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Abstract Seventeen backcross-self families from crosses
between two Gossypium hirsutum recurrent parent lines
(CA3084, CA3093) and G. tomentosum were used to iden-
tify quantitative trait loci (QTLs) controlling fiber quality
traits. A total of 28 QTLs for fiber quality traits were identi-
fied (P <0.001), including four for fiber elongation, eight
for fiber fineness, four for fiber length, four for fiber
strength, six for fiber uniformity, one for boll weight, and
one for boll number. Three statistically significant marker—
trait associations for lint yield were found in a single envi-
ronment, but need further validation. Two-way analysis of
variance revealed one locus with significant genotype X
family interaction (P <0.001) for fiber strength and a
second locus with significant genotype x environment
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interaction (P < 0.001) in the CA3084 background, and two
loci with significant genotype x background interaction
(P <0.001) for the 28 common markers segregating in both
of the two recurrent backgrounds. Co-location of many
QTLs for fiber quality traits partially explained correlations
among these traits. Some G. tomentosum alleles were
associated with multiple favorable effects, offering the
possibility of rapid genetic gain by introgression. Many
G. tomentosum alleles were recalcitrant to homozygosity,
suggesting that they might be most effectively deployed in
hybrid cottons. DNA markers linked to G. fomentosum
QTLs identified in the present study promise to assist
breeders in transferring and maintaining valuable traits
from this exotic source during Upland cotton cultivar
development. This study also adds further evidence to prior
studies indicating that the majority of genetic variation
associated with fiber quality in tetraploid cotton traces to
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the D-subgenome from a diploid ancestor that does not pro-
duce spinnable fiber.

Introduction

Cotton is the world’s leading natural fiber crop and is an
important oil and protein crop (Cherry and Leffler 1984;
Lusas and Jividen 1987; Alford etal. 1996; Chen et al.
2007). The cotton genus (Gossypium) comprises approxi-
mately 50 species, including 45 diploids and 5 allotetrap-
loids (Fryxell 1979; Fryxell etal. 1992; Percival et al.
1999). The allotetraploid species arose about 1-2 million
years ago through the hybridization of an A-genome taxon
related to the species G. herbaceum L. (2n = 2x = 26), with
a D-genome taxon related to the species G. raimondii Ulb-
rich and G. gossypioides L. (2n = 2x =26) (Beasley 1940,
1942; Wendel etal. 1992). The °‘AD’ allotetraploid
(2n = 2x = 52) group consists of the species G. barbadense,
G. darwinii Watt, G. hirsutum, G. tomentosum Nuttall, and
G. mustelinum Miers ex Watt (Percival et al. 1999).

Four Gossypium species are cultivated, including dip-
loids G. arboreum L. and G. herbaceum L., and tetraploids,
G. hirsutum L. and G. barbadense L. ‘Upland’ cotton
(G. hirsutum L.) accounts for about 95% of the world’s
total production (Chen etal. 2007). However, genetic
diversity among modern Upland cotton cultivars is narrow,
as revealed by isozyme analysis (Wendel et al. 1992) and
various DNA markers including RFLP (Brubaker et al.
1993; Brubaker and Wendel 1994), RAPD (Multani and
Lyon 1995; Guo etal. 1997; Igbal etal. 1997; Xu et al.
2001; Linos et al. 2002; Lu and Myers 2002; Zhu et al.
2003), AFLP (Abdalla et al. 2001; Igbal et al. 2001), and
SSR (Zhu et al. 2003; Rungis et al. 2005; Lacape et al.
2007). Increasing Upland cotton diversity is essential for
genetic improvement. Extensive genetic variation is avail-
able among members of the genus Gossypium (Percival and
Kohel 1990; Khan et al. 2000; Lacape et al. 2007), and
efforts to increase the genetic base of G. hirsutum can draw
upon a host of cultivated varieties, as well as primitive
domesticated landraces and the other allotetraploid species.

Interspecific germplasm introgression can increase
genetic variation (Percy and Wendel 1990) and has been
attempted in transferring specific cotton genes and useful
traits including high fiber quality (Culp et al. 1979; Cantrell
and Davis 1993) and low-gossypol seeds with high-gossy-
pol plants (Vroh Bi et al. 1998, 1999a, 1999b). However,
interspecific introgression often encounters problems such
as segregation distortion (Jiang et al. 2000), suppression of
recombination (Paterson etal. 1990), and linkage drag
(Young and Tanksley 1989), and the use of interspecific
germplasm has been limited in the breeding of G. hirsutum
and G. barbadense.
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DNA markers provide a useful tool for detecting and
resolving complications such as segregation distortion or
linkage drag encountered in interspecific gene introgression
(Chee et al. 2005a). In particular, the advanced backcross
approach facilitates the detection and integration of benefi-
cial quantitative trait loci (QTL) from secondary gene pools
into elite breeding lines (Tanksley and Nelson 1996). By
using this approach, favorable alleles for agronomically
important traits have been introgressed from G. barbadense
into G. hirsutum (Chee et al. 2005a, b; Draye et al. 2005;
Lacape et al. 2005; Saha et al. 2004, 2006).

The objectives of the present study were to (1) identify
and characterize QTLs for fiber quality traits using
advanced backcross self-populations segregating for
G. tomentosum introgressed chromatin segments, (2) ana-
lyze the interaction between G. tomentosum introgressed
chromatin segments and genetic background, and (3) ana-
lyze the interaction between G. fomentosum introgressed
chromatin segments and the environment.

Materials and methods
Population development and phenotyping

An F, population from a cross between G. hirsutum acc.
TMS-22 and G. tomentosum acc. WT936 was used to
develop the advanced backcross population. About 200 F,
seeds were grown in Lubbock (TX) in 1998, and only about
20 plants flowered. Eleven F, plants were crossed success-
fully to G. hirsutum cultivar CA3084, and another six F,
plants were crossed successfully to G. hirsutum cultivar
CA3093. From 1999 to 2001, the 17 F,BC, families were
backcrossed to CA3084 or CA3093, respectively, obtaining
17 BC5F, families. Seeds of all BC;F, families were
planted in peat pellets and germinated in the greenhouse,
and seedlings were hand-planted in the field (Lubbock, TX)
during early April of 2002. Plants were spaced 30 cm apart
within rows and rows were 152 cm apart. A total of 634
BC;F, plants from two background populations were used
to extract DNA and also were self-pollinated to produce
BC;F; populations in 2002. Eleven BC;F, families in the
CA3084 background included 319 plants ranging from 2 to
94 plants per BC;F-derived family, and six BC;F, families
in the CA3093 background included 315 plants ranging
from 16 to 93 lines per BC;F,-derived family. In 2003, the
BC;F; populations were grown in the field in Lubbock
(TX) and Tifton (GA), respectively. Except for spacing
(which was as described for the BC;F, plants), cultural
practices were normal for cotton production in Texas and
Georgia. Seed cotton from mature bolls of BC;F, and
BC,F; plants were hand-harvested and ginned on a saw gin.
Some plants were sterile or produced insufficient lint for



Theor Appl Genet (2011) 123:1075-1088

1077

fiber analysis. Fiber samples from 218 progenies in the
CA3084 background (ranging from 1 to 75 plants per fam-
ily), and 243 progenies in the CA3093 background (16-73
plants per family) were sent to the Cotton Incorporated
Textile Services Laboratory (Cotton Incorporated, Cary,
NC) where fiber quality traits were determined by a High-
Volume Precision Instrument (HVI; Zellweger-Uster,
Knoxville, Tenn.). Lint percentage and lint yield of BC;F;
populations were only determined in Tifton (GA) in 2003.

Genotyping and data analysis

The genome composition of the introgression populations
was obtained by genotyping BC;F, plants with 448 RFLP
markers from a previously constructed genetic map
(TH map) containing 589 loci and covering 4,259.4 ctM
(Waghmare et al. 2005). A total of 97 and 62 informative
RFLP markers were identified and genotyped for CA3084
and CA3093 background populations, respectively.

Associations between marker genotypes and fiber qual-
ity and/or yield traits were tested for statistical significance
by one-way variance analyses for each marker locus segre-
gating in the BC;F,/BC;F; populations, using the GLM
procedure of SAS 9.2 (SAS Institute Inc. 2008) and an
F test significance threshold of P < 0.001. The R? of each
variance analysis provided an estimate of the proportion of
phenotypic variance explained by the corresponding
marker locus. For significant marker—trait associations, the
phenotypic effect of individual QTLs was estimated by
MapQTL 6.0 (Van Ooijen 2009). The extreme paucity of
homozygotes made it impossible to estimate gene action
(additivity and dominance) at most loci, so the analysis of
QTL effects in this population was essentially limited to
estimating phenotypic effects of a single allele substitution.
The QTL map was presented by MapChart 2.2 (Voorrips
2006). QTL nomenclature follows a method used in rice
(McCouch et al. 1997), starting with ‘q’, followed by an
abbreviation of the trait name [fiber elongation (FE), fiber
fineness (FF) (Micronaire), fiber length (FL), fiber strength
(FS), fiber length uniformity (FU), boll weight (BW), 25
boll numbers (BN), lint percent (LP), Lint yield (LY)] and
the name of chromosome, then followed by a number.
While most cotton fiber traits have intuitive definitions, we
note that ‘fiber elongation’ refers to the maximum exten-
sion at which the yarn (composed of individual fibers)
breaks.

For loci segregating in two or more families of one back-
ground, or in both backgrounds, two-way mixed model
variance analyses were performed using the MIXED
procedure of SAS 9.2 (SAS Institute Inc. 2008). The ana-
lytical model included genotype (G), family (F)and
genotype x family (G x F) interaction, or background
(B) and genotype x background (G x B) interaction as

fixed factors. The interaction between genotype (G) and
environment (E) was also analyzed by the MIXED proce-
dure. Model parameters were estimated using the residual
maximum likelihood (REML) method. Marker—trait associ-
ation (genotype factor) was tested with an F statistic using
a general Satterthwaite approximation for the denominator
degrees of freedom (SAS Institute Inc. 2008). A likelihood-
ratio statistic (ChiSq) was performed for the G x F, G x B
and G x E interaction (Self and Liang 1987). Genotypic
effects and interaction effects were considered significant if
P <0.001. This stringent threshold, similar to an LOD
score of 3.0, is used to achieve an experiment-wise false
positive rate no higher than 0.05.

Results
Population structure

Out of 448 informative RFLP markers in the TH genetic
map, 129 showed segregation in at least one of the two
background populations. Among these markers, 97 (aver-
age 8.8 per family) segregated among 11 BC;F, families in
the CA3084 background population, whereas 62 (average
10.3 per family) segregated among six BC;F, families in
the CA3093 background population. The 17 BC;F, families
included 461 BC,F, individuals with phenotypic data (218
for CA3084 background, 243 for CA3093) ranging from 1
to 75 plants per family. The average allele introgression
ratio is 4.32% (4.49% in CA3084, 4.06% in CA3093),
much lower than the Mendelian expectation (12.5%). The
introgressed chromosome segments covered a total of
1,010.0 cM (719.7 ¢cM in CA3084, 546.3 cM in CA3093,
256 cM overlapping) and accounted for 23.7% (16.9% in
CA3084, 12.8% in CA3093) of the TH genetic map. The
total length of introgressed G. fomentosum segments per
chromosome ranged from 7.9 cM (Chr. 2) to 131.6 cM
(Chr. 19) with an average of 47.8 cM. A total of 28 overlap-
ping introgressions were found in the two backgrounds.

Phenotypic performance

The statistical parameters reflecting fiber quality and yield
traits are listed in Suppl Table sl and the distributions of
traits are presented in Fig. 1. The fiber quality and yield
traits are normally distributed except for lint percentage of
the CA3093 population and lint yield of both populations.
For fiber length, fiber length uniformity, fiber strength
and lint yield, trait means of the CA3084 background
population were substantially and significantly higher
(P <0.0001) than those of the CA3093 background popula-
tion, except that the higher fiber length uniformity of the
CA3084 BC;F; population in one location (Tifton, GA)
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Fig. 1 Frequency distribution of fiber quality and yield traits in the BC;F,/BC;F; populations. Plain, hashed and empty bars indicate BC;F, at
Lubbock (TX), BC5F; at Lubbock (TX), and BC;F; at Tifton (GA), respectively

was not statistically significant. Fiber fineness (Micronaire)
is significantly lower for the CA3084 background popula-
tion than the CA3093 population, another desirable attri-
bute of CA3084. However, for fiber elongation and lint
percentage, the trait means of the CA3093 background
population are substantially and significantly higher
(P <0.0001) than those of the CA3084 population, except
that the advantage of CA3093 for fiber elongation of the
BC;F; in one location (Tifton, GA) only reaches P < 0.005.

Analyses of variance of fiber quality traits are presented
in Table 1. Fiber quality traits showed highly significant

@ Springer

genetic and environment effects (P < 0.0001), except that
fiber uniformity of the CA3093 background population had
a less significant genetic effect (P < 0.001) and non-signifi-
cant environment effect. Among the five fiber quality traits,
fiber elongation is the most affected by environment. For
example, the minimum value in the CA3084 BC;F; back-
ground population in one environment (Tifton, GA) is
larger than the maximum in the other environment
(Lubbock, TX) (Table s1; Fig. 1).

Correlations among the five fiber quality traits generally
followed patterns that are characteristic of cotton germplasm
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Fig. 1 continued
Table 1 Variance analysis of fiber quality and yield traits in two background populations
Trait Source of variation DF MS F
CA3084 CA3093 CA3084 CA3093 CA3084 CA3093
Elongation Genotype 217 242 0.5796 1.1555 6.18%* 65.25%%*
Environment 2 2 892.2597 219.9906 9,518.33%:* 12,422.6%%*
Error 402 301 0.09374 0.01771
Fineness (Micronaire) Genotype 217 242 0.2087 0.3514 3.5%%* 4.49%%*
Environment 2 2 3.8854 11.6916 65.12%%* 149.43%**
Error 402 301 0.0597 0.0782
Length Genotype 217 242 0.0062 0.0051 6.02%* 3.73%*
Environment 2 2 0.2335 0.0536 227.82%* 39.12%%*
Error 402 301 0.001 0.0014
Strength Genotype 217 242 6.8041 5.979 2.57%%* 3.23%%*
Environment 2 2 1,464.724 273.4485 552.75%* 147.93%*
Error 402 301 2.6499 1.8485
Uniformity Genotype 217 242 1.7764 1.3682 2.21%* 1.54%
Environment 2 2 145.1317 2.2468 180.38** 2.53
Error 402 301 0.8046 0.8884

* and ** represent significance with P values of 0.01 and 0.001, respectively

(Table 2). Fiber length, strength, and uniformity are signifi-
cantly positively related to one another and significantly
negatively related to fiber fineness (where lower values rep-
resent higher quality) and elongation. High lint percentage
was weakly associated (r=0.18, p < 0.01) with increased
(undesirable) micronaire in CA3084, and strongly associ-
ated (r=—0.63, p<0.001) with reduced fiber length in

CA3093. Boll weight was strongly associated with reduced
lint yield in both CA3084 and CA3093. High lint yield was
weakly associated with both increased fiber length
(r=0.23, p <0.001) and increased lint percentage (» = 0.20,
p <0.01) in CA3084.

Correlations of fiber quality and yield traits across years
and environments are generally high (Table 3), with only
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Table 2 Correlation coefficients between different fiber quality and yield traits

Trait Environment Elongation Micronaire Length Strength Uniformity Boll weight Lint percentage
Fiber fineness BC3F2 (TX) 0.13/0.18*
(Micronaire) - pC3p3 (GA) 0.16/0.47+%
BC3F3 (TX) 0.16/0.10
Fiber length BC3F2 (TX) —0.49%*/—0.52%%* —0.37*%%/—0.61%%*
BC3F3 (GA) —0.36%*%/—0.48%* —0.21%/—0.38%*
BC3F3 (TX) —0.37#%*/—0.38** —0.46*%/—0.69**
Fiber strength BC3F2 (TX) —0.19%/-0.26%*  —0.06/—0.03 0.26%%/0.23%%*
BC3F3 (GA) 0.23%%/0.34* —0.16/0.20 0.18%/0.15
BC3F3 (TX) —-0.27*%*%/-0.25*%* —0.17/-0.13 0.21%/0.38%%*
Fiber uniformity BC3F2 (TX) —0.01/—0.08 —0.03/0.21* 0.38%%/0.20* 0.55%%/0.49%%*
BC3F3 (GA) 0.33%%/0.34* 0.06/0.23 0.21*%/—0.13 0.22%/0.18
BC3F3 (TX) 0.11/0.07 —0.10/0.25%* 0.30%%/0.08 0.32%%/0.34%%*
Boll weight BC3F3 (GA) —0.06/0.27* 0.29%%/0.23 0.28%%/0.07 0.01/0.21 0.06/0.30%*
Lint percentage BC3F3 (GA) 0.04/0.26 0.18%/0.23 —0.07/-0.63** —0.06/—0.21 —0.12/0.01 0.21*/—-0.03
Lint yield BC3F3 (GA) 0.05/0.14 —0.01/0.14 0.23%%/0.12 —0.11/0.14 0.08/0.23  0.34**/0.46** 0.20%*/—0.15

The numerical value on the left of the slash is for CA3084 background and on the right is for CA3093 background
BC;F, (TX), BC;F; (TX) and BC;F; (TX) indicate BC;F, at Lubbock (TX), BC;F; at Lubbock (TX), and BC;F; at Tifton (GA), respectively

* and ** represent significance with P values of 0.01 and 0.001, respectively

Table 3 Correlation coefficients of fiber quality traits across years and
environments

Trait BC,F, (TX) BC,F, (TX) BC,F4(TX)

versus versus versus

BC,F, (TX) BC,F, (GA) BC,F, (GA)
Elongation  0.62%%/0.67%%  0.47+%037%%  0.53%%/0.41%*
Length 0.66%#/0.60%%  0.57%%/0.61%%  0.69%%/0.38%*
Micronaire  0.47#%/0.52%%  0.40%%/0.38%*  0.52%%/0.34*
Strength 0.40%%/0.28%%  0.27+%/0.46%%  0.38%%/0.35%
Uniformity ~ 0.36*%/0.24**  0.17/0.24 0.30%%/0.13

The numerical value on the left of the slash is for the CA3084 back-
ground and on the right is for CA3093 background

BC;F, (TX), BC;F; (TX) and BC4F; (TX) indicate BC;F, at Lubbock
(TX), BC4F; at Lubbock (TX), and BC;F; at Tifton (GA), respectively

* and ** represent significance at P values of 0.01 and 0.001, respec-
tively

fiber length uniformity failing to be statistically significant
between virtually all years and backgrounds. This result
showed that fiber quality traits had relatively high heritabil-
ity, except for fiber length uniformity.

Main-effect QTL

A total of 3,180 marker—trait associations (1,940 in the
CA3084 background population, 1,240 in CA3093) were
tested, and 73 reached statistical significance. These
marker—trait associations are presented in a supplemental
document (Suppl Table s2). Thirty-one significant marker—
trait associations were on 11 A-genome chromosomes and
42 were on 11 D-genome chromosomes.
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However, segregation distortion was extreme in this
population, with some loci containing only one G. tomento-
sum allele in the entire population. While it is possible to
statistically exclude the phenotype of one individual from
being part of the same population as the remaining segre-
gants (and all such statistically significant comparisons are
shown in Suppl Table s2), it is not possible to ascribe a phe-
notypic effect to the unusual allele because a single individ-
ual is clearly insufficient to provide a sample that is
‘homogenized’ for the remainder of the genome. For exam-
ple, we found statistically significant associations of fiber
elongation with pGH276 on Chr. 6, and pAR873 on Chr. 9
that were due to the presence of G. tomentosum alleles at
these two loci in the same individual. Further data would be
necessary to distinguish which of these loci, or perhaps oth-
ers, are responsible for the phenotypic difference. Among
those codominant loci that remain heterozygous in BC;F,
heterozygotes occurred at an average frequency of 28.9%
whereas G. fomentosum homozygotes occurred at 1.8% in
BC;F,—in other words, only about one individual in three
harbor at least one G. tomentosum allele at a locus that
remains heterozygous in the BC;F,. To be 99% confident
that individuals that all share one or more G. tomentosum
alleles at one locus do not also all share G. tomentosum
alleles at another unlinked locus, about 15 individuals must
be examined. Accordingly, while we have listed all statisti-
cally significant marker—trait associations in the supple-
mental document (Suppl Table sl), we have only
considered those cases in which the smaller genotypic class
included at least 15 individuals as representing QTLs
(Table 4).
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Table 4 QTL for fiber-related traits in G. fomentosum chromosome introgressed populations

QTL Chromosome Nearest marker HH:HT:TT Background Environment CA3084 background  CA3093 background g x b
or HH:HT
or (T-) Effect PVE% Effect PVE%

Fiber elongation (%)

qFE11.1 11 pBAM422yE3C 207:15 CA3093 BC;F, (TX) —0.66%* 6.7
qFE14.1 14 PARSI5E3C 199:23 CA3084, CA3093 BGC;F, (TX) —0.64%* 9.0
206:32 CA3084, CA3093 BGC;F; (TX) —0.53* 4.5
gFE19.1 19 PAR847xE3R 174:(43) CA3084 BGC;F; (TX)  —0.27** 8.9
174:42 CA3084 BC;F; (GA) —0.14* 5.6
qFE21.1 21 G1261aE3C 204:15 CA3093 BGC;F, (TX) —0.72%%* 7.8
215:20 CA3093 BC;F; (TX) —0.72%* 5.7
Fiber fineness (micronaire)
qFF04.1 04 PAR3-46yE3C  199:16 CA3084 BC;F; (GA) 0.31* 6.3
qFF05.1 05 pARI1-28E3C 195:20 CA3084, CA3093 BC;F; (GA) 0.32%%* 8.1
qFF07.1 07 G1158bESC 212:17 CA3093 BC;F; (TX) 0.40%* 6.0
qFF13.1 13 A1135yE3R 208:(26) CA3093 BC;F; (TX) 0.18* 5.0
qFF14.1 14 PARSI5E3C 206:32 CA3084, CA3093 BC;F; (TX) 0.42%* 11.9 ok
gqFF15.1 15 PAR264E5C 208:22 CA3093 BC;F; (TX) 0.41%* 8.1
qFF19.1 19 PAR282E3R 163:(53) CA3084 BC;F; (TX)  —0.11%* 5.5
qFF21.1 21 G1261aE3C 215:20 CA3093 BC;F; (TX) 0.33* 5.1
Fiber length (inches)
qFLO4.1 04 PAR3-46yE3C  201:16 CA3084 BC;F; (TX) 0.04%* 6.3
199:16 CA3084 BC;F; (GA) 0.05%* 6.5
qFL08.1 08 A1401zE5C 179:19 CA3084 BC;F; (GA) 0.05%* 7.0
qFL08.2 08 PAR3-7E4C 179:19 CA3084 BC,F; (GA) 0.05%* 7.0
gFL15.1 15 pGH317zE4R 192:(22) CA3084 BC;F; (GA) 0.03** 8.3
Fiber strength (cN/tex)
qFS02.1 02 PAR316E4C 153:82:1 CA3093 BC;F; (TX) —1.13%* 12.9
54:27 CA3093 BC;F; (GA) —1.08* 13.1
gFS15.1e 15 A1720xE4R 104:(73) CA3084 BG;F, (TX) —0.89** 8.3
gFS16.1 16 PAR285yE3C 191:49 CA3093 BC;F; (TX) 0.89* 4.7
gFS22.1 22 PAR949xE4C 145:50:4 CA3084 BC;F; (GA)  —0.75% 6.1
Fiber uniformity (%)
qFU14.1 14 PARSI5E3C 206:32 CA3093 BC;F; (TX) 0.63* 54 ok
qgFU15.1 15 A1720xE4R 104:(73) CA3084 BC;F, (TX) —0.42% 8.3
qFU152 15 PAR264E5C 208:22 CA3093 BC;F; (TX) 0.76* 5.9
qFU20.1 20 PARIS6ES5C 154:52 CA3084 BC;F; (TX) —0.61* 6.5
qFU22.1 22 PAR949xE4C 145:50:4 CA3084 BC;F; (GA) —0.47% 6.6
qFU26.1 26 pGH413E4C 143:20:11  CA3084 BC;F, (TX) —0.53* 5.7
Boll number (25 bolls)
gBN21.1 21 PAR944E3C 199:34:5 CA3093 BC;F; (GA) * 6.2
Boll weight (g)
qBWO04.1 04 pAR3-46yE3C  200:16 CA3084 BC;F; (GA) 0.87%* 9.9
Lint yield (Ib)
15 pGH317zE4R 192:(22) CA3084 BC;F; (GA) 0.23* 52
20 PARIS6ESC 154:55 CA3084 BC;F; (GA) —0.25% 54
22 PAR949xE4C 145:50:4 CA3084 BC;F;(GA) —0.28* 8.9

BC;F, (TX), BC;3F; (TX) and BC5F; (TX) indicate BC5F, at Lubbock (TX), BC5F; at Lubbock (TX), and BC5F; at Tifton (GA), respectively
PVE phenotypic variance explained

F and E indicate significant interaction (P < 0.001) for genotype x family lines and genotype x environment, respectively

+ indicates that the G. hirsutum allele increases the trait value, and — indicates that the G. tomentosum allele increases the trait value

* and ** represent significance with P values of 0.001 and 0.0001, respectively
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Fiber elongation

Four QTLs were identified, including one in the CA3084
background population and three in CA3093 (Table 4;
Fig. 2). Two of the four QTLs were identified in each of
2 years, and one in each of two locations. The phenotypic
effects of these QTLs ranged from —0.72 to —0.14,
explaining from 4.5 to 8.9% of phenotypic variance.
The favorable alleles of all four QTLs originated from
G. tomentosum. One QTL was located on an A-subgenome
chromosome (11) and three on D-subgenome chromosomes
(14,19, 21).

Fiber fineness

Eight QTLs were identified in the BC;F; generation (none in
BC;F,), two in GA and six in TX, including three in CA3084
background and five in CA3093 (Table 4; Fig. 2). The phe-
notypic effects of these QTLs ranged from —0.11 to 0.42
micronaire units, explaining from 5.1 to 11.9% of phenotypic
variance. The favorable alleles of seven QTLs (87.5%)
originated from G. tomentosum and one (12.5%) from
G. hirsutum. Four QTLs were located on A-subgenome chro-
mosomes and four on D-subgenome chromosomes.

Fiber length

Four QTLs were identified on three chromosomes in the
CA3084 background (Table 4; Fig.2). The phenotypic
effects of these QTLs ranged from 0.03 to 0.05 inches,
explaining from 6.3 to 8.3% of phenotypic variance. One
QTL (FLO04.1) was identified in two environments. The
favorable alleles of all four QTLs originated from G. hirsu-
tum. Three QTLs were located on A-subgenome chromo-
somes and one on a D-subgenome chromosome.

Fiber strength

Four QTLs were identified, including two in the CA3084
background and two in CA3093 (Table 4; Fig.2). One
(qFS02.1) was identified in two environments. The pheno-
typic effects of these QTLs ranged from —1.13 to 0.89 cN/tex,
explaining from 4.7 to 13.1% of phenotypic variance. The
favorable alleles of three QTLs originated from G. tomento-
sum and one from G. hirsutum. One QTL was located on an
A-subgenome chromosome and three QTLs were on D-sub-
genome chromosomes. One additional QTL, gFS05.1 shows
no main effect but significant interaction between family lines.

Fiber uniformity

Six QTLs were identified on five chromosomes, includ-
ing four in CA3084 background population and two in
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CA3093 (Table 4; Fig. 2). Each QTL was detected in
only one environment. The phenotypic effects of these
QTLs ranged from —0.61 to +0.76, explaining from 5.4
to 8.3% of phenotypic variance. The favorable alleles of
four QTLs originated from G. fomentosum and two from
G. hirsutum. All QTLs were located on D-subgenome
chromosomes.

Boll number

One QTL was identified on Chr. 21 of the D-subgenome
in the CA3093 background (Table 4; Fig.2) in the
BC;F; generation only. This QTL explained 6.2% of
phenotypic variance. The favorable allele originated
from G. hirsutum.

Weight per boll

One QTL was identified on Chr. 4 of the A-subgenome in
the CA3084 background (Table 4; Fig. 2). The phenotypic
effect was 0.87, explaining 9.9% of phenotypic variance.
The favorable allele originated from G. hirsutum.

Lint yield

Three statistically significant marker—trait associations
were identified on three D-genome chromosomes in
CA3084 background population (Table 4; Fig. 2). The phe-
notypic effects of the QTLs ranged from —0.28 to 0.23,
explaining from 5.2 to 8.9% of phenotypic variance. The
favorable alleles at two loci originated from G. fomentosum
and one from G. hirsutum. Because lint yield is a complex
trait of low heritability and we have data from only a single
environment (GA BC;F;), we have not formally claimed
these associations to be QTLs, but note them here to facili-
tate future meta-analyses that may provide corroborative
data.

Interaction between genotype and background

Only one genotype x family interaction was found for the
39 markers segregating in two or more family lines in the
CA3084 background population, whereas no genotype x
family interaction was found for the 25 markers segregating
in two or more family lines in the CA3093 background
population. However, for the significant genotype x family
interaction locus, FS05.1, the QTL main effect, was not sig-
nificant. For the 28 markers segregating in both CA3084
and CA3093 background populations, seven significant
genotype x background interactions were found but only
two, qFF14.1 and qFU14.1, each diagnosed by the same
RFLP marker (pAR815E3C) (Table 4), showed significant
main effects.
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Fig. 2 QTLs for fiber quality and yield traits identified in G. fomentosum introgression Upland cotton populations. Red, green, and black bars
indicate the G. tomentosum chromosome segments in CA3084, CA3093, and both CA3084 and CA3093 background populations, respectively
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Fig. 2 continued

Interaction between genotype and environment

For the five fiber quality traits, a total of 97 marker—envi-
ronment associations were tested in the CA3084 back-
ground population, and only one genotype x environment
interaction was found, involving qFS15.1 (Table 4). No
interaction was found among the 62 marker—environment
combinations in the CA3093 background population.

Discussion

Favorable QTL alleles from G. fomentosum, a wild cotton
Among the QTLs identified, favorable alleles originated
from G. tomentosum for 18 (64.3%) and G. hirsutum for

10 (35.7%). G. hirsutum contributed all four favorable
alleles for fiber length (all in the CA3084 background),
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and G. tomentosum contributed most favorable alleles for
fiber elongation and fiber fineness. This result is consis-
tent with the finding that favorable QTL alleles may
be recovered from an apparently unfavorable parent
(Tanksley and Nelson 1996; Xiao et al. 1996), of particu-
lar importance to cotton in view of the series of genetic
bottlenecks that have constrained variation in its present
gene pool.

It may be noteworthy that the traits, for which
G. tomentosum contributed the preponderance of favor-
able alleles, fiber fineness and elongation, have a rela-
tively short history of selection in scientific cotton
breeding. Differences between the CA3084 and 3093
backgrounds show that there is heterogeneity for favor-
able traits in the G. hirsutum gene pool. For traits that
have been under selection in G. hirsutum for a long time,
repeatedly crossing the best with the best would ‘concen-
trate’ favorable alleles. The cases in which G. romento-
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sum conferred most of the favorable alleles may suggest
that (for reasons we do not understand) the favorable
alleles for those traits are at higher frequency in
G. tomentosum than G. hirsutum. So, it may be more
likely that traits for which G. tomentosum had many
favorable alleles are those that had not been under long
or strong selection in G. hirsutum.

Relatively more QTLs for fiber fineness (Micronaire)
than other traits were identified in the present study, similar
to an Upland cotton intraspecific population (Shappley
etal. 1998) and a G. hirsutum x G. barbadense BC,/BC,
population (Lacape et al. 2005), but different from another
G. barbadense introgression population which showed
more QTLs for fiber length (Chee et al. 2005b). Rong et al.
(2007) summarized fiber quality QTLs from ten
(G. hirsutum x G. barbadense) populations and found
more QTLs for fiber fineness than any other trait, although
fiber elongation and fiber length showed more QTLs than
the remaining traits.

Common QTLs shared by different populations

Among the 28 QTLs detected in the present study, eight
(28.6%) controlling fiber quality traits were also found in
the same chromosome regions (either associated with a
same RFLP marker or overlapped by common marker) in
previous studies with different populations (Paterson et al.
2003; Draye et al. 2005). These common QTLs included
seven (qFF05.1, qFF13.1, qFF14.1, qFL08.1, gqFL08.2,
qFS22.1 and qFU14.1) identified in G. hirsutum x G. bar-
badense F, populations (Paterson etal. 2003) and one
(qFF05.1) in a G. barbadense introgression BC;F, popula-
tion (Draye et al. 2005). These common QTLs explained
less than 10% of the phenotypic variance in the present
study, reiterating prior findings that the advanced-backcross
population may be particularly effective for mapping small-
effect QTLs that escape detection in other studies (Chee
et al. 2005a).

Relationships between QTLs for fiber quality traits

Previous studies showed that many QTLs controlling fiber
quality traits often co-located on some chromosomal
regions in allotetraploid cotton (Saranga etal. 2002;
Paterson et al. 2003; Chee et al. 2005b; Lacape et al. 2005;
Rong et al. 2007; Wan et al. 2007; Zhang et al. 2009). In
the present G. tomentosum introgression populations, QTLs
for fiber elongation corresponded with three QTLs for fiber
fineness (qQFE14.1 = gFF14.1, qFE19.2 = qFF19.1, qFE21.2 =
gFF21.1) and one for fiber length uniformity (qFE14.1 =
gFU14.1). QTLs for fiber fineness corresponded with one
QTL for fiber length (QFF04.1 = qFL04.1) and one for fiber
length uniformity (qFF14.1 = qFU14.1). QTLs for fiber

strength corresponded with two QTLs for fiber length
uniformity (qFS15.1 =qFU15.1, qFS22.1 = qFU22.1).
These co-locating QTLs were partially responsible for the
correlations among traits. For example, the two favorable
alleles of fiber strength and fiber length uniformity present
on the same two chromosomal regions contributed to the
significant positive relationship between fiber strength and
fiber length uniformity. Similar relationships were also
found among fiber length-related traits in a G. barbadense
introgression population (Chee et al. 2005b).

QTL interaction between genotype and background

In the present study, one G. tomentosum introgression
region on Chr. 5, which segregated among more than two
family lines in CA3084 background population, showed a
significant genotype x family interaction for fiber
strength, but the QTL main effect was not significant. Sim-
ilar interactions between QTL and genetic backgrounds
were observed in Upland cotton population with G. barba-
dense chromosome segments (Chee et al. 2005a, b; Draye
etal. 2005) and in other crops (Bernacchi etal. 1998;
Lecomte etal. 2004). A possible explanation for this
observation is that some chromosomal regions may harbor
linked alleles with opposite effects (Bernacchi et al. 1998).
When the linkages were broken in some of the BC;F, fam-
ilies, the QTLs may show either positive or negative
effects depending on which allele is present. Alternatively,
the effects of these QTLs may depend on the presence of
genetic loci from other donor chromosome segments
(Chee et al. 2005a). For the 28 common markers segregat-
ing in both CA3084 and CA3093 background population,
two significant genotype x background interactions were
identified. This result showed that the different G. hirsu-
tum cultivars carried different alleles for fiber quality and
yield traits, or different alleles at trans-acting loci influenc-
ing these QTLs.

QTL interaction between genotype and environment

The extent to which the performance of complex traits
varies among environments reflects the complexity of
genotype x environment interactions (Saranga et al.
2002; Paterson et al. 2003). In the present study, signifi-
cant environmental variances were found for all fiber
quality traits, and many significant environment effects
were identified in the two populations. Only one fiber
strength locus, on Chr. 15 in the CA3084 background
population, showed significant genotype X environment
interaction. This result showed that although many QTLs
controlling fiber quality traits had significant environment
effects, only a few QTLs had significant genotype x
environment interactions.
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QTL distribution across subgenomes

This study adds further evidence to prior studies, indicating
that the majority of genetic variation associated with fiber
quality in tetraploid cotton traces to the D-subgenome from
a diploid ancestor that does not produce spinnable fiber
(Jiang et al. 1998; Rong et al. 2007). Of the 28 QTLs, 18
(64.3%) claimed were on D-subgenome chromosomes,
albeit with individual traits varying in their distribution
from 100% (of six, fiber uniformity) D-subgenome to 100%
(of one, weight per boll) A-subgenome. Favorable alleles
from G. tomentosum were found for six of ten A-subge-
nome and 12 of 18 D-subgenome loci, suggesting that the
evolutionary forces resulting in these favorable alleles
apply similarly to the two subgenomes.

Synthesis

The present study showed that G. fomentosum contains
many favorable alleles for fiber quality traits, offering a
potentially important means to improve Upland cotton.
Especially attractive are some favorable alleles that are
linked together and might be co-introgressed. Although
barriers to gene introgression from other allotetraploid spe-
cies may exist (Stephens 1949; Jiang et al. 2000), the avail-
ability of DNA markers linked to QTLs identified in this
and other studies (Paterson et al. 2003; Chee et al. 2005a, b;
Draye et al. 2005; Lacape et al. 2005) may assist breeders
in transferring and maintaining these traits during Upland
cultivar development. Furthermore, because many QTLs
from interspecific introgression are in a near-isogenic state
in the advanced backcross population, the phenotypic effect
measured for each QTL is likely to be a better predictor of
its ultimate effect when transferred to other cultivated back-
grounds (Chee et al. 2005b). The present QTL mapping
offers an additional source of allelic variation to Upland
cotton germplasm.

The levels and patterns of segregation distortion in
these populations, briefly noted herein and further investi-
gated in a companion study (Waghmare et al., submitted),
have consequences for how G. fomentosum introgressions
might best be deployed in crop improvement. As noted
above, among those codominant loci that remain hetero-
zygous in BC;F,, in BC,F, heterozygotes occurred at an
average frequency of 28.9% whereas G. tomentosum
homozygotes occurred at 1.8%. This suggests that
G. tomentosum introgressions might be especially attrac-
tive for use in F; hybrid cottons, if genotypes homozy-
gous for the introgressions can be stabilized. The use of
F, hybrids often mitigates ‘linkage drag’ associated with
introgression, by virtue of the presence of adapted alleles
from one parent. Natural selection against G. tomentosum
introgressions, once they are allowed to segregate,

@ Springer

provides a strong incentive to use F, seed each year in that
the benefits of the introgressions will quickly be lost in F,
seed from the F, plants.
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