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Abstract Plant height is an important plant architec-
ture trait that determines the canopy structure, photo-
synthetic capacity and lodging resistance of upland
cotton populations. To understand the genetic basis of
plant height for marker-assisted breeding, quantitative
trait loci (QTL) analysis was conducted based on the
genetic map of recombinant inbred lines (RILs) derived
from the cross “CRI12 x J8891” (Gossypium hirsutum
L.). Three methods, including composite interval map-
ping, multiple interval mapping and multi-marker joint
analysis, were used to detect QTL across multiple
environments in the RILs and in the immortalized F,
population developed through intermating between
RILs. A total of 19 QTL with genetic main effects
and/or genetic x environment interaction effects were
identified on 15 chromosomes or linkage groups, each
explaining 5.8-14.3 % of the phenotypic variation. Five
digenic epistatic QTL pairs, mainly involving
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additive x additive and/or dominance x dominance,
were detected in different environments. Seven out of
eight interacting loci were main-effect QTL, suggesting
that these loci act as major genes as well as modifying
genes in the expression of plant height. The results
demonstrate that additive effects, dominance and epis-
tasis are all important for the genetic constitution of
plant height, with additive effects playing a more
important role in reducing plant height. QTL showing
stability across environments that were repeatedly
detected by different methods can be used in marker-
assisted breeding.
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Introduction

Plant height, which is associated with plant morpho-
genesis and lodging resistance, is an important agro-
nomic trait that has been used in plant architecture
breeding to achieve yield potential in crops. The
introduction of dwarfing genes into wheat and rice
successfully increased the harvest index, and thus
grain yield, during the “Green Revolution” (Evans
1993; Gale et al. 1985). Unraveling the genetic basis of
plant height has long been a target of plant research. In
recent years, with the development of molecular
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markers and mapping technology, quantitative trait
loci (QTL) affecting plant height have been identified
in cereal crops such as rice (Li et al. 2003, Zhang et al.
2006b), maize (Zhang et al. 2006¢c) and wheat (Cui
et al. 2011), as well as biomass crops such as
sugarcane (Ming et al. 2002). Some molecular mark-
ers closely linked to QTL have even been developed
for marker-assisted selection (Zhang et al. 2008), and
some of dwarfing genes have been characterized or
cloned (Ellis et al. 2005; Multani et al. 2003, Peng
et al. 1999).

Plant height is also an important trait in upland
cotton (Gossypium hirsutum L.), as this trait is closely
related to canopy size and the photosynthetic capacity
of the plant. Plant height primarily involves the
number and length of the mainstem nodes and is
determined by cell expansion during the growing
season. Since the mainstem must support the neces-
sary fruit branches and boll load by balancing
vegetative and reproductive growth, appropriate plant
height is essential for optimizing available sunlight
and achieving maximum yield within a planting
density. Although different growth environments and
planting patterns allow for varying levels of individual
plant height in cotton production (Zhang et al. 2006a;
Reta-Sanchez and Fowler 2002), the global trend for
machine picking makes shorter plants a better alter-
native, since taller plants are often associated with
excessive vegetative growth and later maturity and can
present harvesting difficulties (Percy et al. 2006). A
reduction in plant height is usually achieved by
frequently using plant growth regulators such as
mepiquat chloride to control excessive vegetative
growth (Siebert and Stewart 2006), which, if left
unchecked, can lead to undesirable fruit shed, boll rot
and subsequent yield reductions (Fowler and Ray
1977). However, successful breeding efforts in cereal
crops clearly suggest the feasibility of plant architec-
ture breeding to reduce plant height and to improve
yield and fiber quality in cotton (Evans 1993; Gale
et al. 1985).

Cotton plant height is inherited both qualitatively
and quantitatively. There are many genes associated
with plant height (Ellis et al. 2005). Several cotton
dwarf mutants have been identified (Wu et al. 2009a;
Harland 1918; Hutchinson and Ghose 1937), and some
phytohormone signaling pathway-related dwarfing
genes have been characterized (Liao et al. 2009;
Aleman et al. 2008; Yang et al. 2006; Wilkins and
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Arpat 2005). Traditional quantitative genetic studies
have revealed that plant height is also a complex trait,
with additive effects (Wu et al. 2009b), both additive
and dominant effects (Murtaza et al. 2006) and/or
epistasis (Kalsy and Garg 1988; Khan and Khan
1993). Over the past decade, an increasing number of
QTL for cotton plant height have been identified
(Shappley et al. 1998; Wang et al. 2006; Saeed et al.
2011; Adawy et al. 2008; Song and Zhang 2009; Qin
et al. 2009). However, the inconsistency of mapping
results from these studies reveals the complicated
multigenic characteristics of cotton plant height. In
addition, few studies have involved analyses of
digenic epistasis and QTL x environment (QF) inter-
action effects. Therefore, further studies employing
different mapping populations and improved genetic
maps are needed.

We previously identified QTL for plant architecture
traits using an RIL population of Xiangzamian 2
(XZM2) cotton (Wang et al. 2006). In the present
study, using an endensed genetic map mainly consist-
ing of SSR markers, the same RIL population and an
immortalized F, (IF,) population (Wang et al. 2007;
Liu et al. 2012, 2011) derived by random intercrosses
between the RILs were used to identify main-effect
QTL and epistatic QTL for cotton plant height. Results
from this study will help elucidate the genetic basis of
cotton plant height and provide useful markers for
future breeding programs.

Materials and methods
Plant materials

The intraspecific cotton (G. hirsutum L.) hybrid XZM?2
was developed from the cross “CRI12 x J8891” atthe
Hunan Cotton Research Institute, Changsha, China.
The average plant height (PH) of this hybrid is between
that of the parents. CRI12 is a pyramid-shaped cultivar
with longer sympodial branches and shorter internode
lengths, while J8891 is a column-shaped tall line with
shorter sympodial branches and longer internode
lengths. The parents used in this study were maintained
by continued self-pollination. CRI12 was crossed with
J8891 at Jiangpu Breeding Station, Nanjing Agricul-
tural University (JBS/NAU) in 1998. F, seeds were
produced by selfing in the following winter in Hainan
province. F,.3 seeds were produced in JBS/NAU in
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1999 by selfing F, plants derived from a single F; plant.
The development of the RIL population and the
subsequent IF, population is detailed in Liu et al.
(2012). Briefly, A RIL population of 180 RIL families
was constructed using a bulk-selfing technique. An IF,
population was made in 2003 in JBS/NAU by crossing
between RILs randomly selected by two rounds of
permutations. In each round of permutation, 180 RILs
were randomly divided into two groups, where the
lines were paired up at random, without replacement,
to provide parents for 90 crosses. IF, seeds were
reproduced in 2007 by the same crosses as used above
in JBS/NAU. The seeds produced from 180 crosses
were used in the subsequent field trials.

Field trials and linkage map construction

The parents, the F; population and 180 RILs were
planted in Guanyun (34.33°N, 119.25°E), Jiangsu
Province, China in 2003 and in JBS/NAU (32.04°N,
118.64°E) in 2007 in single-row plots. The parents, Fy,
and 171 IF,s were planted in JBS/NAU in 2004, 2005
and 2008 and in Linging (36.86°N, 115.70°E), Shan-
dong Province, China in 2008. The planting dates were
from late March to early April in different years and at
different locations. Seedlings up to 3—4 leaves were
transplanted from seedbeds to fields, with 20 plants per
row, at a plant-to-plant distance of 30 cm and a row-to-
row distance of 80 cm. A randomized complete block
design with two replications was used in all field trials.
Ten representative plants in the middle of each row were
tagged for measurement. The number of centimeters
from the cotyledon nodes to the top of the main stem of
each tagged plant was measured in September, roughly
2 months after topping. The mean values from the
tagged plants were used for analysis. The molecular
markers analyses and linkage maps construction were
performed as described in Liu et al. (2012).

Data analysis

The mean of individual measurement from two
replications in each environment was calculated. The
difference between the two parents was detected by
paired-samples t-tests. For QTL analysis, each site-
year was analyzed separately as an individual envi-
ronment. Further analysis was performed by combing
two sites in 1 year and by combing all site-years
within a population. Therefore, there were a total of

three environments for the RILs and six environments
for the IF, population. Main-effect QTL analysis was
conducted using Windows QTL Cartographer 2.5
(Basten et al. 2001) with the composite interval
mapping (CIM) procedure (Zeng 1994). The standard
model (Model 6), which takes forward stepwise
regression with backward elimination, was adopted
at a walk speed of 1 cM to search for QTL and to
identify cofactors. Empirical significant LOD thresh-
old values were estimated by 1,000 permutations
(Churchill and Doerge 1994). A QTL was declared
when the LOD score was greater than the threshold
value. QTL confidence intervals (90 and 95 %) were
set as map intervals corresponding to two and one
LOD decline on either side of the peak. The degree of
dominance of a QTL was estimated to be d/lal.

Main-effect QTL tagging in the IF, was also con-
ducted using multimarker joint analysis (MJA) (Zhang
and Xu 2005) and Windows QTL Cartographer 2.5
(Basten et al. 2001) with the multiple-interval mapping
(MIM) procedure, respectively. The gene action modes
were classified according to Stuber et al. (1987).

Digenic epistasis was evaluated using the MIM
method of QTL Cartographer 2.5 (Basten et al. 2001),
with the Bayesian information criteria (BIC-MO).
QTL by environment interactions were tested by SAS
v9.13 software (SAS Institute Inc., Cary, NC, USA)
using MJA programs, along with multiple imputation
techniques (100) (Liu et al. 2012). The penalized
maximum likelihood method proposed by Zhang and
Xu (2005) was used to estimate the parameters in the
mixed linear model, and a detection rate of 0.30 was
used to declare a significant QTL in MJA.

QTL nomenclature commonly used in rice was
adopted (McCouch et al. 1997). In this nomenclature,
the designation of a QTL begins with “g”, followed by
an abbreviation of the trait name, the chromosome or
linkage group and the serial number.

Results

Phenotypic variation in plant height of two
immortalized populations

For plant height (PH), the parent J8891 demonstrated
greater values than CRI12 in all environments exam-
ined, with significant differences between the two
parents (Table 1). The values of the XZM?2 (F,) plants
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Table 1 Performance of plant height in the RILs, IF,, XZM2 and the two parents

Population el® El E2 e2 E3 E4
RILs

Range 68.4-112.7 - - 68.7-118.5 - -

Mean £ SD 939 £ 6.8 - - 933+ 7.0 - -
IF,

Range - 84.7-118.9 89.4-129.3 - 75.0-111.7 109.2-143.6

Mean £+ SD - 102.0 £ 5.8 110.0 £ 7.7 - 919 £ 6.7 127.7 + 6.6
CRI12°

Mean £+ SD 879 £ 83 972 £ 3.7 1025 £ 1.0 877t 54 81.5+43 1155+ 94
J8891

Mean £+ SD 103.7 £ 6.5 118.1 £ 0.1 112.8 £ 32.2 112.0 £+ 10.8 103.5 £ 11.8 133.9 £ 2.7
XZM2

Mean £ SD 92.60 + 2.0 106.7 £+ 4.7 1147 £ 174 93.80 + 5.6 934 £ 5.1 123.2 £ 11.9

* Environments for RILs and IF, populations were indicated as ‘e’ and ‘E’ respectively: el, Guanyun 2003; e2, JBS/NAU 2007; E1,
JBS/NAU 2004; E2, JBS/NAU 2005; E3, JBS/NAU 2008; E4, Linging 2008. Same with following tables

® The difference of PH (cm) between parents CRI12 and J8891, detected by paired-samples ¢ test, was significant at P < 0.01

were slightly lower than the mid-parent values in all
environments, except for JBS/NAU 2005, in which the
values of the F; plants were similar to those of the
higher-valued parent J8891.

The mean values of RILs and IF, fell directly
between those of the parents, with transgressive
segregation in both directions. Some lines had even
greater values than the taller parent J8891. The
parents, F; and IF, had higher PHs in Linqing 2008
than in JBS/NAU 2004, 2005 and 2008, with PHs
slightly shorter in JBS/NAU 2008 than in JBS/NAU
2004 and 2005. PH was negatively correlated with
yield in the IF,; however, no significant correlation
between PH and yield was detected in the RILs (data
not shown). Trait values in the two populations fit
normal distributions in all environments, with both
skewness and kurtosis values less than 1.0. These
results suggest that PH is eligible for QTL mapping.

QTL detected in the RILs and IF,

The RIL-based linkage map illustrated in Liu et al.
(2012) was used to tag QTL for PH. A total of 19 QTL
with genetic main effects and/or genetic x environ-
ment interaction effects were identified on 15 chro-
mosomes or linkage groups by CIM, MIM and MJA in
the RILs and IF, populations; nine, seven and 14 were
detected by CIM, MIM and MIJA, respectively
(Tables 2, 3; Fig. 1).
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The partial dominant QTL gPH-D6-1 was detected
by CIM, MIM and MJA in multiple environments in
both the RILs and IF,, with LOD scores ranging from
3.13 to 8.50, which explained 6.86-20.04 % of the
phenotypic variation (PV). The allele from CRI12 was
responsible for a reduction in PH of 2.54 cm, and the
dominant effects of this QTL reduced PH by 0.96 cm.
The partial dominant QTL gPH-D8-2 was detected by
CIM, MIM and MIJA in the IF,, with LOD scores
ranging between 3.90 and 8.60, explaining
9.63-20.32 % of the PV. A favorable allele from
CRI12 reduced PH by 3.07 cm, and dominant effects
of the QTL decreased PH by 1.16 cm. The partial
dominant QTL gPH-D4-1 was identified by CIM in
the RILs in two environments and by MJA in the IF,,
explaining 6.10-13.72 % of the PV. A favorable allele
from short parent CRI12 decreased PH by 1.91 cm,
but the dominant effect of the QTL increased PH by
0.96 cm. Another partial dominant QTL, gPH-D11-1,
was detected by CIM and MJA in the IF,, explaining
8.30 and 10.92 % of the PV, respectively, and the
allele from CRI12 decreased PH by 2.54 cm, while the
dominant effect was responsible for a reduction in PH
of 0.71 cm. The additive QTL gPH-A5-1 was identi-
fied by CIM in the IF,, with a LOD score of 2.70,
explaining 6.56 % of the PV. The allele from J8891
could reduce PH by 2.90 cm. The partial dominant
QTL gPH-D9-2 was detected by MJA in the IF,, with
a LOD score of 3.77 and a detection rate of 0.55. The
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Table 2 QTL for plant height detected in the IF, and the RILs populations
QTL Chr.* Env. Position (cM)  Nearest LOD Rate A D R? (%) DAAF GA® Pop. Method
marker
qPH-D2-1 D2-1 E4 24.92 NAU4238  2.79 —0.36 4.02 8.57 11.15 OD IF, CIM
E3 11.23 NAU6106  5.58 —0.42 3.59 7.70 8.55 IF, MIM
qPH-D2-2 D2-1 CIR246 3.35 0.80 0.84 1.69 5.80 201 OD IF, MIJA
qPH-A4-1 A4 NAU1102  2.82 035 —1.83 0.43 9.30 023 PD IF, MIJA
qPH-D4-1 D4-1 e2 19.81 JESPR220  3.72 —2.62 13.72 PD RILs CIM
ec 17.82 JESPR220  3.26 —1.75 9.13 RILs CIM
NAUS5236  3.37 050 —1.35 0.96 6.10 0.71 IF, MIA
qPH-A5-1 AS5-1 E2 2.39 BNL3452 2.70 290 —0.46 6.56 —-0.16 A IF, CIM
qPH-A5-2 AS5-2 NAU4058  4.63 075 —-081 —2.87 13.01 —-3.54 OD IF, MIA
qPH-D5-1 D5-2 E2 4.01 BNL3442 3.89 —3.46 3.14 1173 091 D 1F, CIM
E2 3.01 BNL3442 6.63 —-2.79 3.54  10.02 1.27 IF, MIM
qPH-D6-1 D6 Ec 19.72 NAU6478  3.49 —-1.63 —0.92 6.86 —-0.56 PD 1F, CIM
Ec 19.72 NAU6478  8.50 —233 —-1.08 15.23 —0.46 1F, MIM
El 19.61 NAU6478 391 —-238 —0.78 9.01 —0.33 1F, CIM
El 19.72 NAU6478  3.42 —246 —0.65 9.64 —0.26 1F, MIM
E3 19.72 NAU6478  6.35 -331 —-1.83 12.04 —0.55 1F, CIM
E3 19.72 NAU6478  3.13 —-251 —-0.86 9.50 —0.34 1F, MIM
E4 19.55 NAU6478  4.51 -3.14 —-1.74 10.23 —0.55 1F, CIM
E4 16.09 CIR407 6.17 —242 —-0.18 9.40 —0.07 1F, MIM
el 25.18 E22M8 5.95 —2.74 16.10 RILs CIM
ec 27.18 E22M8 6.13 —2.37 16.55 RILs CIM
NAU6478  6.60 0.60 —2.68 —0.58 20.04 —-0.22 1F, MIJA
qPH-DS-1 D8-2 Ec 0.01 NAU3587  2.89 —1.56 0.42 5.98 027 PD 1F, CIM
Ec 0.01 NAU3587  8.38 —1.28 0.31 6.06 0.24 1F, MIM
qPH-DS-2 D8-3 Ec 6.01 E21M8 3.90 —-2.12  -040 11.09 —-0.19 PD 1F, CIM
Ec 6.01 E21M8 8.60 —240 -032 16.30 —0.13 1F, MIM
E2 11.01 NAUS5263  4.92 -3.78 —1.04 1349 —0.28 1F, CIM
E2 12.01 NAU5263  8.02 —4.54 —-0.50 15.06 —0.11 1F, MIM
E4 8.01 NAUS5263  5.69 —-3.56 —2.69 1758 —0.76 1F, CIM
E4 10.01 NAU5263  7.58 —4.03 =215 20.32 —0.53 1F, MIM
E5 2.01 E21M8 3.99 —238 —121 11.05 —0.51 1F, CIM
E21M8 6.35 1.00 —-175 —-097 9.63 —0.55 1F, MIJA
qPH-A9-1 A9 El 31.03 NAU2666  5.98 —2.22 537 1550 242 OD 1F, MIM
E4 43.68 NAU6668  3.60 —1.79 2.56 6.90 1.43 1F, MIM
qPH-D9-1 D9-1 El 9.51 E19M11 6.27 —-0.34 -2.62 591 —-7.71 OD 1F, MIM
qPH-D9-2 D9-2 BNL1672 3.77 0.55 —1.60 0.81 7.80 051 PD 1F, MIJA
qPH-DI11-1 D11 E3 1.01 NAU470 5.39 —346 —046 1092 —0.13  PD 1F, CIM
NAUS5428 322 030 —1.62 —0.95 8.30 —0.59 IF, MIJA
qPH-A1I-1 All-1 NAU2809  4.83 0.35 1.49 1.88  10.82 126 OD 1F, MIJA
qPH-A13-1 Al3 E3 29.19 NAU1522 2091 2.75 1.47 8.69 053 PD IF, CIM
qPH-LGO1-1  LGO1 NAU4310 526 060 —1.66 —0.40 7.70 —-0.24 PD IF, MIJA

* Disconnected linkage groups belonging to identical chromosome were numbered from the top as shown in Fig. 1, and were denoted by the name of
the chromosome, followed by a hyphen and the serial number

® Environments: ec, combing analysis using data of el and e2; E5, combining data of E3 and E4; Ec, combing data of E1-E5. Same with following

tables

¢ D/IAl: Dominance/IAdditivel

9 GA, gene action modes classified as A, additive (Id/al = 0-0.2); PD, incomplete dominance (Id/al = 0.21-0.80); D, dominance (Id/al = 0.81-1.20)
and OD, overdominance (ld/al > 1.2) according to Stuber et al. (1987)
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Table 3 Epistatic QTL by environment detected by MJA in the IF,

QTL Chrom. Adjacent Rate LOD AEI® DEI® AE2® DE2° AE3" DE3° AE4® DE4° R*%)°
markers

gPH-A5-1  A5-1* BNL3452 0.65 656 —120 049 287 111 —124 —144 —044 —0.17 923

gPH-A7-1 A7 NAU1043 0.80 3.79 096 —055 —144 247 084 035 —035 —227 782

gPH-D9-] D9-1* BNL686 041 346 —085 032 125 244 —158 —197 118 —0.79 834

gPH-AI1-1 All-1* E22Ml 0.30 3.51 073 —039 034 015 —-222 132 116 —1.09 6.74

gPH-AI2-1 Al2-2 NAU3186 090 4.16 —1.78 —022 232 —-1.00 028 057 —083 065 751

% The locus was also detected by CIM or MIM as main-effect QTL

® Interaction between additive and environment

¢ Interaction between dominance and environment

d Phenotypic variation collectively explained by AE and DE

beneficial allele from the short parent CRI12
decreased PH by 1.60 cm, compared with an increase
of 0.81 cm by the dominant effect of the QTL. The
partial dominant QTL gPH-A13-1 was detected by
CIM in the IF,, with a LOD score of 2.91, explaining
8.69 % of the PV. The allele from J8891 could reduce
PH by 2.75 cm, but the dominant effect of the QTL
was associated with an increase in PH of 1.47 cm.

The other ten main-effect QTL detected by at least
one of the three methods in the IF, showed partial
dominant to overdominant effects. The short parent
CRI12 contributed alleles for decreasing PH at eight
QTL, including gPH-D2-1, qPH-A4-1, qPH-A5-2,
qPH-D5-1, gqPH-DS8-1, qPH-A9-1, qPH-D9-1 and
qPH-LGOI-1, but this parent contributed alleles for
increasing PH at two QTL, gPH-D2-2 and qPH-A11-
1, suggesting that favorable alleles for PH are
distributed within the two parents. Dominant effects
were associated with reducing PH for three QTL,
including gPH-A5-2, gPH-D9-1 and gPH-LGOI-1. In
conclusion, additive effects of all 17 main-effect QTL
collectively contributed to reducing PH by 31.22 cm
over the population mean in homozygotes, and
dominant effects of seven beneficial QTL were
responsible for reducing PH by 9.18 cm in heterozy-
gotes (Table 2).

In addition, five environment epistatic QTL were
detected by MJA, with detection rates ranging from
0.30 to 0.90 and LOD scores between 3.46 and 6.56,
each explaining 6.74-9.23 % of the PV (Table 3). The
magnitude and even the direction of these QTL were
different among environments, implying differential
gene expression across environments. Three main-
effect QTL, gPH-A5-1, gPH-D9-1 and gPH-All-1,
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had significant QF interaction effects (Tables 2, 3).
Since the main effects of gPH-A5-1 and gPH-D9-1
were detected by CIM and MIM, respectively, in the
IF,, the detected a and d effects may have been
confounded by QF interaction effects in the genetic
model. Conversely, as gPH-A11-1 was detected only
by MJA, its genetic effects should be expressed as the
main effects (a and d) plus QF interaction effects at a
specific environment. The other two QF interacting
loci, gPH-A7-1 and gPH-A12-1, had no main effects
(Table 3), suggesting that the expression of these two
QTL is highly dependent on the environment.

Digenic epistasis detected by MIM in the IF,

Digenic epistasis comprises additive x additive (AA),
additive x dominance (AD), dominance x additive
(DA) and dominance x dominance interactions (DD).
Five digenic epistatic QTL (E-QTL) pairs involving
eight loci were detected for PH in different environ-
ments (Table 4; Fig. 1), jointly explaining 32.46 % of
the PV. The interaction patterns were mainly AA and
DD for all E-QTL pairs detected.

The QTL gPH-DS-1 near NAU3587 on D8 inter-
acted with gPH-DS8-2 near E21M8 on the same
chromosome, with both AA and DD effects reducing
PH by 1.09 and 4.34 cm, respectively, collectively
explaining 8.85 % of the PV. The locus near TMLOS5
on D10, which was not a significant main-effect QTL
by itself, interacted with gPH-D5-1 near BNL3442 on
D5 and gPH-D2-2 near CIR246 on D2. The combined
DD effects of these loci could reduce PH by 7.39 and
6.47 cm, respectively, each explaining about 4.50 %
of the PV. The other two E-QTL pairs were all
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shown in solid line. QTL detected solely by MJA had no
confidence interval. For detailed genetic map, refer to Liu et al.

(2012). (Color figure online)
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Table 4 Digenic epistatic QTL pairs for plant height detected by MIM in the IF,

Env.? Chrom. Marker-i® Chrom. Marker-j° AA° R?(aa) %° DD° R? (dd) %
El D6 TMGI10 D9 NAU3100 3.64 9.92

E1E4 D6 NAU6478 A9 NAU2666 2.20 4.63

E2 D5 BNL3442 D10 TMLO5 —7.39 4.52

E3 D2 CIR246 D10 TMLOS5 —6.47 4.54

Ec D8 NAU3587 D8 E21M8 —1.09 1.54 —4.34 7.31

# Environments in which the digenic epistatic QTL pair was detected, in case of two environments involved, the effect of epistasis

referred to the first one

® Marker-i and Marker-j were the nearest markers of locus i and j, respectively

¢ AA and DD were the additive by additive, and dominance by dominance interactions between locus i and j

4 R*(aa) % and R*(dd) % represented the phenotypic variations explained by AA and DD respectively

involved in AA interactions. The QTL ¢gPH-D6-1
interacted with the QTL gPH-A9-1 and qPH-D9-1,
and each pair was associated with increased PH,
explaining 9.92 and 4.63 % of the PV, respectively.

Discussion

In most cotton-growing regions, moderately shorter
plants are frequently associated with an improvement
in canopy structure and hence, population yield.
Moderately short PH is a prerequisite for machine
picking. Therefore, understanding the underlying
genetic basis of cotton plant height is important to
cotton architecture breeding programs. Dwarf mutants
possessing dwarfing genes are usually too short to bear
adequate fruit branches and boll load, and some of
these mutants are even associated with sterility or
other trait abnormalities (Wu et al. 2009a; Harland
1918; Hutchinson and Ghose 1937); therefore, their
usage in cotton breeding is limited. Instead, semi-
dwarf germplasms provide an ideal gene pool for
genetic improvement of cotton. In this study, two high
yielding cultivars CRI12 and J8891, which signifi-
cantly distinguished by PH from each other, were used
as parents for the construction of RILs and IF,
mapping populations, and the inheritance of PH was
divided into QTL main effects, digenic epistasis and
QTL by environment epistasis and examined using
three mapping methods. The number of QTL detected
by multi-environment-based MJA was much greater
than that detected by CIM or MIM, demonstrating that
the algorithm of MJA is a more powerful method for
QTL detection.

@ Springer

Of the 17 main-effect QTL, one, nine, one and six
QTL showed additive, incomplete dominant, domi-
nant and overdominant effects, respectively. The
additive effects of QTL with the CRI12 genotype
could be positive or negative, which implies that QTL
occurred in repulsion phase in the two parents. The
additive effects of beneficial alleles from both parents
could collectively reduce PH by 31.22 cm, suggesting
the potential for pyramid selection. On the other hand,
the net dominant effects of these QTL were associated
with an increased PH of 9.54 c¢m, which is inconsistent
with the observation that the PH in XZM2 was slightly
lower than the mid-parent value in the majority of
environments. These results suggest that the QTL for
PH identified in this study are incomplete, as the
genetic map only covered 20.20 % of the cotton
genome (Liu et al. 2012). However, the results clearly
demonstrate that both additive and dominant effects
are important in the genetic constitution of PH, with
additive effects playing a more important role in
reducing PH. Analysis of variance was performed
separately for the RIL and IF, populations, which
showed no significant G x E interactions (data not
shown), whereas five QTL detected in the IF, were
involved in interactions with environment; three of
these QTLs had significant genetic main effects, and
two had no detectable main effects by themselves. The
environment-dependent or modified expression of
these QTL implies that QF interaction is also an
important component affecting PH. These results are
profoundly important to marker-assisted breeding,
since the selection of QTL with significant QF
interaction values may lead to unpredictable results
in the progeny.
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The main-effect QTL qPH-D2-1, gPH-D6-1, gPH-
D8-2 and gPH-A9-1 were repeatedly detected across
multiple environments and/or populations and showed
less variation in direction and effects than the other
QTL. Inprevious studies, Qin et al. (2009) identified five
main-effect QTL for PH on D2, AS, D6, D9 and D10
using F, and F,.; populations derived from intraspecific
crosses of “CR12 x J8891” and “CR12 x 41337, of
which three QTL (¢gPH-A5-1, gPH-D6-1 and gPH-D9-
2) were detected in the present study characterized by
the common neighboring markers of NAU879, CIR407
and BNL1672, respectively. We found that chromo-
somes A13 and D11 harbor QTL for PH, and similar
results were also reported by Song and Zhang (2009),
who used a BC; population of an interspecific cross to
identify QTL for plant architecture traits. These QTL
should be particularly useful for marker-assisted manip-
ulation of PH in upland cotton.

Digenic epistasis plays an important role in heredity
and variation (Cheverud and Rountman 1995) and is
regarded as the genetic basis of heterosis in crops (Yu
et al. 1997; Hua et al. 2003; Melchinger et al. 2007,
Kusterer et al. 2007; Shen et al. 2006). In this study,
five digenic epistatic QTL pairs showing significant
AA and/or DD effects were identified for PH. Seven
out of eight interacting loci had significant genetic
main effects, suggesting that these loci act as major
genes as well as modifying genes in the expression of
cotton plant height. Digenic epistasis should be
considered in the utilization of QTL in cotton breed-
ing, since the effect of a main-effect QTL involved in
epistatic interactions is dependent on the genotypes of
the other locus and can be negated by the genotypes of
a second locus (Li et al. 2008). For example, the
additive effects of alleles of CRI12 on QTL gPH-D6-1
significantly reduced PH (by 2.54 cm), but when this
QTL interacted with gPH-A9-1 or qPH-D9-1, their
AA effects increased PH by 2.20 and 3.64 cm,
respectively. The percentage of loci with no genetic
main effects involving digenic interactions was low
compared with other reported values (Li et al. 1997).
This is probably due to the MIM mapping procedure
adopted in the present study, which is less powerful for
the detection of epistasis between loci with small
effects than other mapping procedures (Wang et al.
2005).

The QTL positions and effects detected in this study
were not comparable to most other reported results due
to the different markers used and the linkage groups

unassigned (Shappley et al. 1998; Saeed et al. 2011;
Adawy et al. 2008). However, with the improvements
of map resolution and more mapping populations
constructed via various crosses, more and more QTL
will be disclosed through mapping efforts, which will
contribute to our understanding of the genetic basis of
cotton plant height.
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