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and qUHML-c24) related to fiber bundle strength, short 
fiber index and fiber length, respectively, were validated 
using an F3 population that originated from a cross of 
MD90ne × MD52ne. A group of 27 new SNP markers gen-
erated from mapping-by-sequencing (MBS) were placed 
in QTL regions to improve and validate earlier maps. 
Our refined QTL regions spanned 4.4, 1.8 and 3.7 Mb of 
physical distance in the Gossypium raimondii reference 
genome. We performed RNA sequencing (RNA-seq) of 
15 and 20 days post-anthesis fiber cells from MD52ne and 
MD90ne and aligned reads to the G. raimondii genome. 
The QTL regions contained 21 significantly differentially 
expressed genes (DEGs) between the two near-isogenic 
parental lines. SNPs that result in non-synonymous substi-
tutions to amino acid sequences of annotated genes were 
identified within these DEGs, and mapped. Taken together, 
transcriptome and amino acid mutation analysis indicate 
that receptor-like kinase pathway genes are likely candi-
dates for superior fiber strength and length in MD52ne. 
MBS along with RNA-seq demonstrated a powerful strat-
egy to elucidate candidate genes for the QTLs that control 
complex traits in a complex genome like tetraploid upland 
cotton.

Introduction

Cotton fibers are trichomes that initiate from the ovule 
surface approximately −3 to +3 days post-anthesis 
(DPA) (Fang et al. 2014b; Gilbert et al. 2014). Over the 
next ~50 days the cotton fiber undergoes four overlapping 
developing stages: rapid elongation and primary cell wall 
(PCW) formation (6–22 DPA), cell wall thickening and 
PCW remodeling (12–22 DPA), secondary cell wall (SCW) 
formation via deposition of cellulose between PCW and 
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plasmalemma (16–40 DPA), and finally maturation and cell 
death before boll opening (40–50 DPA). The duration and 
rate of each stage varies among genotypes and environment 
(Haigler 2010; Hinchliffe et al. 2011). During the transition 
stage from elongation to secondary cell wall thickening, 
expression of genes related to PCW formation and elonga-
tion starts to decline while genes related to SCW biosyn-
thesis are being up-regulated (Hinchliffe et al. 2010). Fiber 
bundle strength (FBS) increases significantly during this 
period although cell wall thickening and cellulose deposi-
tion are minimal (Hinchliffe et al. 2011; Hsieh 1999).

The demand for cotton fiber with higher quality has 
increased with the introduction of high-speed spinning 
technologies. Fiber quality attributes include length, 
strength, fineness, maturity, and elongation, etc. These 
fiber properties have been linked to cotton fiber cell wall 
formation and composition (Wakelyn et al. 2010). FBS is 
an important indicator of commercial fiber quality and is 
affected by other properties such as fiber maturity, fineness 
and length (Kelly et al. 2015). Fiber strength also contrib-
utes to yarn quality (Wakelyn et al. 2010) and is suggested 
to be affected by the thin “winding” cell wall layer and 
SCW cellulose (Hinchliffe et al. 2011; Hsieh et al. 1995). 
The genetic mechanisms of fiber traits are complex and 
often involve multiple genes (Zhang et al. 2013). The most 
effective way to improve fiber quality is through breeding, 
although there is a negative correlation between fiber qual-
ity and lint yield. The use of molecular marker technolo-
gies in cotton breeding through marker-assisted selection 
(MAS) makes simultaneous improvement of both fiber 
quality and yield possible (Yu et al. 2013). As suggested 
by meta-QTL analysis, 1075 quantitative trait loci (QTLs) 
in intraspecific G. hirutum L. and 1059 QTLs in interspe-
cific (G. hirsutum × G. barbadense) populations have been 
detected for yield, fiber, seed quality, and stress tolerance 
(Said et al. 2013). After the report published by Said et al. 
(2013), there were a few reports also published related to 
cotton fiber quality QTL. A total of 131 fiber QTLs and 37 
QTL clusters were identified using a random mated popu-
lation originated from crosses between 11 upland cotton 
cultivars (Fang et al. 2014a). Very recently, Shang et al. 
(2015) identified 20 QTLs and validated four QTLs related 
to fiber quality. However, very few QTLs have actually 
been used in MAS breeding since they are localized in very 
large genomic regions and are often not stable across wide 
genetic backgrounds. Thus, it is essential to identify and 
validate a stable QTL in a specific genomic region in order 
to improve the trait in practical breeding.

In addition to traditional DNA marker technology, high-
throughput next generation sequencing (NGS) offers a 
new tool to explore the genetic control of complex traits. 
By using NGS technology, scientists are able to add new 
sequence-based markers to their genetic maps and narrow 

down the interval until candidate genes are discovered. One 
such technology is mapping-by-sequencing (MBS) which 
has already been used by many researchers to accelerate 
gene discovery. The increasing availability of draft genome 
sequences for species in the Gossypium genus (Li et al. 
2014; Paterson et al. 2012; Zhang et al. 2015) have enabled 
scientists to fine map and predict candidate genes. Thys-
sen et al. (2014, 2015) fine mapped the candidate genes for 
the qualitative short fiber Li2 and Li1 mutants by using the 
MBS technique and transcriptome analysis. So far, QTL 
fine mapping in cotton has been mainly conducted with 
SSR markers and has been unable to identify candidate 
genes (Chen et al. 2009; Shen et al. 2010; Su et al. 2013). 
Very few candidate genes for fiber strength have been iden-
tified through transcriptome and gene expression analysis 
alone. Fang et al. (2014b) reported that the carbonhydrate 
metabolic pathway and SCW biosynthesis can affect fiber 
strength. So far, no report has been published to iden-
tify candidate genes for QTLs by combining MBS with 
gene expression data in upland cotton. However, similar 
approaches were used to identify candidate genes in QTLs 
in other organisms (Bolon et al. 2010; Street et al. 2006).

The upland cotton lines MD52ne and MD90ne are near-
isogenic lines (NILs) with significant differences in FBS. 
Earlier studies showed that MD52ne has approximately 
10–25 % higher FBS than MD90ne (Hinchliffe et al. 2010, 
2011; Islam et al. 2014; Meredith 2005). These two cotton 
NILs provide an opportunity to dissect the genetic mecha-
nisms of complex fiber traits especially FBS. Previously, 
we mapped a stable FBS QTL from MD52ne on chromo-
some (Chr.) 3 along with other fiber quality QTLs using 
two separate F2 populations (Islam et al. 2014). In this 
study, we used an F3 population to validate and fine map 
the identified QTLs by adding single nucleotide polymor-
phism (SNP) markers in the QTL regions, anchoring the 
loci to the Gossypium raimondii physical map. RNA-seq 
was also utilized to analyze transcriptome and gene expres-
sion in order to identify candidate genes and better under-
stand gene function related to fiber quality traits.

Materials and methods

Plant materials and field experiments

The two upland cotton lines (MD52ne and MD90ne) used 
in this study were reported earlier (Islam et al. 2014). The 
development scheme of the NILs and related pedigree are 
presented in Fig. S1. The F2 plants were grown in 2012 in a 
field in Stoneville, Mississippi, and F3 seeds were collected. 
Twenty-six plants from each of 375 F3 lines along with the 
parents were planted in a field in Stoneville, Mississippi, in 
2014. The soil type in Stoneville is Bosket fine sandy loam. 



1073Theor Appl Genet (2016) 129:1071–1086 

1 3

Each line was grown in single-row plots 12.2 m × 1.0 m 
with 45.7 cm space between plants. Standard conventional 
field practices were followed during the growing season. In 
fall 2014, all naturally opened bolls were harvested by hand 
from each of the F3 lines. The parental lines were grown in 
New Orleans, Louisiana in 2013 for mRNA and DNA iso-
lation for sequencing.

Fiber quality measurements

Cotton bolls were ginned using a laboratory saw gin. Fiber 
properties of all F3 lines were measured using a High-Vol-
ume Instrument 1000 (USTER Technologies Inc., Char-
lotte, NC, USA) in the Cotton Fiber Testing Lab in USDA 
ARS-SRRC, New Orleans, Louisiana. Among the fiber 
quality traits, FBS, short fiber index (SFI) and upper-half 
mean fiber length (UHML) were measured. Fibers were 
pre-equilibrated in a room (65 % humidity at 21 °C) for 
48 h prior to measuring the fiber properties.

DNA isolation and simple sequence repeat (SSR) 
marker analysis

Young leaves were bulked from 10 randomly selected 
plants of each F3 line along with their parents and stored 
at −80 °C. The genomic DNA was extracted from frozen 
leaves following the protocol previously described (Fang 
et al. 2010). Based on our previous report (Islam et al. 
2014), a total of 60 SSR markers that were mapped on Chr. 
3, 14, and 24 were used to genotype the 375 F3 progeny 
along with two parents for validation. The SSR primer 
sequences are available at CottonGen database (http://
www.cottongen.org). SSR marker amplification, separation 
and scoring were according to the previous report (Islam 
et al. 2014).

RNA extraction and sequencing

Total RNA was extracted from the developing cotton fib-
ers [10, 15, 20, and 24 days post anthesis (DPA)] using the 
Sigma Spectrum™ Plant Total RNA Kit (Sigma-Aldrich, 
St. Louis, MO) with DNaseI digestion according to the 
manufacturer’s protocol. The quality and quantity of total 
RNA was determined using a NanoDrop 2000 spectropho-
tometer (NanoDrop Technologies Inc., Wilmington, DE, 
USA) and an Agilent Bioanalyzer 2100 (Agilent Technol-
ogies Inc., Santa Clara, CA, USA). The RNA samples of 
three biological replications at two different developmental 
stages (15 and 20 DPA) from both NIL fibers were sent to 
Data2Bio LLC (Ames, Iowa) for library preparation and 
subsequent paired-end Illumina mRNA sequencing accord-
ing to the methods described previously (Naoumkina et al. 
2014).

DNA sequencing

Genomic DNA of MD52ne and MD90ne were sent to BGI 
Americas (Cambridge, MA, USA) for library construction 
and sequencing. DNA library construction and sequenc-
ing were described by Thyssen et al. (2015). DNA was 
sequenced with paired-end 100-bp reads on an Illumina 
HiSeq 2000 platform. Adaptors, contaminants and low 
quality reads were removed from further analysis.

Analysis of sequencing data for SNP discovery

The methods of both RNA and DNA sequence data pro-
cessing were described earlier (Thyssen et al. 2014, 2015). 
Briefly, by using GSNAP software (Wu and Nacu 2010), 
clean DNA sequence reads were aligned to a 26 chromo-
some pseudo-tetraploid reference genome for G. hirsutum 
composed of the chromosomes from both of the diploid 
cotton reference genomes. The 13 chromosomes of the G. 
arboreum genome were used as the At-subgenome and the 
13 chromosomes of the G. raimondii genome were used 
as the Dt-subgenome (Li et al. 2014; Paterson et al. 2012). 
This time, we used vcf tools software to call SNPs between 
the MD90ne and MD52ne NILs (Danecek et al. 2011). We 
filtered for SNPs that were called as homozygous in each 
NIL and had the highest quality (QUAL = 999). Histo-
grams were generated by counting the number of SNPs in 
1-Mb and 100-kb intervals. We also determined which SNP 
resulted in altered amino acids to identify non-synonymous 
mutations as before (Thyssen et al. 2014).

SNP primer design

Prior to designing SNP primers from whole genome 
sequence data, we constructed a genetic map based on 
SSR marker data to roughly locate the putative QTLs. The 
sequences of SSRs located in QTL regions were aligned 
to the reference G. raimondii genome. Read alignment in 
whole genome DNA sequence data on the QTL genomic 
regions were manually inspected to identify putative true 
SNPs and nearby homeo-SNPs. Two versions (one for 
each NIL allele) of forward primers were designed which 
end with the SNP alleles from MD52ne and MD90ne, 
while one common reverse primers was synthesized. Both 
forward primers contain an additional mismatch, usually 
at the third base from the 3ʹ end, which has been shown 
to increase stringency (Drenkard et al. 2000). The SNP 
nomenclature follows previous report (Islam et al. 2015).

SNP genotyping and linkage map construction

The newly synthesized SNP markers were first validated by 
running allele specific qPCR reactions using parental NILs 
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and F1 DNA template as described earlier (Thyssen et al. 
2014). Unlabeled primer, template DNA and a SYBR green 
PCR mix were run on a C1000 thermal cycler with CFX96 
Real Time System (Bio-Rad, Hercules, CA, USA), which 
recorded fluorescent signal after each cycle. Samples were 
scored as positive or negative for each reaction by a Ct 
value threshold determined for each primer pair. After both 
allele-specific reactions were run for each individual F3 
progeny, a SNP marker was scored as either homozygous 
for either allele or heterozygous. The SSR and SNP marker 
genotypes were used to construct a linkage map using the 
JoinMap 4.0 software with default parameters and LOD 
score of 10 (Van Ooijen 2006).

QTL and statistical analysis

The phenotypic data of 375 F3 lines were used to validate 
QTLs associated with fiber quality traits FBS, SFI and 
UHML reported earlier (Islam et al. 2014). Tests of nor-
mality were conducted prior to QTL analyses using PROC 
UNIVARIATE NORMAL PLOT (SAS Institute Inc., 
Cary, NC, USA). Multiple QTL modeling (MQM) was 
performed to localize and detect fiber quality QTL using 
MapQTL version 6.0 (Van Ooijen 2009). For MQM, for-
ward and backward stepwise regressions were performed to 
select markers as cofactors with 10 cM window size and 
1 cM walking speed. At each interval, the significance of 
the QTL trait association was tested by likelihood ratio 
statistics. For each trait, a critical LOD threshold level 
was estimated by 1000 permutations at p < 0.05 using the 
MapQTL6.0 program. However, a LOD score of 3.5 was 
used as a threshold to declare the presence of a putative 
QTL. R2 values, representing the percentage of the phe-
notypic variance explained by the QTL, were determined 
from the MQM genetic models. QTL and chromosome 
maps were created using Mapchart 2.2 (Voorrips 2002). 
The confidence interval (95 %) for QTL location was set 
as a mapping distance interval corresponding to one LOD 
decline on either side of the peak. The QTL nomenclature 
was according to McCouch et al. (1997).

Detection of differentially expressed genes (DEG)

RNA-seq reads were aligned to the G. raimondii reference 
genome and assigned to At and Dt-subgenomes by PolyCat 
software as before (Page et al. 2013; Thyssen et al. 2014). 
Reads per Kilobase per Million reads (RPKM) was used to 
estimate gene expression levels. DEGs were identified by 
the negative binomial method of the EdgeR software using 
the tagwise estimation of dispersion (Robinson et al. 2010). 
The accuracy of the test result was corrected by false dis-
covery rate (FDR). In this study, FDR < 0.05 and the abso-
lute value of the log2 ratio of 1 (in which ‘ratio’ refers to 

the fold change in expression of the target unigene among 
libraries) were used to select DEGs. In this report, we only 
present RNA-seq expression results for the purpose of can-
didate genes prediction. All the DEGs were reported else-
where (Islam et al. 2015, 2016).

Validation of RNA-seq results with reverse 
transcription quantitative PCR (RT-qPCR)

The experimental procedures and data analysis related 
to RT-qPCR were performed according to the minimum 
information for publication of quantitative real-time PCR 
experiments guidelines (Bustin et al. 2009). Four fiber 
development stages (10, 15, 20 and 24 DPA) were used for 
RT-qPCR analyses for validating the RNA-seq results of 
selected genes. The detailed descriptions of cDNA prepa-
ration, qPCR and calculation were previously reported 
(Kim et al. 2013). Three biological replications and three 
technical replications for each time-point were used for 
RT-qPCR.

Results

Analysis of fiber quality traits

The frequency distributions of fiber quality traits including 
FBS, SFI and UHML displayed continuous and unimodal 
variation in the F3 population of 375 lines (Fig. 1). Similar 
trends were also observed in the F2 populations that were 
reported earlier (Islam et al. 2014). Since all tested traits 
were normally distributed, they are suitable for QTL analy-
sis. FBS, SFI and UHML data for the F3 progeny ranged 
from 30.64 to 39.10 g/tex, 6.08 to 9.14 % and 1.05 to 1.25 
inches averaging 34.45 g/tex, 7.28 % and 1.17 inches, 
respectively.

Alignment of sequence reads against reference genome 
and SNP detection

Mapping-by-sequencing reads were aligned to a pseudo-
reference genome of G. hirsutum that consisted of the ref-
erence chromosomes of both the extant A and D diploid 
Gossypium species which we treated as the At and Dt-sub-
genomes, respectively (Li et al. 2014; Paterson et al. 2012). 
A total of 29,125 high quality SNPs were detected between 
the two NILs. Of the 29,125 SNPs, 16,984 and 12,141 were 
detected in the At-subgenome and Dt-subgenome, respec-
tively. Three large peaks of SNPs were observed on Chr. 
4 (15–22 Mb) and Chr. 5 (15–22 Mb, and 50–55 Mb) in 
the histogram of Dt-subgenome reads. Chr. 4 and 5 of G. 
raimondii are homeologs of Chr. 24 and 14, respectively, 
of G. hirsutum (Fig. 2). A total of 902 SNPs per Mb were 
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observed in the highest peak on Chr. 4 of Dt-subgenome 
reads, and the two peaks on Chr. 5 contained 609 and 715 
SNPs per Mb, respectively. No peaks above 600 were 
observed on the At-subgenome, with the highest at 576 
SNPs per Mb on Chr. 13 (Fig. 2). At each of the three larg-
est peaks in the Dt-subgenome, 160, 119 and 153 SNPs per 
100-kb were observed at 18.6, 19.9 and 52.9 Mb of Chrs. 4, 
5 and 5, respectively (Fig. 2). Since MD52ne and MD90ne 
are highly near isogenic BC6F6 with a major difference in 
fiber strength, this result suggested that the fiber strength 
QTL might reside in those genomic regions with greatest 
SNPs diversity. Since, very recently a draft upland cotton 
(G. hirsutum) tetraploid genome (TM-1) was published 
(Zhang et al. 2015), we also aligned our sequence reads to 
the TM-1 draft genome sequence following similar meth-
ods. SNP distribution histograms of At and Dt subgenomes 
are presented in Fig. S2. We found four large clusters of 
SNPs on the TM-1 reference genome. However, we did not 
observe obvious SNP diversity in one of the regions (D08, 
or Chr. 24) where fiber QTLs reside. Manual inspection of 
the TM-1 regions homologous to Chr. 4 (15–22 Mb) and 
Chr. 5 (50–55 Mb) of the G. raimondii genome suggested 
an incomplete sorting of homeologous reads in the align-
ment to the TM-1 draft genome in these regions, which 
may have interfered with SNP calling. Since we started 
this project and discovered genetically linked SNPs before 
the TM-1 genome sequence was published, we decided to 
proceed with the SNPs detected using the pseudo-tetra-
ploid reference genome, which the G. raimondii reference 
genome (Paterson et al. 2012) is partially based on.

Initial linkage map construction and QTL detection

At first, 60 SSR markers anchored on G. hirsutum Chrs. 3, 
14 and 24 associated with fiber QTLs identified in our pre-
vious report (Islam et al. 2014) were selected for genotyp-
ing 375 F3 lines. Finally, all tested SSR loci were placed 
on three respective chromosomes using JoinMap 4.0 (Fig. 

S3). A total of 40, 16 and 4 SSR markers were mapped 
on upland cotton Chrs. 3, 14 and 24, respectively. Marker 
orders for each respective chromosome were essentially 
identical to the map reported earlier based on F2 popula-
tions (Islam et al. 2014) and to the upland cotton consen-
sus map (Blenda et al. 2012). QTL analysis of these three 
selected chromosomes was conducted using MapQTL 6.0. 
One of each QTL associated with FBS, SFI and UHML 
were confirmed on Chrs. 3, 14 and 24, respectively whereas 
two additional QTL for FBS were detected on Chrs. 14 
and 24 which co-localized with both UHML and SFI QTL. 
To identify the physical locations of SSRs of these QTL 
regions, sequences of SSR markers were aligned to the G. 
raimondii reference genome. BLAST results revealed that 
the SSR markers of QTL region Chr. 3, 14 and 24 were 
physically located on G. raimondii Chr. 5 (49–58th Mb), 
Chr. 5 (17–21th Mb) and Chr. 4 (18–22nd Mb) which 
agrees with the expected correspondence of homeologous 
chromosomes in G. hirsutum (Fig. 2) (Altschul et al. 1990; 
Blenda et al. 2012; Paterson et al. 2012).

SNP marker analysis, linkage map construction 
and QTL detection

As expected, all three initial QTL regions were physically 
located in the three most highly diverse genomic regions, 
so we decided to select SNPs from near the QTL locations 
to interrogate in the segregating F3 population. Primers for 
a total of 27 SNP loci were designed using NCBI Primer-
BLAST tools and validated (Ye et al. 2012), and all showed 
expected genotypes for the NILs and F1. The allele specific 
primers for these 27 loci (Table S1) were used to genotype 
the 375 F3 progeny.

Finally, all tested SNP and SSR loci were placed 
on three respective chromosomes using JoinMap 4.0. 
A total of 49 (40 SSRs and 9 SNPs), 24 (16 SSRs 
and 8 SNPs) and 13 (3 SSRs and 10 SNPs) mark-
ers were mapped on upland cotton Chrs. 3, 14 and 24, 

Fig. 1  Frequency distribution for fiber bundle strength (a), short fiber index (b) and upper-half mean fiber length (c) among F3 progeny of popu-
lation derived from a cross between MD90ne and MD52ne
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respectively (Fig. 3a–c). Anchored SSR marker orders 
for each respective chromosome were identical to the 
map constructed initially (Fig. S3). Most of the SNP 
markers were placed inside the QTL region of the 
respective chromosome. The average distances between 
two adjacent loci were 0.96, 0.89 and 0.75 cM in Chrs. 
3, 14 and 24, respectively. We also compared the genetic 

and physical orders of mapped markers which showed 
significant co-linearity (Fig. 3).

QTL analysis of these three chromosomes was con-
ducted using fiber trait values of 375 F3 lines. One of each 
QTL associated with FBS and SFI were re-identified on 
Chrs. 3 and 14, respectively. While two QTLs for UHML 
were confirmed on Chrs. 14 and 24. Additionally, two 

Fig. 2  SNPs per Mb in whole 
genome sequence data. The 
13 reference G. raimondii 
chromosomes are presented 
as the Dt-subgenome and the 
13 G. arboreum chromosomes 
represent the At-subgenome. 
The three most diverse 
genomic region were located 
on Chr. 4 (15–22 Mb, a), Chr. 
5 (15–22 Mb, b) and Chr. 5 
(47–60 Mb, c) are presented as 
SNPs per 100 kb. The locations 
of markers that flank the QTLs 
controlling bundle fiber strength 
are shown. G.r. = Gossypium 
raimondii; G.h. = Gossypium 
hirsutum
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Fig. 3  QTLs for bundle fiber 
strength (FBS), short fiber index 
(SFI) and upper-half mean 
length (UHML) identified in 
F3 population derived from a 
cross of MD90ne × MD52ne. 
QTLs were detected by multiple 
QTL modeling using MapQTL6 
software. The LOD scores were 
plotted against centiMorgans 
(cM) on the chromosome. SNPs 
markers (in red) start with CFB 
followed by number. SNPs and 
SSRs were also mapped on 
physical locations as base pairs 
(bp) of G. raimondii reference 
genome. a Chr. 03; b Chr. 14, 
and c Chr. 24
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QTLs associated with FBS were identified on Chrs. 14 and 
24. One additional SFI QTL was also identified on Chr. 24 
(Table 1; Fig. 3c). Additive values of the respective QTLs 
indicated that the beneficial alleles for the respective traits 
originated from MD52ne (Table 1).

Three QTLs associated with FBS, SFI and UHML 
(qFBS-c24, qSFI-c24 and qUHML-c24, respectively) were 
co-localized on G. hirsutum Chr. 24, which is homeolo-
gous to G. raimondii Chr. 4 and accounted for 15.7, 9.8 and 
11.6 % of the total phenotypic variation. The FBS QTL 

Fig. 3  continued

Table 1  Fiber QTLs indentified in F3 population

QTL were determined based on the phenotypic data collected from 375 F3 progeny at Stoneville, MS, USA in 2014
a Traits are FBS (fiber bundle strength), SFI (short fiber index), UHML (upper-half mean length)
b QTL location on respective chromosome represented as ‘‘Chr.’’ followed by number
c Marker where QTL peak is located
d Flanking markers for the QTL
e The location of the QTL peak on chromosome
f % of total phenotypic variation explained by the QTL
g Additive effect of the marker linked to the QTL peak. Positive signs for FBS and UHML and negative signs for SFI indicate favorable alleles 
from MD52ne
h QTLs identified only in F3 population

Traita QTL Locationb Nearest markerc Marker intervald Position (cM)e LOD R2 (%)f Ag

FBS qFBS-c3 Chr03 CGR6164 BNL4034-NAU3541 32.60 4.61 4.4 0.45

qFBS-c14h Chr14 CGR6683 BNL3502-BNL3033 16.38 8.18 8.4 0.65

qFBS-c24h Chr24 GH454 CFB5877-GH222 3.29 13.44 15.7 0.80

SFI qSFI-c14 Chr14 JESPR006 CGR6217-CFB5875 12.40 8.33 9.3 −0.26

qSFI-c24h Chr24 CFB5879 CFB5877-GH222 3.15 8.94 9.8 −0.22

UHML qUHML-c14h Chr14 CFB5870 JESPR006- CFB5875 16.56 9.82 11.5 0.014

qUHML-c24 Chr24 CFB5879 CFB5878-GH222 3.15 8.94 11.6 0.013
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LOD score peaked near the SSR marker GH454, while 
two other QTLs were linked with SNP marker CFB5879. 
However, all three QTLs were flanked by CFB5878 and 
GH222. The physical and genetic distances between these 
two flanking markers were 3.7 Mb and 8.1 cM, respectively 
(Fig. 3c). Similar to Chr. 24, three QTLs associated with all 
three tested fiber traits (qFBS-c14, qSFI-c14 and qUHML-
c14) were co-localized on G. hirsutum Chr. 14, which 
is homeologous to G. raimondii Chr. 5. The phenotypic 
variations associated with these QTLs were 8.4, 9.3 and 
11.5 % for FBS, SFI and UHML, respectively. The FBS 
QTL linked with SSR marker CGR6683 and was flanked 
by markers BNL3502 and BNL3033 that are 1.8 Mb and 
4.4 cM apart physically and genetically, respectively. The 
QTL related to SFI was linked with SSR marker JESPR006 
and was flanked by CGR6217-CFB5875 (10.8 cM apart), 
while the UHML QTL LOD score peaked near the SNP 
marker CFB5870 and was flanked by JESPR006-CFB5875 
(0.61 Mb and 9.0 cM apart physically and genetically, 
respectively). The third QTL for FBS (qFBS-c3) is linked 
to SNP markers that reside in a cluster of diversity iden-
tified on G. raimondii Chr. 05 of the pseudo-tetraploid 
genome (Figs. 2, 3a). The SSR markers at this locus were 
previously reported to reside on G. hirsutum Chr. 03 
(Blenda et al. 2012; Islam et al. 2014) although we found 
suitable alignments close to our linked SNP markers in the 
Dt-subgenome of the pseudo-tetraploid sequences (Fig. 2). 
This QTL region was bordered by BNL4034-NAU3541 
(4.4 Mb and 6.8 cM apart physically and genetically, 
respectively) and contributed 4.4 % of the total phenotypic 
variation.

DEGs near/within a fiber QTL region

Based on the fiber crystallinity data obtained from devel-
oping fibers (Fig. S4; Islam et al. 2016) and our previous 
results (Hinchliffe et al. 2011), transition from fiber elonga-
tion to secondary cell wall thickening occurs about 16–17 
DPA in MD52ne. Thus, we selected fibers at 15 and 20 
DPA for RNA-seq analysis. We analyzed the RNA-seq 
reads with EdgeR in order to investigate the expression pat-
tern of genes near the identified QTL regions (Robinson 
et al. 2010). The genes were considered as DEGs, when at-
least two fold difference in their expression level between 
MD52ne and MD90ne at either developing time point 
was found. In Table 2, we presented all three QTL regions 
which are physically located on two chromosomes (Chr.04 
and Chr.05) of the G. raimondii genome. We included only 
the differentially expressed genes in Table 2; that are physi-
cally located between or are very near to the two flanking 
markers. A total of 20, 8, and 10 genes were differentially 
expressed between NILs in 15 and/or 20 DPA developing 
fiber in QTL regions on Chrs. 3, 14 and 24, respectively. 

Of the 38 DEGs, only 21 were significantly different 
(adjusted p value <0.05) between MD52ne and MD90ne 
at either developing time point. Among those 21 DEGs, 
interestingly Goraii.005G178700, a ribosomal protein was 
highly up-regulated (1618- and 568-fold at 15 and 20 DPA, 
respectively) in MD52ne. This gene was physically located 
just 2.7 kb away from left flanking marker (BNL4034) of 
QTL qFBS-c3. Another gene, Gorai.005G108500 (Protein 
kinase super family protein) was also highly abundant in 
MD52ne at both DPA and located near QTLs qFBS-c14, 
qSFI-c14, qUHML-c14. One gene (Gorai.005G102600) 
also located near QTLs qFBS-c14, qSFI-c14, qUHML-
c14 was found down regulated in MD52ne at both the fiber 
developing stages. Several other genes that are responsible 
for cell wall growth and development were also up-regu-
lated in MD52ne at 15 DPA.

RT-qPCR of the selected genes during fiber growth

A total of twelve genes across three QTL regions were 
selected for RT-qPCR in order to validate the RNA-seq 
expression results using fiber tissue from four develop-
mental stages (Fig. 4; Table S2). All of the selected genes 
control cell wall growth and development either directly 
or indirectly. Of the 12 tested genes, the expression level 
of five genes were significantly higher in MD52ne devel-
oping fiber at all four tested time points (Fig. 4a–e) while 
two genes had lower expression in MD52ne fibers (Fig. 4f, 
g). Two genes, Gorai.004G102000 and Gorai.004G103500 
showed significant differences between MD52ne and 
MD90ne expression during late stages of fiber develop-
ment (15, 20 and 24 DPA) (Fig. 4h, i). A higher level of 
expression was observed in MD52ne with gene MATE 
efflux family protein (DTX1, Gorai.005G178900) (Fig. 4j) 
during early stages of fiver development while NAC 
domain protein 83 (NAC83, Gorai.005G195300) showed 
opposite direction of expression (Fig. 4k). The gene 
Gorai.005G198900, showed zigzag expression pattern 
between two NILs across three fiber development stages 
while it is indistinguishable at 10 DPA.

Identification of non-synonymous SNPs within genes 
near/within fiber QTL regions

To find out whether a SNP resulted in amino acid change, we 
first identified SNPs in genes adjacent to fiber QTL, and then 
obtained annotated proteins. Of the 27 SNPs, 18 were located 
in exons. Of these 18 SNPs, eight produced silent amino acid 
substitution and the remaining 10 SNPs formed mis-sense 
(9) and nonsense (1) substitutions of amino acid sequence 
(Table 3). The only nonsense mutation was observed in 
Gorai.005G106400 (Thaumatin-like protein 3). The NIL 
with shorter and weaker fibers, MD90ne contains a C-to-T 
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Table 2  Differential expressed genes (DEGs) related to fiber development near identified QTLs in 15 and/or 20 DPA developing fiber

Gene/marker G.r Chr. Position  
(bp)

Fold change 
(MD52/MD90)

Adj. p val Descriptiona

15 DPA 20 DPA 15 DPA 20 DPA

qFBS-c24, qSFI-c24, qUHML-c24

Gorai.004G102000 04 18921948 3.97 1.14 3.20E−03* 1.68E−01 CONSTANS-like 5

CFB5877 04 18923262 Flanking marker

Gorai.004G102600 04 19235841 3.23 1.26 2.76E−02* 1.00E+00 Glutamine dumper 3

Gorai.004G103500 04 19825449 2.16 1.10 8.91E−03* 1.00E+00 Trehalose phosphatase/synthase 11

Gorai.004G104000 04 20476972 2.83 1.45 4.16E−02* 1.00E+00 Sequence-specific DNA binding transcription 
factors

Gorai.004G104900 04 21202292 3.61 0.84 1.10E−01 1.00E+00 Glycine-rich protein

Gorai.004G106400 04 21700847 2.38 0.78 2.79E−01 1.00E+00 Heptahelical transmembrane protein2

Gorai.004G106500 04 21712808 2.17 1.04 9.73E−03* 1.00E+00 Ribosomal protein L35

Gorai.004G107400 04 21926785 2.03 1.79 1.31E−03* 5.70E−02 Raffinose synthase family protein

Gorai.004G107700 04 21976699 5.78 1.73 8.88E−04* 1.00E+00 Bifunctional inhibitor/lipid-transfer protein/seed 
storage 2S albumin superfamily protein

Gorai.004G108700 04 22456928 4.17 2.83 1.50E−13* 4.30E−06* Inorganic H pyrophosphatase family protein

GH222 04 22593253 Flanking marker

qFBS-c14, qSFI-c14, qUHML-c14

BNL3502 05 17392257 Flanking marker

Gorai.005G102600 05 17540773 0.01 0.00 2.31E−04* 3.86E−11* Calcium-binding EF-hand family protein

Gorai.005G105200 05 18392977 3.05 2.20 8.32E−02 8.05E−01 OBF binding protein 1

Gorai.005G106000 05 18823364 8.22 2.55 2.55E−03* 4.32E−01 Calmodulin-like 41

Gorai.005G106400 05 19072696 0.30 0.21 2.10E−02* 5.63E−01 Thaumatin-like protein 3

Gorai.005G107600 05 19325123 0.39 0.66 2.46E−01 1.00E+00 RING-H2 zinc finger protein related to ATL2

Gorai.005G108500 05 19538562 5.90 4.32 1.75E−12* 5.76E−08* Protein kinase superfamily protein

Gorai.005G108900 05 19668671 2.93 0.12 2.87E−01 7.95E−03* Photosystem II reaction center protein G

CFB5875 05 19669371 Flanking marker

qFBS-c3

Gorai.005G178700 05 52342825 1618.0 568.10 8.72E−40* 4.65E−25* Ribosomal protein L18e/L15 superfamily 
protein

BNL4034 05 52369512 Flanking marker

Gorai.005G178900 05 52404202 3.01 0.26 1.09E−01 1.55E−01 MATE efflux family protein

Gorai.005G182400 05 53342603 4.08 1.82 8.44E−03* 9.57E−01 Oxidoreductase, zinc-binding dehydrogenase 
family protein

Gorai.005G182600 05 53449903 2.07 1.28 4.61E−02* 1.00E+00 Polygalacturonase 2

Gorai.005G183800 05 53682988 2.33 1.88 4.72E−05* 1.78E−02 Trehalose-phosphatase/synthase 9

Gorai.005G184200 05 53991444 2.66 0.76 7.30E−02 1.00E+00 Serine/threonine-protein kinase WNK (with no 
lysine)-related

Gorai.005G185300 05 54347563 5.90 1.22 4.75E−03* 1.00E+00 Nucleobase-ascorbate transporter 7

Gorai.005G185400 05 54359647 4.14 1.20 3.84E−03* 1.00E+00 Xanthine/uracil permease family protein

Gorai.005G186900 05 54612234 2.69 1.53 2.25E−01 1.00E+00 NAD(P)-linked oxidoreductase superfamily 
protein

Gorai.005G187200 05 54634901 2.01 1.85 8.69E−01 1.00E+00 Protein kinase superfamily protein

Gorai.005G188100 05 54817969 2.23 1.59 2.23E−01 1.00E+00 Leucine-rich repeat protein kinase family protein

Gorai.005G188600 05 54946260 3.43 1.28 5.03E−02 1.00E+00 Transmembrane receptors;ATP binding

Gorai.005G188700 05 54958395 4.47 1.96 9.25E−02 9.50E−01 BIG PETAL P

Gorai.005G189100 05 54996569 34.06 0.40 4.45E−03* 1.00E+00 Putative membrane lipoprotein

Gorai.005G189800 05 55254190 2.33 0.85 1.76E−01 1.00E+00 Homeobox 1

Gorai.005G191000 05 55675241 25.46 1.71 7.50E−02 1.00E+00 MLP-like protein 28
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transition resulting in a truncated protein (Table 3). To inves-
tigate which missense amino acid substitutions might have 
significant effects on fiber cell development, we compared 
the chemical nature of the substituted to original amino acids 
and searched Genbank for orthologous proteins with identical 

mutations. We found that three (CONSTANS-like 5, Photosys-
tem II reaction center protein G, Poor homologous synapsis 
1) of the nine missense mutations were conversions to chemi-
cally similar amino acids, while the other six were synony-
mous to orthologous proteins (Table 3).

Table 2  continued

Gene/marker G.r Chr. Position  
(bp)

Fold change 
(MD52/MD90)

Adj. p val Descriptiona

15 DPA 20 DPA 15 DPA 20 DPA

Gorai.005G192800 05 56222467 2.51 1.39 3.47E−01 1.00E+00 Leucine-rich repeat transmembrane protein 
kinase family protein

Gorai.005G193500 05 56314506 2.58 1.15 5.23E−03* 1.00E+00 Leucine-rich repeat (LRR) protein kinase 
family protein

Gorai.005G195300 05 56744522 3.03 1.26 3.41E−01 1.00E+00 NAC domain containing protein 83

NAU3541 05 56744660 Flanking marker

Gorai.005G195800 05 56824204 2.11 1.09 1.43E−01 1.00E+00 B-box type zinc finger protein with CCT domain

Gorai.005G198900 05 57406209 7.36 0.66 1.62E−02* 1.00E+00 C2H2 and C2HC zinc fingers superfamily 
protein

* Denote significantly differentially expressed at p < 0.05
a Bolded genes were validated using RT-qPCR

Fig. 4  Quantitative RT-PCR validation of select genes related to 
cell wall activity during fiber development. a Protein kinase super 
family protein (Gorai.005G108500); b Ribosomal L18e/L15 pro-
tein (Gorai.005G178700); c homeobox 1 (Gorai.005G189800); 
d Leucine rich repeat (LRR) transmembrane protein kinase fam-
ily protein (Gorai.005G193500); e Oxidoreductase, zinc-bind-
ing dehydrogenase family protein (Gorai.005G182400); f Cal-

cium-binding EF-hand family protein (Gorai.005G102600); g 
thaumatin-like protein 3 (Gorai.005G106400); h CONSTANS 
like 5 (Gorai.004G102000); i trehalose phosphatase/synthase 11 
(TPP/TPS 11, Gorai.004G103500); j MATE efflux family protein 
(DTX1, Gorai.005G178900); k NAC domain protein 83 (NAC83, 
Gorai.005G195300); l C2H2 and C2HC zinc fingers super family pro-
tein (Gorai.005G198900)
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Discussion

Increasing marker density via MBS

In our previous report (Islam et al. 2014), the coverage of 
SSR markers throughout the cotton genome was low since 
MD52ne and MD90ne are highly near isogenic BC6F6 
lines. We used all the available SSR markers in the three 
QTL regions to screen for polymorphism between the 
two NILs. However, we were not able to saturate the QTL 
regions with SSRs. Recently we explored the MBS tech-
nique to identify SNP markers in the QTL regions in order 
to increase marker density. MBS has already been proven 
to rapidly identify a genomic region of few Mb that con-
tained a cluster of introgressed diversity that differentiates 
NILs (Thyssen et al. 2014, 2015). In this study, we were 
able to place 27 new SNP markers in the three QTL regions 
using MBS. Consequently, the average distance between 
two adjacent loci was substantially decreased (0.96, 0.89 
and 0.75 cM in Chrs. 3, 14 and 24, respectively; Fig. 3) 
compared to our initial map (1.25, 1.27 and 3.05 cM in 
Chrs. 3, 14 and 24, respectively; Fig. S3) and previously 

reported linkage maps (1.71, 5.16 and 4.50 cM in Chrs. 3, 
14 and 24, respectively) (Islam et al. 2014).

QTL identification and validation

In order to use DNA markers in practical breeding, an identi-
fied QTL needs to be validated using different genetic back-
grounds, different generations and/or environments. QTLs 
which can be repeatedly identified are stable and useful in 
MAS breeding (Su et al. 2010). So far, very few identified 
fiber QTL have been used in cotton MAS breeding due to 
a lack of stability. The effects of some QTLs are minimized 
or lost under different environments or in different genetic 
backgrounds. In this study, we were able to validate four 
QTLs (qFBS-c3, qSFI-c14, qUHML-c14 and qUHML-
c24) related to FBS, SFI and UHML identified on upland 
cotton Chrs. 3, 14 and 24, respectively (Islam et al. 2014) 
using individuals of a different generation (F3) planted in a 
different year. The qFBS-c3 region identified in this study 
shared many common markers (e.g. BNL4034, CGR6164, 
BNL3463, NAU3541 and SHIN-0463) with the FBS QTL 
region detected in our earlier report. The right flanking 

Table 3  Amino acid code of corresponding genes changed by the mapped SNP alleles based on Gossypium raimondii reference genome

a Denotes Gossypium raimondii genome reference allele and amino acid code

Gene SNP Marker G.r Chr. Position (bp) SNP allele Amino acid code Fold change 
(MD52/MD90)

Description

MD52ne MD90ne MD52ne MD90ne 15 DPA 20 DPA

Gorai.004G102000 CFB5877 04 18923262 A Ga N Sa 3.97 1.14 CONSTANS-like 5

Gorai.005G106400 CFB5869 05 19073593 Ca T Qa STOP 0.30 0.21 Thaumatin-like 
protein 3

Gorai.005G107000 CFB5874 05 19206821 T Ga N Ha 0.97 1.55 Brassinosteroid 
signalling positive 
regulator (BZR1) 
family protein

Gorai.005G108900 CFB5875 05 19669371 Ca G Ga A 2.93 0.12 Photosystem II reac-
tion center protein 
G

Gorai.005G109500 CFB5876 05 19786018 T Ca Y Ha 1.87 2.00 Mitogen-activated 
protein kinase 1

Gorai.005G172000 CFB5860 05 50067747 Ta A Ea D 0.94 1.16 Tetratricopeptide 
repeat (TPR)-like 
superfamily protein

Gorai.005G174900 CFB5861 05 50969908 Ca T Pa S 1.04 1.46 OSBP(oxysterol 
binding protein)-
related protein 1D

Gorai.005G179800 CFB5865 05 52711785 Ca T Pa L 0.25 0.15 Poor homologous 
synapsis 1

Gorai.005G182500 CFB5867 05 53362162 Ga C Ea Q 1.69 1.16 Nucleic acid-bind-
ing, OB-fold-like 
protein

Gorai.005G201400 CFB5868 05 57755277 Ca T Ga E 0.43 0.68 Two-pore channel 1
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marker NAU3541 was also identical. However, the left 
flanking marker BNL4034 was the peak marker in our pre-
vious report. According to the high-density consensus map 
(Blenda et al. 2012), the FBS QTL intervals identified in this 
study overlapped with our earlier identified FBS QTL (Islam 
et al. 2014). It is not uncommon that a QTL interval varies 
slightly between populations or between environments (Shen 
et al. 2005). Hence, it is very reasonable to believe that these 
two QTLs are the same. The qSFI-c14 was confirmed since 
both had an identical peak marker (CGR6683) in the two 
studies. Finally, qUHML-c24 also shared a common peak 
marker (GH454) and right flanking markers (GH222) in 
the two studies. By including SNPs, we were able to reduce 
the QTL regions substantially. We conclude that these three 
QTLs from MD52ne are validated and ready to use in MAS.

In this study, we also identified two, one and one new 
QTLs for FBS, SFI and UHML, respectively. For F2 pop-
ulation, the fiber samples were from only one individual 
plant. However, fiber samples were from a progeny row of 
26 plants for F3 population. Consequently, the phenotypic 
data may be more accurate in F3 than in F2. It is reasonable 
to believe that we missed some fiber QTLs in our previ-
ous study (Islam et al. 2014). The combined effects of the 
three FBS QTLs explained 28.5 % phenotypic variation 
in this study. As mentioned earlier, MD52ne has 10–25 % 
higher FBS than MD90ne. It is conceivable that we identi-
fied most, if not all, QTL responsible for FBS difference 
between MD52ne and MD90ne.

Eight and nine QTLs associated with fiber length and 
strength, respectively, have been reported on Chr. 14 in earlier 
studies, but no QTL was related to SFI (He et al. 2007; Lacape 
et al. 2005; Qin et al. 2008; Said et al. 2013; Wang et al. 2006) 
and none of those were positioned in the same genomic region 
reported in this study. A large number (26) of FBS QTLs 
along with five fiber length QTLs have been reported by sev-
eral researchers (Said et al. 2013). One QTL associated with 
both FBS and fiber length was reported earlier on Chr. 24 that 
possibly overlaps with the QTL region identified in this study 
(Zhang et al. 2012). Among the newly identified QTLs, qFBS-
c14 and qUHML-c14 appear unique. The possibility that 
qFBS-c24 and qSFI-c24 may be the same as the QTLs identi-
fied in prior studies merits further investigation.

It is well-known that FBS values are affected by indi-
vidual fiber strength and other fiber quality traits which 
affect fiber-to-fiber interactions within a bundle (Bradow 
and Davidonis 2000; Haigler 2010; Hsieh 1999; Hsieh 
et al. 1995; Wakelyn et al. 2010). Fiber-to-fiber interactions 
are affected by fiber length within a bundle and impact the 
FBS values (Naylor et al. 2014). Our results revealed that 
FBS, SFI and UHML are inter-related, since QTLs associ-
ated with those traits were co-localized on Chrs. 14 and 24. 
Thus, we believe that same genomic regions of MD52ne 
regulate these three fiber traits.

Candidate genes

To uncover the key regulating genes related to the supe-
rior fiber traits in MD52ne, we conducted a combination of 
three steps of structural and functional genomic analysis. 
First we fine mapped the QTL regions using SNPs. Sec-
ond, we identified significant DEGs related to fiber cell 
development inside the QTL regions. Then we determined 
the alteration of amino acids due to SNPs in genes. Of the 
38 DEGs, only 21 were significantly different (adjusted p 
value <0.05) between MD52ne and MD90ne at 15 and/or 
20 DPA. Interestingly, eight of these were related to mul-
tiple receptor-like kinases (RLKs) localized in the plasma 
membrane, which were differentially expressed in the 
developing fibers of MD52ne as compared to MD90ne. 
The leucine-rich repeat (LRR) RLKs comprising a trans-
membrane region and a kinase domain have recently been 
reported as a novel signaling pathway that regulates plant 
cell wall integrity maintenance (Hamann 2015). Two LRR 
RLKs named FEI1 and FEI2 have been reported to play a 
vital role in cellulose deposition during elongation of root 
tips and seeds in Arabidopsis (Harpaz-Saad et al. 2011; 
Xu et al. 2008). In another report, other LRR RLKs are 
suggested as regulators of SCW formation in Arabidop-
sis (Wang et al. 2013) and poplar trees (Song et al. 2011). 
A plasma membrane bound cotton LRR RLK named 
GhRLK1 was found to be induced during the active SCW 
synthesis stage (Li et al. 2005). Thus, RLKs signaling path-
ways suggested being engaged in mediating a combination 
of cell elongation and SCW biosynthesis during cotton fiber 
development in MD52ne. Members of several transcription 
factor families that are related to cotton fiber cell develop-
ment including NAC domain protein (Fang et al. 2014b, c), 
CONSTANS-like 5 (Islam et al. 2015, 2016), and zinc fin-
ger family protein (Thyssen et al. 2014) were also located 
inside the QTL regions and are highly transcribed in devel-
oping MD52ne fibers (Table 2). Both RNA-seq and RT-
qPCR indicated that two trehalose-phosphatase/synthase 
(TPP/TPS) genes located in QTL regions on Chrs.14 and 
24 were also highly up-regulated in MD52ne developing 
fibers. Literature suggests that a class II TPS/TPP enzyme 
involved in sugar catabolism has a role in the control of cell 
morphogenesis and acts as an important regulator of plant 
development via a role in generating a sugar-based signal 
or more directly by participating in transcriptional regula-
tion (Chary et al. 2008).

Protein change due to SNPs within QTLs

To characterize key genes involved in cotton fiber devel-
opment, we determined which mapped SNP resulted in 
altered amino acids between NILs (Table 3). Out of nine 
missense changes, three alterations cause the substitution 



1084 Theor Appl Genet (2016) 129:1071–1086

1 3

of chemically similar amino acids, thus they may not have 
any effect on protein structure and function (Griffiths et al. 
2000). The other six missense mutations result in amino 
acid substitutions that are synonymous to orthologous pro-
teins. While is often considered evidence that a missence 
mutation is not deleterious (Ng and Henikoff 2003), we 
cannot exclude the possibility that these missense muta-
tions contribute to the different fiber properties of MD52ne 
and MD90ne.

Interestingly, one RLK gene (thaumatin-like protein 3) 
has a premature stop codon in MD90ne that has inferior 
fiber. We observed significantly higher expression (3.3- and 
5.8-fold in 15 and 20 DPA, respectively) of this transcript 
in MD90ne, which may indicate feedback regulation that 
is attempting to compensate for the lack of a functional 
protein (Table 2). A thaumatin like protein (GbTLP1) from 
sea island cotton (G. barbadense L.) has been reported 
to be involved in secondary cell wall thickening (Munis 
et al. 2010). Several other RLK genes are up-regulated in 
MD52ne relative to MD90ne and may therefore be down-
stream of the mutated protein in a signaling cascade (Islam 
et al. 2015, 2016). Further work is required to confirm that 
RLK signaling pathways are involved in mediating cell 
elongation and SCW biosynthesis and in the development 
of superior fiber length and strength in upland cotton culti-
var MD52ne.

Conclusions

We confirmed four previously-identified QTLs (qFBS-c3, 
qSFI-c14, qUHML-c14 and qUHML-c24) related to fiber 
bundle strength, short fiber index and fiber length, respec-
tively, using an F3 population that originated from a cross 
of MD90ne × MD52ne. These QTL regions were further 
fine-mapped by placing a group of 27 additional SNP 
markers developed through MBS. Our refined QTL regions 
spanned 4.4, 1.8 and 3.7 Mb of physical distance in the 
Gossypium raimondii reference genome. The QTL regions 
also contained 21 significant DEGs between MD52ne and 
MD90ne. SNPs that result in non-synonymous substitu-
tions to amino acid sequences of annotated genes were 
identified within these DEGs, and mapped. Transcriptome 
and amino acid mutation analysis suggest that receptor-like 
kinase pathway genes are likely candidates for superior 
fiber strength and length in MD52ne.
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