588-021-00844-9
https://doi.org/10.1073/pnas.0400182101
https://doi.org/10.1038/s41588-019-0371-5
https://doi.org/10.1038/ncomms7821

Mei et al.

Polymorphic STRs for Allele Mining

and contributes to drought tolerance in chickpea (Cicer arietinum L.). J.
Exp. Bot. 66, 5683-5690. doi: 10.1093/jxb/erv156

Kalia, R. K., Rai, M. K,, Kalia, S., Singh, R., and Dhawan, A. K. (2011).
Microsatellite markers: an overview of the recent progress in plants. Euphytica
177, 309-334. doi: 10.1007/s10681-010-0286-9

Kang, H. M., Sul, J. H,, Service, S. K., Zaitlen, N. A, Kong, S. Y., Freimer, N. B,,
et al. (2010). Variance component model to account for sample structure
in genome-wide association studies. Nat. Genet. 42, 348-354. doi: 10.1038/
ng.548

Kazan, K. (2015). Diverse roles of jasmonates and ethylene in abiotic stress
tolerance. Trends Plant Sci. 20, 219-229. doi: 10.1016/j.tplants.2015.02.001

La Spada, A. R., Wilson, E. M., Lubahn, D. B, Harding, A. E., and Fischbeck, K. H.
(1991). Androgen receptor gene mutations in X-linked spinal and bulbar
muscular atrophy. Nature 352, 77-79. doi: 10.1038/352077a0

Legendre, M., Pochet, N., Pak, T., and Verstrepen, K. J. (2007). Sequence-based
estimation of minisatellite and microsatellite repeat variability. Genome Res.
17, 1787-1796. doi: 10.1101/gr.6554007

Li, H.,, and Durbin, R. (2009). Fast and accurate short read alignment with
burrows-wheeler transform. Bioinformatics 25, 1754-1760. doi: 10.1093/
bioinformatics/btp324

Li, H., Handsaker, B., Wysoker, A., Fennell, T., Ruan, J, Homer, N., et al.
(2009). The sequence alignment/map format and SAMtools. Bioinformatics
25, 2078-2079. doi: 10.1093/bioinformatics/btp352

Li, Z., Wang, P, You, C,, Yu, J,, Zhang, X,, Yan, E, et al. (2020). Combined
GWAS and eQTL analysis uncovers a genetic regulatory network orchestrating
the initiation of secondary cell wall development in cotton. New Phytol.
226, 1738-1752. doi: 10.1111/nph.16468

Ma, Y., Min, L., Wang, ], Li, Y.,, Wu, Y., Hu, Q, et al. (2021a). A combination
of genome-wide and transcriptome-wide association studies reveals genetic
elements leading to male sterility during high temperature stress in cotton.
New Phytol. 231, 165-181. doi: 10.1111/nph.17325

Ma, Z., He, S., Wang, X,, Sun, J., Zhang, Y., Zhang, G., et al. (2018). Resequencing
a core collection of upland cotton identifies genomic variation and loci
influencing fiber quality and yield. Nat. Genet. 50, 803-813. doi: 10.1038/
s41588-018-0119-7

Ma, Z., Zhang, Y., Wu, L., Zhang, G., Sun, Z, Li, Z., et al. (2021b). High-
quality genome assembly and resequencing of modern cotton cultivars provide
resources for crop improvement. Nat. Genet. 53, 1385-1391. doi: 10.1038/
541588-021-00910-2

Montermini, L., Andermann, E. Labuda, M., Richter, A., Pandolfo, M.,
Cavalcanti, E, et al. (1997). The Friedreich ataxia GAA triplet repeat:
premutation and normal alleles. Hum. Mol. Genet. 6, 1261-1266. doi: 10.1093/
hmg/6.8.1261

Mukamel, R. E., Handsaker, R. E., Sherman, M. A., Barton, A. R., Zheng, Y,,
McCarroll, S. A., et al. (2021). Protein-coding repeat polymorphisms strongly
shape diverse human phenotypes. Science 373, 1499-1505. doi: 10.1126/
science.abg8289

Niwa, M., Daimon, Y., Kurotani, K., Higo, A., Pruneda-Paz, J. L., Breton, G,
et al. (2013). BRANCHEDI interacts with FLOWERING LOCUS T to repress
the floral transition of the axillary meristems in Arabidopsis. Plant Cell 25,
1228-1242. doi: 10.1105/tpc.112.109090

Oliveira, E. J., Padua, J. G., Zucchi, M. I, Vencovsky, R., and Vieira, M. L.
C. (2006). Origin, evolution and genome distribution of microsatellites.
Genet. Mol. Biol. 29, 294-307. doi: 10.1590/S1415-47572006000200018

Paques, E, Leung, W. Y., and Haber, J. E. (1998). Expansions and contractions
in a tandem repeat induced by double-strand break repair. Mol. Cell. Biol.
18, 2045-2054. doi: 10.1128/MCB.18.4.2045

Pareek, C. S., Smoczynski, R., and Tretyn, A. (2011). Sequencing technologies
and genome sequencing. J. Appl. Genet. 52, 413-435. doi: 10.1007/
s13353-011-0057-x

Paterson, A. H., Brubaker, C. L., and Wendel, J. E. (1993). A rapid method
for extraction of cotton (Gossypium spp.) genomic DNA suitable for RFLP
or PCR analysis. Plant Mol. Biol. Report. 11, 122-127. doi: 10.1007/
BF02670470

Pertea, M., Kim, D., Pertea, G. M., Leek, J. T, and Salzberg, S. L. (2016).
Transcript-level expression analysis of RNA-seq experiments with HISAT,
StringTie and Ballgown. Nat. Protoc. 11, 1650-1667. doi: 10.1038/nprot.2016.095

Press, M. O., McCoy, R. C,, Hall, A. N, Akey, J. M., and Queitsch, C. (2018).
Massive variation of short tandem repeats with functional consequences

across strains of Arabidopsis thaliana. Genome Res. 28, 1169-1178. doi:
10.1101/gr.231753.117

Quinlan, A. R., and Hall, I. M. (2010). BEDTools: a flexible suite of utilities
for comparing genomic features. Bioinformatics 26, 841-842. doi: 10.1093/
bioinformatics/btq033

Reinar, W. B., Olsson Lalun, V., Reitan, T., Jakobsen, K. S., and Butenko, M. A.
(2021). Length variation in short tandem repeats affects gene expression in
natural populations of Arabidopsis thaliana. Plant Cell 33, 2221-2234. doi:
10.1093/plcell/koab107

Richard, G. F, and Dujon, B. (2006). Molecular evolution of minisatellites in
hemiascomycetous yeasts. Mol. Biol. Evol. 23, 189-202. doi: 10.1093/molbev/
msj022

Rival, P, Press, M. O., Bale, J., Grancharova, T., Undurraga, S. F, and Queitsch, C.
(2014). The conserved PFT1 tandem repeat is crucial for proper flowering
in Arabidopsis thaliana. Genetics 198, 747-754. doi: 10.1534/genetics.114.167866

Saha, S., Karaca, M., Jenkins, J. N., Zipf, A. E., Reddy, O. U. K., and Kantety, R. V.
(2003). Simple sequence repeats as useful resources to study transcribed
genes of cotton. Euphytica 130, 355-364. doi: 10.1023/A:1023077209170

Sun, J. X,, Helgason, A., Masson, G., Ebenesersdottir, S. S., Li, H., Mallick, S.,
et al. (2012). A direct characterization of human mutation based on
microsatellites. Nat. Genet. 44, 1161-1165. doi: 10.1038/ng.2398

Sureshkumar, S., Todesco, M., Schneeberger, K., Harilal, R., Balasubramanian, S.,
and Weigel, D. (2009). A genetic defect caused by a triplet repeat expansion
in Arabidopsis thaliana. Science 323, 1060-1063. doi: 10.1126/science.1164014

Taliercio, E., Scheffler, J., and Schefller, B. (2010). Characterization of two
cotton (Gossypium hirsutum L) invertase genes. Mol. Biol. Rep. 37, 3915-3920.
doi: 10.1007/s11033-010-0048-8

Thiel, T., Michalek, W., Varshney, R. K., and Graner, A. (2003). Exploiting
EST databases for the development and characterization of gene-derived
SSR-markers in barley (Hordeum vulgare L.). Theor. Appl. Genet. 106, 411-422.
doi: 10.1007/s00122-002-1031-0

Tian, Y., Wang, J. L., Huang, W., Zeng, S., Jiao, B., Liu, Z, et al. (2019).
Expansion of human-specific GGC repeat in neuronal intranuclear inclusion
disease-related disorders. Am. J. Hum. Genet. 105, 166-176. doi: 10.1016/j.
ajhg.2019.05.013

Torresen, O. K., Star, B., Mier, P, Andrade-Navarro, M. A., Bateman, A.,
Jarnot, P, et al. (2019). Tandem repeats lead to sequence assembly errors
and impose multi-level challenges for genome and protein databases. Nucleic
Acids Res. 47, 10994-11006. doi: 10.1093/nar/gkz841

Trost, B., Engchuan, W,, Nguyen, C. M., Thiruvahindrapuram, B., Dolzhenko, E.,
Backstrom, I., et al. (2020). Genome-wide detection of tandem DNA
repeats that are expanded in autism. Nature 586, 80-86. doi: 10.1038/
541586-020-2579-z

van Dijk, E. L., Auger, H., Jaszczyszyn, Y., and Thermes, C. (2014). Ten years
of next-generation sequencing technology. Trends Genet. 30, 418-426. doi:
10.1016/j.tig.2014.07.001

Verstrepen, K. ], Jansen, A., Lewitter, E, and Fink, G. R. (2005). Intragenic
tandem repeats generate functional variability. Nat. Genet. 37, 986-990. doi:
10.1038/ng1618

Wang, K., Li, M., and Hakonarson, H. (2010). ANNOVAR: functional annotation
of genetic variants from high-throughput sequencing data. Nucleic Acids
Res. 38, e164-e170. doi: 10.1093/nar/gkq603

Wang, M., Tu, L., Lin, M., Lin, Z., Wang, P, Yang, Q,, et al. (2017). Asymmetric
subgenome selection and cis-regulatory divergence during cotton domestication.
Nat. Genet. 49, 579-587. doi: 10.1038/ng.3807

Wang, N. N,, Li, Y,, Chen, Y. H, Lu, R, Zhou, L, Wang, Y, et al. (2021).
Phosphorylation of WRKY16 by MPK3-1 is essential for its transcriptional
activity during fiber initiation and elongation in cotton (Gossypium hirsutum).
Plant Cell 33, 2736-2752. doi: 10.1093/plcell/koab153

Wang, Q., Fang, L., Chen, ], Hu, Y, Si, Z., Wang, S., et al. (2015). Genome-
wide mining, characterization, and development of microsatellite markers
in Gossypium species. Sci. Rep. 5, 10638-10647. doi: 10.1038/srep10638

Willems, R., Paul, A., van der Heide, H. G., ter Avest, A. R., and Mooi, E R.
(1990). Fimbrial phase variation in Bordetella pertussis: a novel mechanism
for transcriptional regulation. EMBO ] 9, 2803-2809. doi:
10.1002/j.1460-2075.1990.tb07468.x

Willems, T., Zielinski, D., Yuan, J., Gordon, A., Gymrek, M., and Erlich, Y.
(2017). Genome-wide profiling of heritable and de novo STR variations.
Nat. Methods 14, 590-592. doi: 10.1038/nmeth.4267

Frontiers in Plant Science | www.frontiersin.org

11

May 2022 | Volume 13 | Article 916830


https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://doi.org/10.1093/jxb/erv156
https://doi.org/10.1007/s10681-010-0286-9
https://doi.org/10.1038/ng.548
https://doi.org/10.1038/ng.548
https://doi.org/10.1016/j.tplants.2015.02.001
https://doi.org/10.1038/352077a0
https://doi.org/10.1101/gr.6554007
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1111/nph.16468
https://doi.org/10.1111/nph.17325
https://doi.org/10.1038/s41588-018-0119-7
https://doi.org/10.1038/s41588-018-0119-7
https://doi.org/10.1038/s41588-021-00910-2
https://doi.org/10.1038/s41588-021-00910-2
https://doi.org/10.1093/hmg/6.8.1261
https://doi.org/10.1093/hmg/6.8.1261
https://doi.org/10.1126/science.abg8289
https://doi.org/10.1126/science.abg8289
https://doi.org/10.1105/tpc.112.109090
https://doi.org/10.1590/S1415-47572006000200018
https://doi.org/10.1128/MCB.18.4.2045
https://doi.org/10.1007/s13353-011-0057-x
https://doi.org/10.1007/s13353-011-0057-x
https://doi.org/10.1007/BF02670470
https://doi.org/10.1007/BF02670470
https://doi.org/10.1038/nprot.2016.095
https://doi.org/10.1101/gr.231753.117
https://doi.org/10.1093/bioinformatics/btq033
https://doi.org/10.1093/bioinformatics/btq033
https://doi.org/10.1093/plcell/koab107
https://doi.org/10.1093/molbev/msj022
https://doi.org/10.1093/molbev/msj022
https://doi.org/10.1534/genetics.114.167866
https://doi.org/10.1023/A:1023077209170
https://doi.org/10.1038/ng.2398
https://doi.org/10.1126/science.1164014
https://doi.org/10.1007/s11033-010-0048-8
https://doi.org/10.1007/s00122-002-1031-0
https://doi.org/10.1016/j.ajhg.2019.05.013
https://doi.org/10.1016/j.ajhg.2019.05.013
https://doi.org/10.1093/nar/gkz841
https://doi.org/10.1038/s41586-020-2579-z
https://doi.org/10.1038/s41586-020-2579-z
https://doi.org/10.1016/j.tig.2014.07.001
https://doi.org/10.1038/ng1618
https://doi.org/10.1093/nar/gkq603
https://doi.org/10.1038/ng.3807
https://doi.org/10.1093/plcell/koab153
https://doi.org/10.1038/srep10638
https://doi.org/10.1002/j.1460-2075.1990.tb07468.x
https://doi.org/10.1038/nmeth.4267

Mei et al.

Polymorphic STRs for Allele Mining

Wu, H,, Tian, Y., Wan, Q,, Fang, L., Guan, X., Chen, J,, et al. (2018). Genetics
and evolution of MIXTA genes regulating cotton lint fiber development.
New Phytol. 217, 883-895. doi: 10.1111/nph.14844

Wu, Y., Huang, L., Zhou, D., Fu, X,, Li, C., Wei, S., et al. (2020). Development
and application of perfect SSR markers in cotton. J. Cotton Res. 3, 21-28.
doi: 10.1186/s42397-020-00066-0

Xie, Z., Nolan, T., Jiang, H., Tang, B, Zhang, M., Li, Z., et al. (2019). The
AP2/EREF transcription factor TINY modulates Brassinosteroid-regulated plant
growth and drought responses in Arabidopsis. Plant Cell 31, 1788-1806.
doi: 10.1105/tpc.18.00918

Yuan, D., Grover, C. E., Hu, G, Pan, M., Miller, E. R,, Conover, J. L,
et al. (2021). Parallel and intertwining threads of domestication in
allopolyploid cotton. Adv. Sci. 8, 2003634-2003650. doi: 10.1002/advs.
202003634

Zang, Y., Hu, Y, Xu, C, Wu, S., Wang, Y., Ning, Z., et al. (2021). GhUBX
controlling helical growth results in production of stronger cotton fiber.
iScience 24:102930. doi: 10.1016/j.is¢i.2021.102930

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

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

Copyright © 2022 Mei, Zhao, Dong, Han, Xu, Chen, Zhang, Zhang, Hu, Zhang
and Fang. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Plant Science | www.frontiersin.org

12

May 2022 | Volume 13 | Article 916830


https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://doi.org/10.1111/nph.14844
https://doi.org/10.1186/s42397-020-00066-0
https://doi.org/10.1105/tpc.18.00918
https://doi.org/10.1002/advs.202003634
https://doi.org/10.1002/advs.202003634
https://doi.org/10.1016/j.isci.2021.102930
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Population-Scale Polymorphic Short Tandem Repeat Provides an Alternative Strategy for Allele Mining in Cotton
	Introduction
	Materials and Methods
	Sources of Genomic Sequences and Phenotype Data
	Identification of Polymorphic STRs
	Gene Ontology and KEGG Enrichment Analysis
	Gene Expression Analysis
	Genome-Wide Association Analysis
	DNA Extraction and STR Amplification

	Results
	Genome-Wide Identification of Polymorphic STRs in Gossypium hirsutum
	Potential Effects of Polymorphic Exonic STRs on Genes
	Genome-Wide Association Analysis of STRs
	Novel STR Loci Associated With Agronomic Traits
	Utility of a Web-Based Application for STR Datasets

	Discussion
	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Supplementary Material

	References

