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Abstract

Key message Based on 1075 and 1059 QTL from intraspe-
cific Upland and interspecific Upland x Pima populations,
respectively, the identification of QTL clusters and hotspots
provides a useful resource for cotton breeding.

Abstract Mapping of quantitative trait loci (QTL) is a pre-
requisite of marker-assisted selection for crop yield and qual-
ity. Recent meta-analysis of QTL in tetraploid cotton (Gos-
sypium spp.) has identified regions of the genome with high
concentrations of QTL for various traits called clusters and
specific trait QTL called hotspots or meta-QTL (mQTL).
However, the meta-analysis included all population types of
Gossypium mixing both intraspecific G. hirsutum and inter-
specific G. hirsutum x G. barbadense populations. This
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study used 1,075 QTL from 58 publications on intraspecific
G. hirsutum and 1,059 QTL from 30 publications on G. hir-
sutum X G. barbadense populations to perform a compre-
hensive comparative analysis of QTL clusters and hotspots
between the two populations for yield, fiber and seed qual-
ity, and biotic and abiotic stress tolerance. QTL hotspots
were further analyzed for mQTL within the hotspots using
Biomercator V3 software. The ratio of QTL between the two
population types was proportional yet differences in hotspot
type and placement were observed between the two popu-
lation types. However, on some chromosomes QTL clusters
and hotspots were similar between the two populations. This
shows that there are some universal QTL regions in the cul-
tivated tetraploid cotton which remain consistent and some
regions which differ between population types. This study
for the first time elucidates the similarities and differences in
QTL clusters and hotspots between intraspecific and inter-
specific populations, providing an important resource to cot-
ton breeding programs in marker-assisted selection .
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Introduction

There are approximately 50 species of Gossypium which
originated from a common ancestor 5-15 million years
ago (Percival et al. 1999; Wendel and Cronn 2002). Cot-
ton is grown throughout Africa, Asia, Australia, and warm
regions of America, and the tropics (Wendel and Cronn
2002). There are five tetraploid AD genome (2n = 4x = 52)
species of Gossypium which evolved from a New World
diploid D genome (2n = 2x = 26) species (possibly G.
raimondii Ulbr.) and an Old World diploid A genome
(2n = 2x = 26) species (presumably G. herbaceum L. or G.
arboreum L.) (Wendel and Cronn 2002; Fryxell 1992). The
five species include G. hirsutum L., G. barbadense L., G.
tomentosum Nuttall ex Seemann, G. mustelinum Watt, and
G. darwinii Watt. The species G. hirsutum and G. tomento-
sum are more related, as did G. barbadense and G. darwinii
(Wendel and Cronn 2002). However, only G. hirsutum and
G. barbadense are cultivated and heavily studied for their
agronomic importance. G. hirsutum also called Upland
cotton is commercially known for producing a high lint
yield. G. barbadense which is also called Egyptian cotton,
Pima cotton, or Sea-island cotton is commercially known
for possessing superior fiber strength, length, and fineness
traits (Zhang et al. 2014). Extensive crossing of G. hirsu-
tum x G. barbadense (hereafter Gh x Gb) to create inter-
specific populations has been attempted by cotton geneti-
cists and breeders to combine the desirable traits of the two
species since the rediscovery of Mendelian genetics, with
limited success in developing commercial cultivars (Zhang
et al. 2014).

Quantitative trait loci (QTL) are chromosomal regions
which contribute cumulatively with varying degrees
of phenotypic variance to a phenotypic trait (Mauricio
2001; Miles and Wayne 2008). The identification of QTL
and their placement on chromosomes is important to plant
breeders. Over the last decade as molecular mapping tech-
niques have improved and become less expensive, there
have been numerous QTL studies in cotton. A multitude of
fiber quality, yield, biotic and abiotic resistance, morpho-
logical, and physiological-related QTL have been identified
in cotton. The data from all of these publications are better
viewed cumulatively by a meta-analysis to identify regions
of the genome which are more heavily populated with QTL
than others and will be important in breeding and genetics.

Meta-QTL analysis which uses QTL from previous stud-
ies is useful in the identification of regions rich in QTL.
A QTL cluster is a densely populated QTL region of the
chromosome which contains multiple QTL associated with
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various traits. A QTL hotspot is a densely populated region
of the chromosome which contains multiple QTL for a sin-
gle specific trait. A meta-QTL (mQTL) identified within a
hotspot is the region which the Biomercator V3 meta-anal-
ysis software infers is the most likely position of the mQTL
within the hotspot. In this study we provide maps to cot-
ton breeders with the positions of QTL clusters, hotspots,
and mQTL within hotspots inferred by Biomercator V3
software. Previous meta-QTL analyses in cotton (Lacape
et al. 2010; Rong et al. 2007; Said et al. 2013) have iden-
tified QTL clusters and hotspots predominantly in inter-
specific Gh x Gb populations. The analysis by Said et al.
(2013) used QTL data by Rong et al. (2007), Lacape et al.
(2010) and 40 other additional intraspecific G. hirsutum
(hereafter Gh) and interspecific QTL studies published to
create a comprehensive meta-analysis. However, no mean-
ingful comparison between the two types of populations
(i.e., Gh and Gh x Gb) has been performed. As most cot-
ton breeders are focused on Upland cotton only, QTL, and
QTL clusters and hotspots from Gh x Gb would be of lit-
tle use. Furthermore, important QTL clusters and hotspots
have not been recommended to breeders for consideration
of marker-assisted selection (MAS). This study provides a
comparative map of QTL clusters, hotspots and meta-QTL
which can be utilized by breeders for MAS. In addition,
many QTL studies were not included in the past reports.

In this current most comprehensive meta-QTL analysis,
QTL results from a total of 88 publications including 58 QTL
studies based on Gh populations (most of which were from
China and inaccessible to the international community) and
30 studies using Gh x Gb populations were used to create a
comparison of placement and variation of QTL clusters and
hotspots between the two types of populations. In the Gh
population, 38 papers were from F2 and/or F2:3 populations,
while 20 were from recombinant inbred line (RIL) popula-
tions. In the Gh x Gb population, 13 papers were from F2/
F2:3 populations, seven from BC1, BC2, or BC3 genera-
tions but not inbred lines, four each from RIL and backcross
inbred line (BIL) populations, and two from chromosome
segment substitution lines (CSSL) or chromosome segment
introgression lines (CSIL). Therefore, most of the mapping
populations were early segregating generations, so they were
not immortal and could not be studied in replicated tests in
multiple environments. In fact, only one plant (F2) or lim-
ited individuals (F2:3) were tested in one test. False-positive
QTL were undoubtedly declared. Furthermore, different stud-
ies used different markers and different segregating popula-
tions which were tested in different environmental conditions,
which make a direct comparison of QTL across studies dif-
ficult. Thus, a meta-analysis of QTL is extremely important.
This study elucidates differences and similarities in QTL
cluster and hotspot placements and distribution over the tetra-
ploid cotton genome between the two populations and places
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all QTL on the [“Guazuncho2” (G. hirsutum) x “VH8-4602”
(G. barbadense)] map developed by Lacape et al. (2009)
and obtained from the Cotton Marker Database (Blenda et al.
2006). The QTL clusters and hotspots identified in each pop-
ulation are displayed on (Fig. 1). The QTL found within hot-
spots were subjected to statistical analysis using the Biomer-
cator V3 meta-analysis tool. Such information will be useful
to cotton breeders since the markers delineating these regions
can be used to select traits of interests in cotton breeding via
a marker-assisted selection (MAS) strategy. While this study
does not contain QTL studies in cotton from unpublished the-
ses or dissertations due to the lack of peer reviews, the data
from this study can be compiled into a functional database
which can be updated to keep the data from this study current
and useful to the cotton community.

Materials and methods

The previous QTL data from Said et al. (2013) contain-
ing 1,223 QTL, from 42 publications on Gh and interspe-
cific Gh x Gb populations were included in this study, and
a few of the studies from other interspecific populations
were excluded. When confidence interval (CI) or QTL
positions were unavailable in a publication flanking mark-
ers given in the publication were used as CI to place the
QTL on the chromosome, and the average of the CI was
used as the position of the QTL. Otherwise QTL positions
and CI provided in the publication were used. The Cotton-
Gen (Yu et al. 2013a) was used to find marker positions
in older studies which did not include exact CI or QTL
positions in centimorgans. Using previous QTL data from
Said et al. (2013) and using newly published data compari-
sons between QTL cluster and hotspot regions were made
between intraspecific and interspecific populations. Addi-
tional QTL from publications since Said et al. (2013) from
both Gh and Gh x Gb populations were added to the study
for a total of 2,134 QTL (Supplementary Figures 1 and 2).
Supplementary Table 1 contains a more detailed summary
with the number of each trait QTL on each chromosome
for the Gh population, while Supplementary Table 2 con-
tains similar data for the interspecific population. Supple-
mentary Tables 3 and 4 contain mQTL data for each trait
type identified as a hotspot on each chromosome in both
populations. The mQTL data consist of the top four models
of mQTL placement and their corresponding Akaike infor-
mation criterion (AIC) values. The AIC value is calculated
by 2k — 2In (L) where k is the number of parameters in
the model and L is the maximized likelihood for the model.
Biomercator V3 meta-analysis software uses AIC values to
provide the user with four models each with an AIC value.
The model with the lowest AIC value and, therefore, best
score was chosen to represent the most probable mQTL

placement on the chromosome in Supplementary Figures 3
and 4. Supplementary Table 5 contains a description of
each trait used in the study. Table 6a contains a summary
of the publications used in the G. hirsutum QTL used in the
study (An et al. 2010; Chen et al. 2008, 2009; Fang et al.
2014; Kong et al. 2011; Jia et al. 2011; Gore et al. 2014;
Guo et al. 2008; Gutierrez et al. 2010; Ge et al. 2008; Jiang
et al. 2009; Yao et al. 2010; Kumar et al. 2012; Li et al.
2006, 2008, 2010, 2012; Liang et al. 2013; Liu et al. 2010,
2012a; b, 2013a, b, c; Lopez-Lavalle et al. 2012; Mei et al.
2014; Ning et al. 2014; Nusurat et al. 2012; Qin et al. 2008,
2009; Romano et al. 2009; Shen et al. 2005, 2006a, b; Sun
et al. 2012; Ulloa et al. 2009; Wang et al. 2006; 2007a, b, c,
2009, 2011, 2012a, b; Hu et al. 2008; Wu et al. 2009; Yang
et al. 2007, 2009; Xu et al. 2010; Yin et al. 2002; Wang
et al. 2010; Zhang et al. 2005, 2006, 2009, 2010, 2011a; b,
¢, 2012, 2013; Zhao et al. 2014). Supplementary Table 6b
contains a summary of the publications used in the inter-
specific Gh x Gb QTL used in the study (Chee et al. 2005a,
b; Draye et al. 2005; Gutierrez et al. 2011; Jiang et al. 1998,
2000; Lacape et al. 2005, 2010, 2013; Mei et al. 2004; Pat-
erson et al. 2003; Saranga et al. 2004; Shen et al. 20064, b,
2010 ; Su et al. 2013; Wang et al. 2008, 2012a, b, ¢, 2013;
Wright et al. 1998, 1999; Yang et al. 2008; Yu et al. 2012,
2013b, c¢; Ulloa et al. 2009, 2011, 2013, Fang et al. 2013).

Both populations were mapped using Biomercator V3
software (Arcade et al. 2004) to the concensus [“Guazun-
cho2” (G. hirsutum) x “VHS8-4602” (G. barbadense)] map
developed by Lacape et al. (2009) and obtained from the Cot-
ton Marker Database (Blenda et al. 2006). The Biomercator
V3 software requires two input files, a map file and a QTL
file. The map file contains distances between markers on each
chromosome. The QTL file requires ten values for each QTL,
the map name, QTL name, chromosome number, trait, LOD
score, phenotypic variance (R%), yes or no if single interval
mapping (SIM) was used, position of QTL, and right and left
CIs. The map file and QTL file are loaded into the software in
tab delimited format. Each population’s QTL were mapped
to the [“Guazuncho2” (G. hirsutum) x “VH8-4602” (G. bar-
badense)] map separately. Each of the 26 chromosomes from
the two types of populations was then compared for cluster
and hotspot number, placement and hotspot trait type.

It was observed that aggregates of QTL on the genome
usually existed within approximately 20 cM regions. In
this study, a QTL cluster was defined as a QTL-rich region
which contained four or more QTL of various trait types,
and a hotspot was defined as four or more QTL of the same
trait type within a 20 cM region. For this reason, clusters
and hotspots were manually inferred based on the presence
of four (with a false-positive rate of 6.25 %) or more QTL
within approximately a 20 cM region on each chromosome
with a few exceptions. The presence of just single QTL in
a region would have a false-positive rate of 50 %; however,
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Fig. 1 Clusters and hotspots identified from G. hirsutum intraspecific
and interspecific G. hirsutum x G. barbadense populations. Below are
the chromosomes from both the G. hirsutum intraspecific and inter-
specific populations with QTL clusters and hotspots. The similarities
and differences in QTL cluster and hotspot placement can be seen in
the figures below. The trait abbreviations used in the legend above are
as follows: AA amino acid, BN boll number, BW boll weight, FBNode

with each additional QTL this rate is reduced by 50 %. At
times the region was <20 cM as all QTL in the cluster or
hotspot were confined to a smaller region. In a few other
cases, some chromosomes had regions densely packed
with many QTL in that the range was extended beyond
20 ¢cM up to 29 cM to include all QTL in the region. The
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tion, FL fiber length, FS fiber strength, Fusarium Fusarium wilt, LP
lint percent, Micronaire, micronaire/fiber fineness, PH plant height,
FU fiber uniformity, HairL leaf hair, HairS stem hair, LeafM leaf mor-
phology, Color fiber color, PF percent fiber; PetCol petal color; Pet-
Spot petal spots, PolCol pollen color, SI seed index, SW seed weight,
VW Verticillium wilt, RN-Nematode root-knot nematode

existence of clusters was manually inferred using Biomer-
catorV3 from Supplementary Figures 1 and 2. QTL hot-
spots were also manually inferred; however, they were
confirmed using Biomercator V3 meta-analysis feature.
The Biomercator V3 software utilizes a maximum likeli-
hood method to calculate the likely position of a cluster
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Fig. 1 continued

(Arcade et al. 2004). Supplementary Figures 3 and 4 con-
tain the results of the Biomercator V3 meta-analysis fea-
ture for the mQTL hotspots identified. The meta-analysis
feature analyzes each chromosome only taking one trait
type into consideration and then places mQTL regions
based on the confidence intervals and placement of the
QTL in the region. The software then assigns AIC values
to the top four models which mQTL can be placed on the
chromosome according to the QTL in the analysis. If only
one QTL is present in a region the software will assign an
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mQTL region on the basis of only that QTL. For this rea-
son only mQTL inferred by the software which overlapped
with previously defined QTL hotspots were considered.
The QTL hotspot regions defined by the manual infer-
ence have a lower probability of being a false positive than
regions containing fewer than four QTL. At times the soft-
ware infers more than one mQTL within a hotspot region
narrowing confidence intervals from the original 20 cM to
narrower regions within the hotspot. The mQTL seen in
Supplementary Figures 3 and 4 serve as a more in-depth
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Fig. 1 continued

CIs which spanned two clusters were present; they were
excluded from either cluster QTL counts as it was unclear
as to their placement. When QTL ClIs placed the majority

analysis of QTL hotspot regions which may be of inter-
est to cotton breeders looking to utilize these data for spe-
cific traits in MAS. During manual inference, QTL with
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Fig. 1 continued

of one side of the CI in a cluster or hotspot region it was
included in the QTL count for the cluster or hotspot.

The identification of putative gene sequences within hotspot
regions was accomplished using sequence data from the Cot-
tonGen database (Yu et al. 2013a). Centimorgan (cM) posi-
tions were translated into nucleotide positions on the genome
by equating 1 cM to 500,000 nucleotides. Using the cM inter-
vals of hotspot regions the nucleotide positions were identified
and selected on the chromosome. The CottonGen database
(Yu et al. 2013a) maps predicted gene sequences from genome
data on to the chromosome and displays it graphically. The
A2 and D5 genomes were used to investigate the presence of
gene within hotspot regions identified in the Gh and interspe-
cific Gh x Gb populations. The CottonGen database provided
genomic data on hotspot regions of the A2 and D5 genomes in
Genbank file format which was viewed using SnapGene soft-
ware. SnapGene provides sequence data including gene posi-
tions and predicted ORFs from the Genbank files provided by
the CottonGen database. The number of genes and positions
within hotspot regions was determined using data from the
CottonGen database and analyzed with SnapGene software.
To investigate conserved domains in the region the conserved
domain database (CDD) was downloaded from NCBI. Using
BLASTx on the command line the CDD file containing CD
protein sequences were used as a protein database against the
translated nucleotide query of the hotspot region. Both the fiber
length and amino acid hotspot regions were used as queries
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against the CDD using BLASTXx. The results were generated in
tabular format using the command line.

Results

Supplementary Figures 1 and 2 display QTL on all 26
tetraploid cotton chromosomes for the intraspecific and
interspecific populations, respectively. The figures can help
researchers identify QTL regions for traits of their interest.
A detailed summary of QTL clusters and hotspots is pre-
sented in Tables 1 and 2, showing the chromosome, number
of QTL carried, and range of each cluster and hotspot iden-
tified for the intraspecific Gh and interspecific Gh x Gb
populations, respectively. Supplementary Figures 3 and
4 investigate QTL hotspot regions for mQTL for specific
traits. Supplementary Tables 3 and 4 shows a summary
of the meta-analysis run by Biomercator V3 of hotspot
regions with AIC values for each model. Table 3 contains
a brief summary of the number of QTL, clusters, and hot-
spots found on the genome of each population.

QTL cluster and hotspot analysis by chromosome
Of the 1,075 QTL reported in the Gh population, chromo-

somes cl4, c16, c23, and c24 carried more QTL (66-84,
accounting for 6-7 % of the QTL detected), followed by
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Table 1 QTL cluster and hotspot positions and QTL number in G. hirsutum intraspecific population

Cluster name and range No. of QTL Hotspot name and range No. of QTL
cl-cluster-Gh-1: 0-20 cM 15 ¢1-mQTL-SI-Gh-1: 0-20 cM 4
cl-cluster-Gh-2: 28-37 cM 4 c¢1-mQTL-FL-Gh-1: 26-45 cM 4
c2-cluster-Gh-1: 0-20 ctM 9 ¢3-mQTL-LP-Gh-1: 0-20 cM 4
c3-cluster-Gh-1: 0-20 cM 15 ¢3-mQTL-LP-Gh-2: 25-45 cM 4
c3-cluster-Gh-2: 34-55 cM 19 ¢5-mQTL-Mic-Gh-1: 0-20 cM 5
c4-cluster-Gh-1: 0-20 cM 8 ¢5-mQTL-FE-Gh-1: 0-20 cM 5
c5-cluster-Gh-1: 0-20 cM 33 ¢5-mQTL-SI-Gh-2: 0-20 cM 5
c5-cluster-Gh-2: 22-44 cM 17 c¢6-mQTL-Fus-Gh-1: 0-24 cM 4
c5-cluster-Gh-3: 57-74 ctM 4 ¢7- mQTL -SI-Gh-3: 0-18 ctM 12
c5-cluster-Gh-4: 100-122 ctM 4 ¢7-mQTL-LP-Gh-3: 0-20 cM 7
c6-cluster-Gh-1: 0-17 cM 18 ¢7- mQTL -FL-Gh-2: 0-18 ctM 6
c6-cluster-Gh-2: 37-44 ctM 6 ¢7-mQTL-FS-Gh-1: 0-18 cM 7
c7-cluster-Gh-1: 0-18 cM 43 ¢8-mQTL-FL-Gh-3: 0-32 cM 13
c7-cluster-Gh-2: 22-41 cM 15 ¢8-mQTL-FS-Gh-2: 0-20 cM 5
c8-cluster-Gh-1: 0-20 cM 19 ¢9-mQTL-FS-Gh-3: 7-23 ctM 4
c8-cluster-Gh-2: 21-31 cM 7 ¢10-mQTL-FL-Gh-4: 0-20 cM 4
c8-cluster-Gh-3: 32-53 cM 6 c11-mQTL-LP-Gh-4: 0-20 cM 4
c9-cluster-Gh-1: 0-20 cM 30 ¢11-mQTL-RN-Nem-Gh-1: 0-20 ctM 7
¢9-cluster-Gh-2: 26-37 cM 6 ¢12-mQTL-SW-Gh-1: 48-57 cM 5
c10-cluster-Gh-1: 0-20 ctM 19 ¢13-mQTL-LP-Gh-5: 39-60 cM 12
cl0-cluster-Gh-2: 31-51 cM 4 c14-mQTL-FE-Gh-2: 0-20 cM 5
cl1-cluster-Gh-1: 0-20 cM 31 ¢14-mQTL-PH-Gh-1: 0-20 cM 4
c12-cluster-Gh-1: 0-20 cM 13 c14-mQTL-FL-Gh-5: 10-20 cM 4
cl12-cluster-Gh-2: 23-31 cM 4 c14-mQTL-Mic-Gh-2: 0-28 cM 5
c12-cluster-Gh-3: 48-57 cM 8 ¢14-mQTL-RN-Nem-Gh-2: 0-15 ctM 6
c12-cluster-Gh-4: 79-91 cM 4 ¢16-mQTL-FS-Gh-4: 0-20 ctM 6
c13-cluster-Gh-1: 0-20 cM 10 ¢16-mQTL-LP-Gh-6: 0-23 ctM 11
cl13-cluster-Gh-2: 38-58 ctM 15 c16-mQTL-VW-Gh-1: 0-23 cM 8
cl13-cluster-Gh-3: 63-76 ctM 5 c16-mQTL-VW-Gh-2: 3041 cM 5
cl4-cluster-Gh-1: 0-20 cM 44 ¢16-mQTL-VW-Gh-3: 52-70 cM 5
cl4-cluster-Gh-2: 76-91 cM 5 ¢17-mQTL-FS-Gh-5: 0-20 cM 9
cl15-cluster-Gh-1: 0-20 cM 11 c18-mQTL-FL-Gh-6: 0-20 cM 4
cl5-cluster-Gh-2: 23—44 cM 11 c21-mQTL-BW-Gh-1: 0-21 cM 5
cl5-cluster-Gh-3: 49-68 ctM 9 ¢21-mQTL-FL-Gh-7: 6-26 ctM 8
cl6-cluster-Gh-1: 0-20 cM 41 ¢22-mQTL-BN-Gh-1: 4-27 ctM 5
cl6-cluster-Gh-2: 2341 cM 13 ¢22-mQTL-SI-Gh-4: 27-50 cM 5
cl6-cluster-Gh-3: 50-64 ctM 14 c22-mQTL-BW-Gh-2: 21-44 cM 4
c17-cluster-Gh-1: 0-20 cM 32 ¢22-mQTL-PH-Gh-2: 0-33 ctM 5
c18-cluster-Gh-1: 0-20 cM 18 ¢c22-mQTL-FBNum-Gh-1: 3-27 ctM 4
c18-cluster-Gh-2: 68-88 ctM 6 ¢22-mQTL-FBNode-Gh-1: 3-21 ctM 6
c19-cluster-Gh-1: 0-20 cM 18 ¢22-mQTL-AA-Gh-1: 0-3 cM 4
c20-cluster-Gh-1: 0-20 cM 10 ¢23-mQTL-VW-Gh-4: 0-21 cM 14
¢20-cluster-Gh-2: 37-47 cM 4 ¢23-mQTL-VW-Gh-5: 23-36 cM 9
c21-cluster-Gh-1: 0-32 cM 18 ¢c24-mQTL-LP-Gh-7: 0-20 cM 5
c21-cluster-Gh-2: 60-74 ctM 5 ¢24-mQTL-FL-Gh-8: 0-20 cM 5
c22-cluster-Gh-1: 0-20 cM 29 ¢c24-mQTL-Mic-Gh-3: 0-20 cM 4
c22-cluster-Gh-2: 22-42 cM 19 c24-mQTL-FE-Gh-3: 0-20 cM 5
c22-cluster-Gh-3: 53-70 ctM 5 ¢24-mQTL-FS-Gh-6: 0-20 cM 27
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Table 1 continued

Cluster name and range No. of QTL Hotspot name and range No. of QTL
c23-cluster-Gh-1: 0-20 cM 32 ¢25-mQTL-BW-Gh-3: 6-33 cM 12
c23-cluster-Gh-2: 2645 ctM 15 ¢25-mQTL-FE-Gh-4: 6-33 cM 5
c23-cluster-Gh-3: 54-76 cM ¢26-mQTL-Mic-Gh-4: 0-22 cM 4
c23-cluster-Gh-4: 77-92 cM

c24-cluster-Gh-1: 0-20 cM 56

c24-cluster-Gh-2: 41-62 cM 9

c25-cluster-Gh-1: 0-20 cM 22

c25-cluster-Gh-2: 21-40 cM 18

c25-cluster-Gh-3: 45-69 ctM 8

c26-cluster-Gh-1: 0-20 cM 15

Above are the clusters and hotspots identified in the G. hirsutum intraspecific population. The chromosome number, QTL trait, and position of
each QTL cluster and hotspot are listed below along with the number of QTL associated with each cluster and hotspot

The trait abbreviations used in the legend above are as follows: AA amino acid, BN boll number, BW boll weight, FBNode fruiting branch node,
FBNum, fruiting branch number; FE fiber elongation, FL fiber length, FS fiber strength, Fusarium Fusarium wilt, LP lint percent, Micronaire,
micronaire/fiber fineness, PH plant height, FU fiber uniformity, HairL leaf hair, HairS stem hair, LeafM leaf morphology, Color fiber color, PF
percent fiber, PetCol petal color, PetSpot petal spots, PolCol pollen color, SI seed index, SW seed weight, VW Verticillium wilt, RN-Nematode

root-knot nematode

c5, c7, c22, and c25 with 52-63 QTL (4-5 %) each. Chro-
mosomes c3, c8, ¢9, c10, cl11, c12, cl13, cl15, cl17, cl8,
c19, and c21 carried fewer QTL (31-47 each, 24 %).
Chromosomes c1, ¢2, ¢4, c6, c20, and c26 carried the
fewest (26 or fewer, 1-2.4 %). Of a total of 1,059 QTL
detected in the Gh x Gb population, c19 carried most of
the QTL (78, accounting for 7.3 % of the QTL detected),
followed by c5, c6, and c21 with 56-62 QTL (~5 %).
Chromosome ¢4, cl10, c13, cl16, and cl17 also carried
fewer QTL (21-30, <3 %), and c22 carried the least QTL
(16, 1.5 %).

Between the two types of populations, ¢5, ¢7 and c25
carried more QTL with similar proportions of QTL (4-
5 %), while c2, c4, and c20 carried least QTL (1-3 %).
Howeyver, the chromosomes c14, c16, ¢c23, and c24 with the
most QTL in the intraspecific population had fewer QTL
detected at lower proportions in the interspecific popula-
tion. On the other hand, chromosomes c1, c6, c19, and c21
with the least QTL detected in the former carried higher
proportions of QTL in the latter population. A further
analysis is detailed in the following (see Supplementary
Tables 1 and 2 for more details).

cl

Of the 23 and 47 QTL reported in the Gh and Gh x Gb
populations, 2 and 3 clusters were identified, respectively.
The clusters in the former were a yield and fiber quality
clusters including a seed index (SI) and a fiber length (FL)
QTL hotspot, while clusters in the latter were yield and
fiber quality clusters including an FLL QTL hotspot.
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c2

In the Gh and Gh x Gb populations, 15 and 32 QTL have
been reported, resulting in 1 (fiber quality) and 3 QTL clus-
ters, respectively. Cluster 1 in Gh x Gb was similar to the
Gh cluster containing QTL for FL and micronaire in the
same region. However, no hotspots were identified in both
populations.

c3

Gh and Gh x Gb populations carried two clusters each in
similar regions from 37 and 41 QTL, respectively. Both
clusters in both populations were mainly consisted of fiber
quality QTL including a lint percentage (LP) QTL hotspot
in each cluster of the Gh population, and an FLL QTL hot-
spot in each cluster of the Gi x Gb population.

c4

The fewest QTL (14 vs. 26) have been reported in the Gh
and Gh x Gb populations, with 1 and 2 clusters identi-
fied, respectively. The cluster in the former was composed
mainly of fiber quality QTL, while the same is true for
cluster 2 in the latter population with an FL QTL hotspot.

¢S5
More QTL were detected in Gh (58) and Gh x Gb (62)

populations each with 3 QTL clusters. The first two clusters
share similar regions in both populations for similar traits
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Table 2 QTL cluster and
hotspot positions and QTL

number in the interspecific G.

hirsutum x G. barbadense
population

Cluster name and range No. of QTL Hotspot name and range No. of QTL
cl-cluster-GhxGb-1: 0-20 cM 8 ¢1-mQTL-FL-GhxGb-1: 50-76 ctM 9
cl-cluster-GhxGb-2: 45-63 ctM 13 ¢3-mQTL-FL-GhxGb-2: 0-20 ctM 6
cl-cluster-GhxGb-3: 76-95 ctM 8 ¢3-mQTL-FL-GhxGb-3: 32-55 cM 7
c2-cluster-GhxGb-1: 0-20 cM 5 ¢3-mQTL-PF-GhxGb-1: 12-23 ctM 4
c2-cluster-GhxGb-2: 30-50 ctM 9 c4-mQTL-VW-GhxGb-1: 0-20 cM 4
c2-cluster-GhxGb-3: 57-77 cM 12 c4-mQTL-FL-GhxGb-4: 49-62 ctM 5
c3-cluster-GhxGb-1: 0-20 cM 9 ¢5-mQTL-RN-Nem-GhxGb-1: 25-40cM 6
c3-cluster-GhxGb-2: 40-60 ctM 13 ¢5-mQTL-PolCol-GhxGb-1: 89-103 cM 6
c4-cluster-GhxGb-1: 0-20 cM 9 ¢5-mQTL-VW-GhxGb-2: 84-103 cM 4
c4-cluster-GhxGb-2: 49-67 cM 7 ¢6-mQTL-color-GhxGb-1: 0-20 cM 6
c5-cluster-GhxGb-1: 0-20 cM 12 ¢6-mQTL-HairL-GhxGb-1: 17-37 cM 7
c5-cluster-GhxGb-2: 25-45 cM 14 ¢6-mQTL-HairS-GhxGb-1: 17-37 cM 4
c5-cluster-GhxGb-3: 84-103 cM 18 c¢6-mQTL-Mic-GhxGb-1: 0-24 ctM 5
c6-cluster-GhxGb-1: 0-21 cM 24 ¢7-mQTL-RN-Nem-GhxGb-2: 0-24 ctM 9
c6-cluster-GhxGb-2: 24-37 cM 13 ¢7-mQTL-PetSpot-GhxGb-1: 33-55 cM 7
c6-cluster-GhxGb-3: 51-62 cM 8 ¢8-mQTL-color-GhxGb-2: 12-32 cM 8
c7-cluster-GhxGb-1: 0-18 cM 12 ¢11-mQTL-RN-Nem-GhxGb-3: 0-20cM 10
c7-cluster-GhxGb-2: 22-32 ctM 8 c12-mQTL-FL-GhxGb-5: 72-91 ctM 4
c7-cluster-GhxGb-3: 38-57 cM 12 ¢12-mQTL-FU-GhxGb-1: 23-38 cM 5
c7-cluster-GhxGb-4: 55-79 cM 7 ¢12-mQTL-Mic-GhxGb-2: 0-23 cM 5
c7-cluster-GhxGb-5: 8§2-106 cM 4 c13-mQTL-PetCol-GhxGb-1: 17-44 cM 9
c8-cluster-GhxGb-1: 0-20 cM 4 c15-mQTL-LeafM-GhxGb-1: 6-17 cM 4
c8-cluster-GhxGb-2: 32-53 ctM 22 c15-mQTL-LeafM-GhxGb-2: 21-39 cM 7
c8-cluster-GhxGb-3: 116-137 cM 4 ¢15-mQTL-Mic-GhxGb-3: 21-50 cM 10
c9-cluster-GhxGb-1: 0-20 cM 10 c15-mQTL-FE-GhxGb-1: 21-44 cM 4
c9-cluster-GhxGb-2: 47-64 ctM 10 ¢c16-mQTL-Mic-GhxGb-4: 0-23 cM 4
c10-cluster-GhxGb-1: 0-20 cM 8 ¢17-mQTL-FU-GhxGb-2: 63-78 cM 4
c10-cluster-GhxGb-2: 79-99 cM 6 ¢17-mQTL-Mic-GhxGb-5: 11-32 cM 5
cl1-cluster-GhxGb-1: 0-20 cM 21 c18-mQTL-Mic-GhxGb-6: 33-53 cM 4
cl1-cluster-GhxGb-2: 33-54 cM 7 c19-mQTL-Mic-GhxGb-7: 25-44 ctM 4
c12-cluster-GhxGb-1: 0-16 ctM 12 ¢19-mQTL-Mic-GhxGb-8: 81-106 ctM 4
c12-cluster-GhxGb-2: 25-48 ctM 20 c19-mQTL-FE-GhxGb-2: 32-52 cM 4
c12-cluster-GhxGb-3: 57-79 cM 5 c19-mQTL-FE-GhxGb-3: 125-144 cM 4
c12-cluster-GhxGb-4: 82-91 cM 5 ¢19-mQTL-FL-GhxGb-6: 40-60 cM 6
c13-cluster-GhxGb-1: 7-29 cM 10 ¢21-mQTL-color-GhxGb-3: 0-26 cM 4
c13-cluster-GhxGb-2: 39-60 cM 7 c21-mQTL-Mic-GhxGb-9: 60-79 cM 4
c13-cluster-GhxGb-3: 69-93 cM 4 c21-mQTL-PF-GhxGb-2: 12-32 cM 4
cl4-cluster-GhxGb-1: 0-10 cM 5 ¢23-mQTL-FS-GhxGb-1: 70-92 cM 7
cl4-cluster-GhxGb-2: 38-56 cM 8 ¢24-mQTL-FL-GhxGb-7: 49-70 cM 7
cl4-cluster-GhxGb-3: 68-82 cM 8 ¢24-mQTL-Mic-GhxGb-10: 0-27 cM 5
cl4-cluster-GhxGb-4: 99-118 cM 5 ¢25-mQTL-Mic-GhxGb-11: 0-20 cM 9
cl15-cluster-GhxGb-1: 0-17 cM 5 ¢25-mQTL-color-GhxGb-4: 46-65 ctM 6
c15-cluster-GhxGb-2: 20-44 ctM 21 ¢25-mQTL-color-GhxGb-5: 73-89 ctM 4
c15-cluster-GhxGb-3: 50-72 cM 12 ¢c26-mQTL-FL-GhxGb-8: 0-22 cM 6
c16-cluster-GhxGb-1: 0-23 cM 9 ¢26-mQTL-FL-GhxGb-9: 51-69 cM 5
c16-cluster-GhxGb-2: 50-70 cM 11 ¢c26-mQTL-Mic-GhxGb-12: 22-45 cM 5
c17-cluster-GhxGb-1: 0-9 cM 5

c17-cluster-GhxGb-2: 19-38 cM 9

c17-cluster-GhxGb-3: 53-70 cM

c18-cluster-GhxGb-1: 1943 cM 13
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Table2 continued Cluster name and range

No. of QTL Hotspot name and range No. of QTL

c18-cluster-GhxGb-2: 53-72 ctM
c18-cluster-GhxGb-3: 8§7-109 cM
c19-cluster-GhxGb-1: 0-20 ctM
c19-cluster-GhxGb-2: 32-52 cM
c19-cluster-GhxGb-3: 62-81 cM
c19-cluster-GhxGb-4:
c20-cluster-GhxGb-1: 18-37 cM
c20-cluster-GhxGb-2: 56-79 cM
c21-cluster-GhxGb-1: 0-21 cM
c21-cluster-GhxGb-2: 2648 cM
c21-cluster-GhxGb-3: 60-81 cM
c21-cluster-GhxGb-4: 87-106 ctM
c21-cluster-GhxGb-5:
c22-cluster-GhxGb-1: 0-21 cM
c23-cluster-GhxGb-1: 0-21 cM
c23-cluster-GhxGb-2: 22-44 cM
c23-cluster-GhxGb-3: 70-87 cM
c23-cluster-GhxGb-4:
c24-cluster-GhxGb-1: 0-20 cM
c24-cluster-GhxGb-2: 29-42 cM
c24-cluster-GhxGb-3: 45-62 cM
c25-cluster-GhxGb-1: 0-21 cM
c25-cluster-GhxGb-2: 40-62 cM
c25-cluster-GhxGb-3: 65-84 cM
c26-cluster-GhxGb-1: 0-22 cM
c26-cluster-GhxGb-2: 32-51 cM

Above are the clusters and
hotspots identified in the
interspecific population. The
chromosome number, QTL
trait, and position of each QTL
cluster and hotspot are listed
below. The number of QTL
associated with each cluster and
hotspot are listed below

The trait abbreviations used

in the legend above are as
follows: AA amino acid, BN
boll number, BW boll weight,
FBNode fruiting branch node,
FBNum fruiting branch number,
FE fiber elongation, FL fiber
length, FS fiber strength,
Fusarium Fusarium wilt, LP lint
percent, Micronaire, micronaire/
fiber fineness, PH plant height,
FU fiber uniformity, HairL leaf
hair, HairS stem hair, LeafM
leaf morphology, Color fiber
color, PF percent fiber, PetCol
petal color, PetSpot petal spots,
PolCol pollen color, SI seed
index, SW seed weight, VW
Verticillium wilt, RN-Nematode
root-knot nematode

118-137 cM

108-118 cM

107-119 cM
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5
15
15
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13
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in that cluster 1 could be called a cluster for seed quality
including SI, a micronaire, and fiber elongation (FE) QTL
hotspots in the former, amino acids, protein and oil content
in addition to QTL for fiber quality traits, while cluster 2
was mainly consisted of fiber quality QTL in addition to
a hotspot for root-knot nematode (RN-nematode hereafter)
resistance in the latter. Cluster 3 in the Gh x Gb popula-
tion carried a hotspot for pollen color which was over-
lapped with a hotspot for Verticillium wilt resistance (VW
hereafter).

cb

In the Gh and Gh x Gb populations, 2 and 3 clusters were
identified from 28 and 56 QTL, respectively. Cluster 1 was
mainly consisted of QTL for seed quality and fiber qual-
ity in addition to a QTL hotspot for Fusarium wilt resist-
ance (FW hereafter) in the former and a micronaire hot-
spot and a fiber color hotspot in the latter. Interestingly, a
hotspot each for leaf and stem hairiness was also identified
in the same region of the Gh x Gb population. This chro-
mosome or region may carry a QTL or QTL cluster with a
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pleiotropic effect on plant trichomes (leaf and stem hairs
and seed fibers).

c7

Similar QTL have been reported in Gh (63) and Gh x Gb
(49) populations, with 2 and 5 clusters, respectively. Clus-
ter 1 in both populations in the same region carried numer-
ous QTL for yield and fiber quality traits including a hot-
spot for SI, FL, and another for fiber strength (FS), and
a fourth for LP in the former and a hotspot for nematode
resistance in the latter. In addition, 5 more QTL for RN-
nematode resistance were identified in cluster 2 and 3, and
a petal spot QTL hotspot in cluster 3 were identified in the
Gh x Gb population.

c8

In the Gh population, 36 QTL were detected with three
clusters, the first encompassing an FS QTL hotspot, while
the first and second comprised an FL. QTL hotspot. The first
two clusters for fiber quality traits, which were in common



Mol Genet Genomics

Table 3 QTL cluster and
hotspot summary for each

Chromosome  G. hirsutum

G. hirsutum x G. barbadense

chromosome in each type of

No. of QTL  No. of clusters

No. of hotspots No. of QTL No. of clusters No. of hotspots

population
1 23 2
2 15 1
3 37 2
4 14 1
5 58 4
6 28 2
7 63 2
8 36 3
9 47 2
10 31 2
11 35 1
12 34 4
13 37 3
14 66 2
15 37 3
16 71 3
17 36 1
18 32 2
19 34 1
20 16 2
21 32 2
22 62 3
23 69 4
24 84 2
25 52 3
26 26 1
Total 1,075 58

47
32
41
26
62
56
49
41
40
21
40
51
30
4
48
27
24
42
78
29
59
16
39
36
46
37
1,059
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in the same region with two of the three clusters detected in
the Gh x Gb population carrying 26 of 41 QTL including a
fiber color hotspot.

c9

Of 47 and 40 QTL reported for the Gk and Gh x Gb popula-
tions, respectively, but both carried 2 clusters. The first clus-
ter at the same position in both populations carried QTL for
yield and fiber quality traits including an FS hotspot from the
former. In the second cluster of Gh x Gb population, QTL
for VW and nematode resistance and yield were detected.

cl0

Similar number of QTL was detected in Gh (31) and
Gh x Gb (21) populations each with 2 clusters for fiber
quality traits including an FL hotspot in the former popula-
tion. However, cluster 2 was located in different regions in
the two populations.

cll

Of 35 and 40 QTL in Gh and Gh x Gb populations, 1 and 2
clusters were detected, respectively, including a hotspot for
nematode resistance in the same region of cluster 1 in both
populations. However, cluster 1 also carried an LP QTL
hotspot in the former population which was absent in the
latter. Cluster 2 in the latter population also carried 2 QTL
for nematode resistance.

cl2

In the Gh and Gh x Gb populations, 4 clusters were identi-
fied in each from 34 and 51 QTL, respectively. Cluster 1
located in the same region in both populations was con-
sisted of QTL for yield and fiber quality traits, while clus-
ter 2 and 3 in the Gh and cluster 3 and 4 in the Gh x Gb
population was consisted of mainly fiber quality QTL. A
QTL hotspot for seed weight (SW hereafter) was detected
within cluster 3 of the Gh population. QTL hotspots for
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fiber uniformity (FU) and FL were detected within cluster 2
and another for micronaire within cluster 1 was detected in
the Gh x Gb population.

cl3

The Gh population with 37 QTL and the Gh x Gb popula-
tion with 30 QTL both carried 3 clusters. Cluster 1 at the
same position in both populations was consisted of QTL
for yield and fiber quality traits in addition to a petal color
hotspot in the Gh x Gb population while cluster 2 in the
Gh population carried an LP QTL hotspot.

cl4

More QTL (66) in the Gh population were detected than in
the Gh x Gb population (42). In the former, only two clus-
ters were detected, but within the first cluster 5 QTL hot-
spots were detected for FE, plant height (PH hereafter), FL,
micronaire, and RN-nematode resistance. In the Gh x Gb
population, 4 clusters were identified, including cluster 1
carrying QTL for nematode resistance and yield, similar to
the cluster in the Gh population and cluster 2 and 4 for fiber
quality traits. No hotspots were identified.

cl5

Both the G population with 37 QTL and the Gh x Gb popu-
lation with 48 QTL each carried 3 clusters. Cluster 1 in simi-
lar region in both populations was mainly composed of QTL
for fiber quality and yield traits. While the Gh population
carried no QTL hotspots, leaf morphology (LM hereafter)
was detected in the first and second clusters in the Gh x Gb
population. Micronaire and FE QTL hotspots were also
detected in the second cluster in the Gh x Gb population.

cl6

More QTL (71) with 3 clusters were detected in the Gh
population than in the Gh x Gb population (27) with 2
clusters. Cluster 1 carried a number of QTL for fiber qual-
ity traits including an FS hotspot in addition to an LP and
VW hotspot in the former and a micronaire hotspot in the
latter. Cluster 2 and 3 each also carried 1 VW hotspot, mak-
ing a total of 15 VW QTL detected on c16 in the Gh popu-
lation. Cluster 2 in the Gh x Gb population was in similar
region to cluster 2 in the Gh population but carried mostly
fiber and seed quality QTL.

cl7

In the Gh population with 36 QTL 1 cluster was identified
while in the Gh x Gb population 3 clusters were detected.
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Cluster 1 in the same region carried fiber quality QTL in
both populations. An FS QTL hotspot was detected within
the first cluster in the former population while a micronaire
QTL hotspot was detected in the second cluster of the lat-
ter population. The Gh x Gb population also carried an FU
QTL hotspot within the third cluster. Two more clusters for
fiber quality traits were detected in the Gh x Gb population
including a hotspot for micronaire in cluster 2 and another
for FU in cluster 3.

cl8

The Gh population with 32 QTL carried 2 clusters and
the Gh x Gb population carried 42 QTL with 3 clusters.
Cluster 1 in the Gh population carried an FL. QTL hotspot,
while cluster 1 in a different region in the Gh x Gb popu-
lation carried a micronaire QTL hotspot. Clusters 2 and 3
in the Gh x Gb population were composed of fiber qual-
ity QTL. Cluster placement in general differed between the
two populations.

cl9

More than double the QTL (78) with 4 clusters were
detected in the Gh x Gb population than in the Gh popu-
lation (34) with 1 cluster. Cluster 1 in the former carried
seed and fiber quality QTL while it carried yield and fiber
quality QTL in the latter, in addition to QTL for FW or VW
resistance. Interestingly, cluster 2 and 3 in the Gh x Gb
population each carried QTL for nematode resistance and
fiber quality including a hotspot for micronaire in cluster
2. Another micronaire hotspot was also identified between
cluster 2 and 3. Two FE hotspots in cluster 2 and 4 and an
FL hotspot in the region of cluster 2 were also identified.

c20

Fewer QTL were detected in the Gh (16) than in the
Gh x Gb (29) population each with 2 clusters but not over-
lapped. Both clusters in the former were predominately
composed of fiber quality QTL, while two clusters in the
latter were composed of fiber and seed quality QTL. In
addition, 3 QTL in cluster 2 were identified for nematode
resistance in the Gh x Gb population.

c21

In the Gh population with 32 QTL and the Gh x Gb popu-
lation with 59 QTL, 2 and 5 clusters were detected, respec-
tively. In the Gh population a boll weight (BW) and FL
QTL hotspot was detected within the first cluster, while in
a similar region between clusters 1 and 2 in the Gh x Gb
population fiber color and percent fiber (PF) QTL hotspots
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were detected. A micronaire hotspot and 3 QTL for oil and
protein contents were also detected in cluster 3, while clus-
ter 4 and 5 were mainly composed of fiber quality QTL.

c22

The Gh population carried 62 QTL with 3 clusters while
the Gh x Gb carried over three times less QTL (16). In
the Gh population cluster 1 carried a boll number (BN), a
PH, a fruiting branch number (FBNum), a fruiting branch
node (FBNode), and an amino acid (AA) QTL hotspot and
represents an important region of the genome pertaining to
many morphological and biochemical characteristics. The
second cluster carried an SI and a BW QTL hotspot and
represents an important yield-related region of the genome.
In the interspecific population, the cluster carried 2 VW
and 1 nematode resistance QTL in addition to 4 QTL for
fiber quality (2 were also detected in the Gh population)
and 2 QTL for BW. But no hotspots were identified.

c23

In the Gh population, more QTL (69) were detected than in
the Gh x Gb population (39), both with 4 clusters. Clusters
1 and 2 in the Gh population both carried VW resistance
QTL hotspots, while cluster 3 in the Gh x Gb population
carried an FS QTL hotspot in addition to VW QTL. Inter-
estingly, cluster 1 and 2 in similar regions of the Gh x Gb
population each carried 1 QTL for nematode resistance in
addition to a number of QTL for fiber quality traits.

c24

More QTL were detected in the Gh population (84) with 2
clusters than in the Gh x Gb population (36) with 3 clus-
ters. Cluster 1 in the Gh population carried an FS hotspot
densely populated with 27 QTL, while it in the same region
of the Gh x Gb population was composed of yield and fiber
quality QTL including a micronaire hotspot. Cluster 1 in
the Gh population also carried an LP, FL, micronaire, and
FE QTL hotspot and represents an important fiber quality
region of the genome. Cluster 2 in the Gh population and
cluster 3 in the Gh x Gb population were in the similar
region and were composed of fiber quality QTL including
an FL hotspot in the Gh x Gb population.

c25

The Gh population carried 52 QTL while the Gh x Gb
population carried similar number (46) of QTL with both
populations carrying 3 clusters. Between clusters 1 and 2
in the Gh population a BW and an FE QTL hotspot were
detected, while in the Gh x Gb population a micronaire

QTL hotspot was detected in cluster 1, and a fiber color
hotspot was detected in both clusters 2 and 3.

c26

Fewer QTL were detected in the Gh population (26) with 1
cluster than in the Gh x Gb population (37) with 2 clusters.
The cluster in the Gh population was composed of yield
and fiber quality trait QTL including a micronaire hotspot,
while the cluster in the same region of Gh x Gb population
carried an FL hotspot. In the Gh x Gb population, a micro-
naire hotspot was detected in cluster 2, while another FL.
hotspot was detected within the range of this cluster.

In summary, among the clusters identified in the Gh and
Gh x Gb populations, many were composed of fiber qual-
ity QTL, while a few (e.g., on cl, c7, c9, cl12, c13, cl4,
c19 and c26) contained QTL for both fiber quality and
yield traits. The co-localization of the QTL for yield and
fiber quality traits may explain close correlations between
yield and fiber quality and between fiber quality traits due
to pleiotropic effects of same QTL or tightly linked QTL
for different traits.

QTL hotspots which we defined as having four or more
QTL of the same trait within a 20 cM span were analyzed
for mQTL regions. Since four or more QTL were used in the
analysis the probability of declaring false-positive mQTL
regions based on too few QTL was greatly reduced. The
Biomercator V3 software always identified mQTL within
declared hotspot regions. At times the software divided the
four or more QTL into two or more possible mQTL posi-
tions. The software did not always associate all 4 QTL in
the hotspot to the same region and often declared more than
one mQTL within a narrow interval. As seen in Supplemen-
tary Figures 3 and 4 in the absence of multiple QTL the
software will declare mQTL regions in the presence of only
one QTL. For this reason we focused on previously defined
hotspot regions where the probability of a false-positive
mQTL region is the lowest. The mQTL regions identified
within QTL hotspot regions are intended to provide MAS
programs with a better idea of the most probable positions
of QTL of interests and to provide MAS programs with
maps showing the most concentrated regions of QTL.

It is interesting to note that, the more QTL present on
the chromosome, the more QTL clusters and hotspots were
detected (Table 3). In both the Gh and Gh x Gb popula-
tions, the numbers of QTL clusters and hotspots were sig-
nificantly or highly significantly positively correlated with
the number of QTL on the chromosome. The coefficients of
correlation (r) were 0.469 and 0.807 in the Gh population,
respectively, and 0.636 and 0.712 in the Gh x Gb popula-
tion, respectively (r = 0.388 at P < 0.05 and r = 0.466 at
P <0.01). However, in terms of number of QTL comprising
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each cluster, the Gh population tended to carry greater
numbers of QTL within large clusters when compared to
the interspecific population. For example, c24 on the first
cluster carried 56 QTL and contained five hotspots within
the region in the Gh population, while the cluster in the
Gh x Gb population with the most QTL was the first clus-
ter on c6 with 24 QTL containing two hotspots within the
region. In general, most clusters which carried larger num-
bers of QTL than others also had more hotspots except for
a few chromosomes such as c17 whose first cluster carried
32 QTL but with only one hotspot.

QTL, cluster and hotspot analysis by traits

While analysis can be done for each trait, here we will
focus on the most important economic traits (e.g., fiber
quality and yield) with most QTL identified.

Fiber quality QTL, cluster, and hotspot analysis

Supplementary Tables 1 and 2 contain a complete summary
of the number of each QTL trait for each chromosome in
both populations. In the Gh population, 125, 124, 75, and
75 QTL were identified for FL, FL, FE, and micronaire,
respectively. Of the four traits some chromosomes carried
more QTL than others and are worth describing further. For
FL, c¢7, ¢8, c14, and c21 carried the most QTL with 9, 14,
9, and 10 QTL, respectively. For FS, c7, c17, c23 and c24
carried the most QTL with 9, 9, 12, and 33 QTL, respec-
tively. For FE, c¢5, c14, and c24 carried the most QTL with
7,8, and 11 QTL, respectively. For micronaire, c5, c24, and
c26 carried the most QTL with 7, 9, and 6 QTL, respec-
tively. As shown above, c24 carried more QTLs for FS, FE,
and micronaire.

In the Gh x Gb population, 156, 70, 80, and 189 were
identified for the four traits, respectively. For FL, cl, c3,
c19, and c26 carried the most QTL with 13, 15, 17, and
16 QTL, respectively. For FS, c21 and c23 carried the
most QTL with 7 and 9 QTL, respectively. For FE, c12,
c15, and c¢19 carried the most QTL with 7, 6, and 11 QTL,
respectively. For micronaire, cl, c12, c15, and c21 carried
10 QTL, while c5, ¢6, c19, and ¢25 carried 13, 12, 13, and
16 QTL, respectively. As shown above, cl and c19 carried
more QTL for both FL and micronaire; c21 carried more
QTL for FS and micronaire; c12 and c15 carried more QTL
for FE and micronaire; and c¢12 and c15 carried more QTL
for FE and micronaire. Chromosomes with the largest num-
ber of QTL for the four traits differed between populations.

In the intraspecific population, c1, c7, c8, c10, c14, c18,
c21, and c24 carried FL QTL hotspots; c7, ¢8, ¢9, c16, c17,
and c24 carried FS QTL hotspots and most notable is c24
carrying an FS hotspot with 27 QTL which may represent
a major FS locus; c5, cl14, c24, and c25 carried FE QTL
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hotspots; and c5, c14, c24, and c26 carried micronaire QTL
hotspots. Chromosomes c7, c8, and c24 carried hotspots for
FL and FS, while c14 and c24 for FL, FE and micronaire.
In the interspecific population, cl, ¢3, c4, cl12, c19, c24,
and ¢26 carried FL. QTL hotspots; c23 carried an FS QTL
hotspot; and two FE hotspots were identified on c19 which
also carried a hotspot for FL. and micronaire, and one FE
hotspot on c15; and c6, c12, c15, c16, c17, cl18, c19, c21,
c24, c25, and c26 carried micronaire QTL hotspots. Chro-
mosomes c12, c24 and c26 each carried an FL hotspot and
a micronaire hotspot.

The two populations did not share any chromosomes in
common with the same hotspots for the same traits with the
excepts of cl, c24, and c26 for which c24 carried FL. and
micronaire QTL hotspots, c1 carried FL QTL hotspots, and
c26 carried micronaire QTL hotspots in both populations.
QTL hotspot types mostly differed between the two popu-
lations in that c19, c21, c24 and c26 carried QTL hotspots
for different fiber quality traits; however, the placements
of hotspots in general often coincided and had common
anchoring markers. For example, c17 in the Gh popula-
tion carried an FS hotspot, and in the interspecific popu-
lation a micronaire hotspot between markers E7TM2_181
and E32M49-M185.2 from 0 to 32 cM; c24 in the Gh
population carried an FS hotspot and in the interspecific
population a micronaire hotspot between markers CIR026
and BNL3860 from O to 27 cM; c25 in the Gh popula-
tion carried an FE hotspot and in the interspecific popula-
tion a micronaire hotspot between markers E4AM3_268 and
BNL1047a from 0 to 33 cM; and c26 in the Gh popula-
tion carried a micronaire hotspot and in the interspecific
population an FL hotspot between markers pAR807 and
BNL1045a from 0 to 22 cM.

While the declaration of a QTL hotspot in this study was
four or more QTL, it is worth noting regions of the genome
which carried between two and three fiber strength, length,
and micronaire QTL. In the Gh population chromosomes
cl, ¢3, ¢7, ¢9, cl10, c15 and c20 carried 2 micronaire QTL
each from approximately 0-14, 34-52, 18-33, 0-13, 0-20,
53-69, and 0-19 cM, respectively. Chromosomes c3, c5,
c9, cll, cl2,cl7, cl18, c20, and c26 carried 2 FL QTL from
approximately 0-20, 0-20, 0-16, 0-20, 79-91, 0-23, 72—
75, 0-27, and 0-28 cM, respectively, while c15, c18, c19,
and c23 carried 3 QTL all from approximately 0-20 cM.
On c3, c5, cl0, and c19 2 FS QTL were identified from
34-66, 3544, 0-3, and 0-25 cM, respectively, while c11
carried 3 FS QTL from approximately 0-20 cM. In the
interspecific population c2, c4, c5, c13, c14, and c24 each
carried 2 micronaire from 84-93, 34-49, 83-87, 80-93,
104-109, and 0-20 cM, respectively, while c10 carried 3
micronaire QTL from approximately 0-20 cM. Chromo-
somes c6, c7, c8, c9, c12, c13, c20, c21, and ¢25 all with 2
FL QTL were identified from approximately 0—17, 87-106,
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20-25, 13-26, 23-25, 0-17, 30-37, 54-64, and 0-20 cM,
respectively. Chromosomes c11 and ¢23 each carried 3 FL
QTL from approximately 0-20 and 26-35 cM, respectively.
Also 2 FS QTL were identified on c11 from approximately
0-20 cM.

Yield and yield-related trait QTL

In the Gh population 26, 18, 51, and 97 QTL were identi-
fied for seed cotton yield (SCY), lint yield (LY), BW, and
LP, respectively. While QTL were not highly localized on
any given chromosome for SCY or LY, c3, c¢7, cl13, and
cl6 carried 9, 9, 13, and 12 LP QTL, respectively. Chro-
mosomes c7, c16, c20, and c22 carried 2 SCY QTL from
approximately 4-18, 41-64, 0-27, and 0-16, respectively.
Chromosomes c14 and c16 carried 2 LY QTL each from
approximately 0-20 cM. Chromosomes c21, ¢22, and c25
carried BW QTL hotspots, most notably c25 carried 12 BW
QTL within the hotspot. Chromosomes c14, c17, and c26
each carried 2 BW QTL from approximately 0-20, 0-32,
and 0-28 cM, respectively, while c6 and c8 each carried 3
BW QTL from approximately 0-20 cM. Chromosome c3
carried 2 LP QTL hotspots, while c7, cl1, c13, c16, and
c24 each carried an LP QTL hotspot. Chromosomes c2, c4,
cl0, c19, and c22 carried 2 QTL each from approximately
0-30, 0-20, 0-9, and 0-25, 0-12 cM, respectively. Chro-
mosomes c9, c12, c17, and c22 carried 3 QTL from approx-
imately 6-26, 48-57, 0-20, and 22-44 cM, respectively.

In the interspecific population 21, 11, 18, and 10 QTL
were identified for SCY, LY, BW, and LP, respectively,
which were not highly localized, and no hotspots were
identified. Chromosomes ¢9 and c18 both carried 3 SCY
QTL, cl, c7, and c18 all carried 2 LY QTL, c18 carried 3
BW QTL, and c7, c16, and c23 all carried 2 LP QTL. No
chromosome carried more than 3 QTL for any of the four
traits in the Gh x Gb population. There was a considerable
difference between the number and localization of QTL for
these four traits between the two populations.

QTL placement analysis

When the chromosomes are divided into 20 cM regions
with region 1 spanning from 0 to 20 cM, clear similarities
in QTL distribution among chromosomes were observed.
All chromosomes with the exception of c20 in the Gh x Gb
population carried a cluster within region 1 of the chromo-
some. The most distal region of each chromosome (the
last 20 cM) was devoid of QTL clusters or hotspots with
the exception of c¢5 in the Gh population and c4, c7, cl4,
cl7, c18, and ¢23 in the interspecific population. The dis-
tribution of QTL on each chromosome appears to be biased
towards the more proximal end of the chromosome as rela-
tively few clusters or hotspots were observed in the distal

region. As this was consistent in both populations, it may
be an evolutionary signature that QTL aggregate more on
the proximal regions of chromosomes in Gossypium.

The distribution of QTL along the genome in both
populations was examined using a Chi-square test. In
the intraspecific Gh and interspecific populations, chro-
mosomes were not evenly distributed over the genome
(x* = 212.092 > 37.652 and x> = 118.94 > 37.652 with
25 df and a P value = 0.05, respectively). The Gh popu-
lation showed a significant difference in QTL distribution
between the A and D subgenomes with the D subgenome
having significantly more QTL (x> = 23.517 > 3.841 with
1 df and a P value = 0.05). In the interspecific population,
however, no significant difference was observed between
the A and D subgenomes (x> =0.159 > 3.841 with 1 df and
a P value = 0.05).

In the Gh population, homeologous chromosomes of
the A and D subgenomes did not share many similarities
in terms of QTL cluster or hotspot placement or type. The
exceptions to this were homeologous chromosomes c7 and
c16 which both carried an FS and LP QTL hotspot within
0-20 cM and homeologous chromosomes c8 and c24
which both carried an FL and FS QTL hotspot between 0
and 30 cM. In the interspecific population, homeologous
c2 and c14 each contained 3 QTL clusters which spanned
a region approximately 0-77 cM, although the general
size of the clusters between the two populations differed.
A micronaire QTL hotspot was found on homeologous c6
and c25 in the same region and both also carried fiber color
QTL hotspots although the placement differed. Homeolo-
gous ¢10 and c20 both carried two QTL clusters although
their placements did not coincide within the same regions.
Homeologous c12 and c26 both carried fiber length and
micronaire QTL hotspots; however, their placements were
not in the same region. Overall, homeologous chromo-
somes between the A and D subgenomes were not com-
parable in either population in terms of QTL clusters and
hotspot placements.

Candidate genes in QTL hotspots

Putative candidate genes identified in this meta-analysis
will require additional studies to confirm their presence or
absence and roles in QTL hotspot regions. While the AD1
and AD2 genomes have not been fully sequenced, the A2
and D5 genome sequences are available. The identifica-
tion of putative genes in all of the hotspots identified in this
study would present an immense undertaking considering
the wide confidence intervals and possible lack of exact
collinearity between the tetraploid and their ancestral dip-
loid genomes. However, a small number of hotspot regions
were selected to validate the presence of putative genes
in hotspot regions. In cotton a centimorgan constitutes
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approximately 500,000 bps meaning that 1 cM can poten-
tially contain multiple ORFs. On the A subgenome in the
interspecific population two QTL hotspots within relatively
narrow confidence intervals were selected. The pollen color
QTL hotspot (which in fact resides a major Mendelian gene
P1) from 89 to 103 cM which constitutes 7 Mbps of the
genome and the fiber uniformity QTL hotspot on chromo-
some cl12 from 23 to 38 cM constituting 7.5 Mbps were
selected. In the pollen color hotspot region from 89 to
103 cM (44,500,000-51,500,000 bps), 172 putative gene
sequences were identified. Supplementary Figure 7 shows
these genes identified within the pollen color hotspot region
on c5. In the fiber uniformity QTL hotspot region from 23
to 38 cM (11,500,000-19,000,000 bps) 152 putative genes
were identified. Supplementary Figure 8 shows the genes
identified within the fiber uniformity hotspot on c12.

On the D subgenome two QTL hotspots identified with
narrow confidence intervals in the G. hirsutum popula-
tion were a fiber length hotspot on c14 from 10 to 20 cM
(5,000,000-10,000,000 bps) and an amino acid hotspot on
c22 from 0 to 3 cM (0-1,500,000 bps). The putative fiber
length QTL(s) on c14 are within 5 million nucleotides of
the identified region, and the amino acid QTL(s) on c22
are within 1.5 million nucleotides. This does not mean that
all putative genes related to those traits as multiple QTLs
of other traits were also found within the regions and no
doubt major genes are also contained in the regions. As the
majority of QTL in both populations are found within the
proximal portion of the chromosomes multiple ORFs were
identified in both putative hotspot regions which differs
from the two hotspot regions investigated in the A subge-
nome which were positioned further down on the chromo-
some. On chromosome c14 from 10 to 20 cM (5 Mbp) 488
putative genes sequences were identified. Supplementary
Figure 9 shows the portion of chromosome c14 from 10 to
20 cM with the genes identified. On chromosome c22 from
0 to 3 cM (1.5 Mbp) 382 putative genes were identified.
Supplementary Figure 10 shows the portion of chromo-
some c22 from 0 to 3 cM with the genes identified. These
putative genes identified represent candidate genes for the
QTL hotspots identified in this study.

Discussion

The ratio of QTL between the G. hirsutum (1,075 QTL)
and interspecific population (1,059 QTL) was proportional,
but our results illustrate clear differences and similarities in
QTL cluster and hotspot placement. Therefore, it is inter-
esting to note that some chromosomes were more densely
populated with QTL, clusters, hotspots, and/or hotspot
clusters in one population than in the other. In terms of hot-
spot trait type there were largely no similarities between
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homologous chromosomes between the two populations or
between the homeologous chromosomes from the A and D
subgenomes. While the QTL hotspot type usually differed
between populations, the regional placement of hotspots
on the chromosome was often the same. QTL hotspots and
important mQTL regions identified by the software provide
valuable maps and insight into commercially interesting
regions of the genome. Marker-assisted breeding programs
can utilize these differences to select for markers which
flank the most desirable trait QTL between populations.
Hotspot clusters identified in both populations on different
chromosomes will also aid marker-assisted breeding pro-
grams in the selection of desirable QTL aggregates which
may be absent in one population or the other, therefore,
increasing genetic gains. Hotspot clusters contained mul-
tiple mQTL and should be considered important for MAS
programs. The [“Guazuncho2” (G. hirsutum) x “VHS-
4602” (G. barbadense)] map with common anchoring
markers which flank the largest number of desirable QTL
can be used to improve marker-assisted breeding efforts.
The comparison map between the two populations can also
be used to identify possible genetic differences which exist
between two populations. Flanking markers which sur-
round such regions can be the focus of breeding programs
attempting to increase gains between interspecific crosses.
While not declared as hotspots many regions carried two or
three fiber strength, length, micronaire or yield QTL which
can be also used in MAS to improve commercially valu-
able traits. In the meta-analysis by Rong et al. (2007), three
QTL were used as the basis for declaring a cluster (with
a false-positive rate of 12.5 %); however, in this study the
number was increased to at least four to reduce the false-
positive rate at or below 6.25 %. Since fiber quality-related
QTL composed the majority of QTL in the study and
almost saturated the genome, it is unclear if small aggre-
gates of fiber quality QTL found between populations on
homologous chromosomes are a result of conservation or
not.

Genetically it is interesting that the majority of QTL
were localized around the first 20 cM of every chromosome
with a few exceptions. The fact that this was observed in
both populations may be an evolutionary signature remain-
ing from the common ancestor of G. hirsutum and G. bar-
badense. Tightly clustered QTL within a narrow range may
indicate pleiotropic-effect QTL responsible for multiple
traits. While the placement of QTL in the first region seems
to have been evolutionarily conserved, QTL trait type dis-
tribution was not. Of the hotspots identified except for the
nematode resistance hotspot on c11, and the FL and micro-
naire QTL hotspots shared on c24, no other hotspots were
shared by both populations. Since the distribution of QTL
was fairly even (1,075 vs. 1,059) between the two popula-
tions, it is interesting to note that there was no significant
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difference between the QTL distribution between the A
and D subgenome in the interspecific population. In the
Gh population, however, not only were there significantly
more QTL detected on the D subgenome, but resistance
QTL for nematode and Verticillium wilt were highly local-
ized on two chromosomes each. This shows a level of QTL
organization and localization which is not observed in the
interspecific population. Future directions of study may
investigate the intraspecific G. barbadense population and
compare QTL localization with the intraspecific G. hir-
sutum population in this study. It is possible that in the
interspecific cross much of the QTL localization observed
within G. hirsutum or perhaps within G. barbadense is dis-
rupted due to cryptic structural differences in chromosomes
between the two species (Stephens 1949).

The identification of putative genes in regions of the
A2 and D5 genomes where hotspots were identified in the
intraspecific Gh and interspecific Gh x Gb populations
was revealing. It is difficult to speculate at this time which
of the putative genes in the regions are related directly to
the trait QTL hotspots identified; however, it is interesting
that more putative genes were identified in the first 20 cM
regions of the chromosomes than beyond. This further
lends confidence to the notion that in Gossypium the major-
ity of QTLs and other coding regions are more concentrated
in the proximal regions of chromosomes than other regions.
On chromosome c22 in the narrow span of 3 cM 382 puta-
tive genes were identified, whereas beyond the first 20 cM
of the chromosomes within the span of 89-103 on ¢5 and
23-38 ¢cM on cl12, only 172 and 152 putative genes were
identified, respectively. Chromosome c14 also lends confi-
dence to this observation having 488 putative genes identi-
fied from 10 to 20 cM. Once the tetraploid cotton genomes,
from which mapping and breeding populations are made,
sequenced, candidate genes within the QTL clusters and
hotspots can be more reliably identified for further studies
including high resolution mapping of QTL, candidate gene
cloning and functional analysis.

If QTL type and placement of G. barbadense were simi-
lar to that of G. hirsutum, the interspecific cross should pro-
duce a hybrid with similar QTL placement as homologous
chromosomes during recombination would share the same
or similar QTL. However, in this study we see a complete
lack of homology in QTL type and placement which shows
a rapid QTL divergence between the G. hirsutum and G.
barbadense populations from their common ancestor. This
lack of conservation between the two types of genetic
populations is revealing as it would appear that QTL have
moved positions extensively throughout the genome since
their origin from a common ancestor within the last 1-2
million years (Wendel and Cronn 2002). This indicates
that the position of some QTL is not under strict purifying
selection. It will be revealing in future studies which have

the sequenced genomes of both species to examine how
much the two populations have diverged.

In the Gh population RN-nematode (c11 and c14) and
Verticillium wilt (c16 and c23) resistance QTL were highly
localized. However, in the interspecific population they
appear to be relatively distributed throughout the genome
and largely delocalized. This indicates that some features
such as resistance-related QTL were under selection in
terms of localization in one population, but not the other. In
the Gh population yield and fiber quality QTL were often
co-localized in the same region and overlapping hotspots
between the two trait types were observed. For example,
c7 carried an LP, FL, and FS QTL hotspot which over-
lapped, while c16 carried an LP and FS hotspot which also
overlapped. Chromosomes c21 carried a BW and FL hot-
spot which overlapped as did c25 with a BW and FE QTL
hotspot. Most notable was c¢24 which carried an LP, FL,
FS, FE, and micronaire QTL hotspot all within the same
region. These yield and fiber quality QTL hotspot clusters
may help to explain the close correlations seen between
yield and fiber quality as they are linked at the same loci.
Due to hybrid breakdown in early segregating popula-
tions in the interspecific Gh x Gb population, yield traits
have not been extensively studied. The relatively few and
delocalized yield trait QTL makes it difficult to speculate
if linkages exist between possible aggregates of yield and
fiber quality QTL.

In this study, regions of the genome containing more
QTL hotspot clusters pertaining to yield, fiber quality,
and disease resistance were identified. These regions can
be used in MAS to increase genetic gains when working
with intraspecific or interspecific populations. In the Gh
population, c24 had the most prominent hotspot cluster car-
rying yield (LP) and fiber quality (FL, FE, and FS) QTL
hotspots between markers CIR026 (0 cM) and NAU2407b
(19.57 cM). Chromosome c7 carried a yield (SI and LP)
and fiber quality (FL and FS) QTL hotspot cluster between
the flanking markers EIM7_80 (0 cM) and CGO5a
(22.31 cM). A hotspot cluster was identified on c14 carry-
ing fiber quality (FE, FL, and micronaire) and morphologi-
cal (PH) QTL hotspots between markers CIR246 (0 cM)
and G1012 (20.20 cM). On chromosome c16 the region
between ESM4_480 (0 cM) and pARS544 (23.97 cM) rep-
resents a hotspot cluster carrying yield (LP), fiber quality
(FS), and resistance (VW) QTL hotspots. In the Gh x Gb
population, QTL were much less localized and QTL hot-
spots were less frequent and did not contain yield, fiber
quality, and resistance hotspots together within a region
that could be used in MAS breeding programs. The larg-
est QTL hotspot in this population was on cl5 between
markers E7TM5_121 (20.56 cM) and EIM1_174 (44.36)
which carried FE, LM, and micronaire hotspots. The
fairly even distribution of QTL in the Gh x Gb population
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makes it less ideal for MAS programs when compared to
Gh as the population has large aggregates of various hot-
spot trait types to select from. The hotspot cluster regions
with anchoring markers mentioned from the Gh population
above are ideal for introgression into populations which
lack those QTL.

This study provides a useful resource for breeders and
geneticists to select chromosomal regions of their inter-
est for further studies. For example, a breeder can choose
some of the chromosomal regions with QTL hotspots for
fiber length and select markers in the regions for a MAS
scheme. A geneticist can further define these regions and
identify putative genes for a further analysis. To facilitate
the selection process and to allow addition of more QTL
studies to the current meta-analysis, an open database from
this study will be established and shared with the cotton
research community.
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