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Abstract

Background: Quantitative trait loci (QTL) mapping provides a powerful tool to unravel the genetic bases of cotton
yield and its components, as well as their heterosis. In the present study, the genetic basis underlying inbreeding
depression and heterosis for yield and yield components of upland cotton was investigated in recombinant inbred
line (RIL), immortalized F, (IF,), and two backcross (BCF;) populations based on a high-density SNP linkage map
across four environments.

Results: Significant inbreeding depression of fruit branches per plant (FB), boll numbers per plant (BN), seed cotton
yield (SY), and lint yield (LY) in RIL population and high levels of heterosis for SY, LY, and boll weight (BW) in IF, and
two BCF; populations were observed. A total of 285 QTLs were identified in the four related populations using a
composite interval mapping approach. In the IF, population, 26.60% partially dominant (PD) QTLs and 71.28%
over-dominant (OD) QTLs were identified. In two BCF; populations, 42.41% additive QTLs, 4.19% PD QTLs, and
53.40% OD QTLs were detected. For multi-environment analysis, phenotypic variances (PV) explained by e-QTLs were
higher than those by m-QTLs in each of the populations, and the average PV of m-QTLs and e-QTLs explained by

QTL x environment interactions occupied a considerable proportion of total PV in all seven datasets.

Conclusions: At the single-locus level, the genetic bases of heterosis varied in different populations. Partial dominance
and over-dominance were the main cause of heterosis in the IF, population, while additive effects and
over-dominance were the main genetic bases of heterosis in two BCF; populations. In addition, the various
genetic components to heterosis presented trait specificity. In the multi-environment model analysis, epistasis
was a common feature of most loci associated with inbreeding depression and heterosis. Furthermore, the
environment was a critical factor in the expression of these m-QTLs and e-QTLs. Altogether, additive effects,
over-dominance, epistasis and environmental interactions all contributed to the heterosis of yield and its
components in upland cotton, with over-dominance and epistasis more important than the others.
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Background

Inbreeding depression, the reduced fitness of progenies
arising from increased homozygosity [1, 2], and heterosis,
wherein cross-fertilization hybrids between diverse var-
ieties or different species exhibit superiority relative to
parental performance [3], are fundamentally concerned
with inbreeding and outbreeding. Inbreeding depression
and heterosis are considered two aspects of the same
phenomenon, and both have fundamental importance to
applied genetics and breeding. In all cases, the reason for
the inbreeding depression is that the inbreeding increases
the probability of the homozygosity of deleterious reces-
sive alleles in their progenies [4—6]. The vigor lost caused
by consequence of inbreeding can be recovered by cross-
ing [6]. Moreover, inbreeding depression may have a large
impact on the formation of reproductive disorders be-
tween species, while heterosis may play a key role in main-
taining genetic variation of populations [7].

In agriculture, the application of heterosis has contrib-
uted greatly to the production of many crops. However, the
genetic basis of heterosis remains obscure. Three major
hypotheses, including dominance [8, 9], over-dominance
[10-12], and certain types of epistasis [13—15] have been
proposed to explain heterosis. Quantitative trait locus
(QTL) mapping studies in major crops have been per-
formed to explain the genetic basis of heterosis. An appro-
priate experimental design for the genetic dissection of
heterosis is essential. Comstock and Robinson [16] devised
the North Carolina design III (Design III) mating scheme,
which was the first use of backcross designs to analyze the
genetic basis of heterosis. Based on two maize backcross F3
families (BCF3, a modified Design III scheme), Stuber et al.
[12] reported that over-dominance was the major genetic
basis of heterosis for grain yield. A study of Xiao et al. [9]
investigated the genetic bases of heterosis in two rice BC,F,
populations and concluded that dominance complementa-
tion was the major cause. Li et al. [15] and Luo at al. [17]
reported that epistasis and over-dominance were the main
causes of inbreeding depression and heterosis of grain yield,
grain yield components, and biomass in five related rice
mapping populations. By re-analyzing the data of maize
[12] and rice [9], Garcia et al. [18] reported that dominance
was the main contributor of heterosis in maize, while addi-
tive x additive epistatic interactions could be the major gen-
etic basis of heterosis in rice. Schon et al. [19] compared
QTL mapping results of three previous Design III studies
[12, 20, 21] by advanced statistical methods [22]. Their re-
sults indicated that the positive interactions of alleles from
the opposite heterotic pool would lead to high heterosis for
grain yield of maize. Shang et al. [23] investigated the yield
heterosis of upland cotton with two BCF; populations,
which implied partial dominance and over-dominance were
the main genetic bases. To dissect the heterotic effects dir-
ectly, Hua et al. [24, 25] introduced an “immortalized F,”
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(IF,) population derived from pair crosses of RILs of rice
and focused on detecting heterotic loci (HL) to explain the
genetic basis of heterosis instead of using traditional QTLs.
Based on this design, they discovered that single-locus het-
erotic effects and dominance x dominance (DD) interac-
tions could explain the genetic basis of heterosis in hybrid
rice. Zhou et al. [26] detected several HLs for yield and its
components in a rice IF, population and found that the
relative contributions of the genetic components varied
with traits. Based on a maize IF, population, Tang et al. [27]
demonstrated that dominance effects of HL as well as addi-
tive x additive interactions were the major genetic bases of
heterosis for grain yield and its components. Using the
same material, Guo et al. [28] re-analyzed yield heterosis
using a reconstructed high-density linkage map. They
found that dominance was more important for heterosis
than other genetic effects. Moreover, over-dominance and
epistasis also contributed to heterosis.

IF, and BCF; populations are ideal materials for com-
prehensively dissecting the composition of heterosis.
Firstly, the genotypes of IF, and BCF; populations can
be clearly deduced from the original parents and RILs;
secondly, these two populations permit replicated trials;
lastly, most loci of IF, and BCF; populations are hetero-
zygous. This provides an opportunity for mapping HL
and studying heterosis, rather than analyzing solely
based on measuring performance of the trait. It is well
known that stably expressed QTLs across multiple envi-
ronments are deeply favored in marker-assisted selection
(MAS). Thus, identifying QTLs and exploring their ex-
pression levels and the genetic basis of heterosis under
multiple environments in related populations would
allow us to map stable QTLs and accelerate the process
of breeding.

Upland cotton is the most important natural textile
fiber source globally. Currently, it is grown on a total
area of 30.9 million ha of land in more than 80 countries
[29]. It is urgent to improve the yield of upland cotton
cultivars to meet worldwide demand, and maintain prof-
itability for cotton growers. Yield is a complex trait in
cotton that is controlled by a large number of QTLs.
Several studies have discovered that significant heterosis
for yield and yield components exists in upland cotton
[30-32]. In addition, some QTL mapping studies have
been reported that dissect the composition of heterosis
for yield and yield components of upland cotton [23, 32,
33], but no studies have been reported on different seg-
regating populations from the same parental combin-
ation. In the present study, RIL, IF,, and two BCF;
populations were used simultaneously to perform QTL
genetic analysis for yield and yield components based on
a high-density SNP intraspecific genetic map under mul-
tiple environmental conditions. The results will provide
meaningful hints at the underlying genetic bases of
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inbreeding depression and heterosis for yield and yield
components, which can be used in cotton breeding.

Methods

Plant materials

Four related genetic populations were used, including a
set of 188 RILs (Fg), an IF, population, and two BCF; pop-
ulations (Fig. 1). The RILs were derived by single-seed
procedure from a cross between two elite upland germ-
plasms, HS46 (P;) and MARCABUCAG8US-1-88 (P,).
According to a diallel mating design [25], the IF, popula-
tion was produced from crosses between the RILs chosen
by random permutations of the 188 RILs (Fig. 1a). This
procedure was repeated two times, with each time making
188 hybrids, forming a population consisting of 376 IF,
hybrids. Both BCF; populations were derived from a
modified Design III [16, 21], in which two parents were
used as the male parents backcrossed with the 188 RILs
(Fig. 1b, c). The two BCF; populations each contained 188
hybrids named HSBCF; and MARBCEF;, referring to HS46
(HS) and MARCABUCAGS8US-1-88 (MAR) backcrossed
with 188 RIL lines, respectively.

Field planting and phenotypic evaluation
Two separate experiments were conducted at two loca-
tions, Yacheng (inland climate) and Baogang (coastal
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climate) of Sanya, Hainan Province, China, in the cotton
growing seasons of 2014 and 2015. All plants of the four
populations and the two parental lines were planted in a
randomized block design with two replications in each
location and with 5.6 m> plot areas. Finally, 29 plants
were grown in each row at a spacing of 25 cm between
plants. Standard cultivation, weed and insect control
practices were performed as the management of the
local cotton production.

Ten consecutive plants in the middle of each row
were tagged for trait measurement [32, 34]. Data were
collected for the following traits: seed cotton yield
(SY), lint yield (LY), fruit branches per plant (FB),
boll numbers per plant (BN), boll weight (BW), and
lint percentage (LP). During the harvest season,
twenty fully open bolls in each row were harvested
for measurement of BW and LP. SY was determined
as the seed cotton weight harvested from each plot
and LY was determined by multiplying lint percentage
with SY.

Genotype analysis and linkage maps
Young leaves were collected from RILs and two parents.
Individual genomic DNA was extracted following a
modified CTAB method [35].

The RIL population and two parents were genotyped
with the cotton 63 K SNP array [36]. A total of 63,058
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Fig. 1 Diagram of the development scheme for the RIL, IF,, and two BCF, populations. a Crosses were made between two different lines from
RILs and RILg (for example, RILa; X RiLg,). Here, RIL, and RILg represent female and male RIL lines, respectively. This procedure was repeated two
times, and finally 376 lines were produced, forming the IF, population. The IF,MPH dataset derived from the IF, population included 376 mid-parental
heterosis (MPH) values (H), which were estimated by MPH =F; — MP (Hua et al. 2003). Here, F; represents the observations in the IF, populations, and
MP represents the average trait value between their parents. b, ¢ The HSBCF; and MARBCF; populations were produced by RILs x Py and RILs X P,
respectively, and each contained 188 lines. The RILs were used as the female parents in two backcross designs with the two original parents. The
HSBCF{MPH and MARBCF;MPH datasets also each included 188 individuals (H) and were estimated by MPH =F; — MP (Hua et al. 2003). Here, F;
represents the observations in the two BCF; populations, and MP represents the average trait value between their corresponding parents. HS: HS46;
MAR: MARCABUCAG8US-1-88
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SNPs were screened for polymorphism between parents,
in which a total of 2618 SNP markers were selected to
genotype the RILs [37]. In the IF, and two BCF; popula-
tions, the genotypes for each F; were deduced from the
RILs and the parental lines that were used as the parents
for each cross.

Data analysis

Each year-location was treated as an independent environ-
ment. A descriptive statistics model was used to test the
basic statistics of phenotypic data for RILs, IF,s, HSBCF;s,
and MARBCF;s. One-way analysis of variance (ANOVA)
was performed to analyze the difference for yield and yield
components between the two parents using SPSS 20.0.
Broad-sense heritability was estimated as H> = Vg / (Vg +
Ve / e+ V., / re), where H? is broad-sense heritability, Vg
= genetic variance, Vg = genotype x environment inter-
action variance, V, = error variance, and e and r are the
numbers of environments and replicates, respectively. The
Ve Ve and V, variances were calculated using the mini-
mum norm quadratic unbiased estimation (MINQUE) ap-
proach [38] by in QGA Station 2.0 (http://ibi.zju.edu.cn/
software/qga/index.htm).

The hybrid breakdown value (HB), a component of in-
breeding depression [39, 40], was calculated for individ-
ual RILs as follows: HB = RIL- MP, where MP = (HS46
+ MARCABUCAG8US-1-88) / 2. The equation for cal-
culating values of the mid-parental heterosis (MPH) of
individual IF,, HSBCF;, and MARBCF; hybrids for yield
traits was as follows: MPH = F, — MP [25], where F; was
the mean value of each hybrid in the IF,, HSBCF;, and
MARBCEF; populations, and MP was the average value
of the corresponding parents. The MPH datasets were
used as the raw data for exploring the genetic basis of
yield heterosis.

WinQTL Cartographer 2.5 [41] was used to identify
single-locus QTLs with the composite interval mapping
(CIM) method. The LOD threshold for declaring a sig-
nificant QTL was calculated by 1000 permutation tests
with a mapping step of 1.0 cM and a significance level of
P<0.05. The MPH datasets only detected the domin-
ance effect under the genetic model of CIM, where the
QTL exhibited a significant difference between the het-
erozygote and the mean of the two parental homozy-
gotes. QTLs were named as: q+ trait abbreviation +
chromosome number + QTL number [37]. A graphical
representation of the linkage map with QTLs marked
was created using Map Chart 2.2 [42].

The gene actions in different datasets were estimated
as follows: a = (P,P; — PyPy) / 2, d = (P1P, — (PP + P,Py)
/ 2), BCF; = (a + d), where P; and P, represent the par-
ents, P;P; and P,P, indicate the effects of homozygous
genotypes observed in RILs, IF,s, and BCF;s; and PP,
represents the effects of heterozygous genotypes in
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hybrid. The gene action mode for each QTL was calcu-
lated by the absolute value of the ratio of dominant and
additive effects (|d/a|) [26, 35, 36, 43]. There were some
differences between the assessment in IF, and BCF;
populations. For the IF, population, QTLs with |d/a| <1
were considered as completely or partially dominant (D
or PD) loci. If |d/a|>1 or if it was only detectable for
the MPH dataset, the QTL was referred to as an
over-dominance (OD) locus. The |d/a| value was esti-
mated in two ways; both a and d were estimated from
IFys for a QTL which only detected in IF,s; a was from
RILs and d was from the MPH dataset for a QTL de-
tected simultaneously in RILs and the IF,MPH dataset.
Moreover, the value of |d/a| in IF,s was used as the
criterion. For BCF; populations, a QTL was consid-
ered to be an OD locus in the following three cases:
(1) MPH (d) times two was higher than BCF; per-
formance (a+d) ie, 2 |d| (MPH)>|a+d| (BCF)
(equal to |d/a| >1) for a QTL detected in BCF;s and
the MPH dataset; (2) a was estimated from RILs and
d from the MPH dataset with |d/a| >1 for a QTL
detected simultaneously in the RILs and MPH dataset;
(3) only detected in MPH dataset. Otherwise, the
QTL was considered to be a D or PD locus. QTLs
detected only in BCF; were referred to as additive
(A) loci. When a QTL was present in all three data-
sets, the judgment depended on the ratio of the ef-
fects in the BCF;s and MPH dataset.

A combined multi-environment model analysis that
tests the main-effect QTLs (m-QTLs), epistatic QTLs
(e-QTLs), and their environmental interactions (QTL x
environment, QE) was implemented using the RILs,
IF,s, two BCF;s, and three MPH datasets with the in-
clusive composite interval mapping (ICIM) method in
IciMapping 4.1 [44]. The pre-set parameters Scan=1
cM / PIN=0.0001 and Scan=5cM / PIN =0.0001
were used to conduct the additive and epistasis QTL
mapping analyses, respectively. The threshold LOD
for declaring m-QTLs and e-QTLs was calculated
using a permutation test at a significance level of P <
0.05, 7=1000. The identified m-QTLs were named
using the dataset abbreviation followed by “maq”
(multi-environment additive QTL), and then suffixed
with the abbreviation of trait and chromosome num-
ber, followed by the QTL number. The e-QTLs de-
tected were named using the dataset abbreviation
followed by “meq” (multi-environment epistatic QTL),
and then with the abbreviation of the trait and the
QTL pair number. Datasets were abbreviated was as
follows: “R”, “I”, “B;”, and “B,” represent RILs, IF,s,
HSBCF;s, and MARBCEF;s, respectively, and “M” was
added after the last three heterozygous population ab-
breviation to represent their corresponding MPH
datasets, i.e., “IM”, “B;M”, and “B,M”.
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Results

Inbreeding depression and heterosis for yield and yield
components

The phenotypic variation for yield and its components
among the parents, RIL, IF,, and two BCF; populations,
as well as the estimated HB of RILs and the MPH of the
IF,s and two BCF;s are shown in Table 1 and Table 2,
respectively. The female parent, HS46, had significantly
greater trait values for FB, BN, BW, SY, and LY than
those of MARCABUCAG8US-1-88 in all environments
(Additional file 1: Table S1). A wide range of variation
was observed in yield and its components in the RILs,
IF,s, HSBCF;s, and MARBCEF;s (Table 1). In all environ-
ments, obvious reductions of the RILs were observed as
a result of hybrid breakdown in the traits of FB, BN, SY,
and LY (Table 2, Additional file 2: Table S2). The mean
deviation of the RILs from the midparental values for LP
was found in three environments (but not in 2015Bg),
while it was only detected in one environment for BW.

Table 1 Phenotypic variation of yield and yield components
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High levels of heterosis for SY, LY, and BW were ob-
served in the IF, and two BCF; populations. However,
other yield components showed lower levels of heterosis
in these three populations.

Different levels of heterosis were found among the dif-
ferent populations across four environments (Additional
file 2: Table S2). For SY, IF, and MARBCF; populations
showed the same levels of heterosis, at 24.75 and
28.61%, respectively, which were higher than that of the
HSBCEF; population (15.42%). The mean levels of heter-
osis of for the LY trait showed the same trend as SY in
different populations. For BW, different populations
have similar levels of heterosis, although it was slightly
higher in the MARBCEF; population. For FB, the two
BCF; populations showed the same levels of heterosis,
and IF,s exhibited lower mean heterosis. For BN, the
mean levels of heterosis in the MARBCF; population
were higher than that of the HSBCF; population, while
the IF, population exhibited negative heterosis (- 2.70%).

Traits > Env.®  Parents RILs IF5s HSBCF;s MARBCF;s
[ Py Mean  Min Max Mean  Min Max Mean  Min Max Mean  Min Max

FB 2014Yc 893 762 825 5.68 11.20 829 3.00 12.00 867 5.25 1140 825 540 11.00
2014Bg  8.71 7.80 8.25 5.05 10.50 8.02 4.00 11.00 8.34 4.67 11.50 8.10 4.00 14.20
2015Yc 953 9.50 9.05 7.00 12.00 9.83 6.00 14.00 1076 840 13.80 11.00 850 14.00
2015Bg 941 934 9.07 7.00 13.00 9.84 7.00 14.00 1073 720 13.60 1096 880 24.80

BN 2014Yc  17.22 12.82 1452 895 26.33 1365  6.00 27.00 1452 750 25.60 1420  7.00 24.80
2014Bg  15.21 13.02 1345 793 22.83 1250  4.00 22.00 1340 633 24.50 1296  6.00 21.00
2015Yc 1164 1137 1130 800 17.00 1095  5.00 30.00 1087  6.80 20.20 1158  6.60 19.60
2015Bg 11.57 1147 11.00  7.00 18.00 1085  5.00 32.00 10.70  6.60 2040 1137 740 19.20

BW 2014Yc 543 491 536 3.96 7.09 648 5.11 7.78 6.62 346 7.99 647 353 822
2014Bg 581 537 558 392 727 640 436 7.83 6.23 4.54 7.95 6.52 528 871
2015Yc  5.70 5.38 5.94 4.56 7.19 6.25 4.20 793 6.03 4.00 747 6.16 4.06 749
2015Bg 593 553 5.75 391 7.02 581 3.93 719 577 4.10 733 577 3.96 7.55

LP 2014Yc 3707 3874 3770 3163 4327 3817 3240  44.80 3789 3172 4193 3803 3201 4569
2014Bg 3907 3987 3824 3311 42.15 3980 3203 4824 3872 3439 4251 3943 3008 4460
2015Yc 3680 3748 3338 2542 4196 3678 3062  46.29 3684 3205 4092 3696 3273 4146
2015Bg 3522 3751 36.55 3096  43.03 3697 3142 4989 3616 29.11 44.78 3648 3229 4215

SY 2014Yc  653.07 50098 536.19 22251 109462 79983 24634 163069 74173 27378 120144 77105 30427 151942
2014Bg 68861 52450 57203 23377 107001 78451 31178 161895 76367 32705 149506 77661 31756 1381.54
2015Yc 68956 63748 639.04 36737 116521 66218 38012 128285 71435 45495 108523 68721 42933 1009.60
2015Bg 71093 66500 606.15 389.04 88408 63193 32326 114704 69953 33948 111320 67557 458.16 108863

LY 2014Yc 24284 19454 20193 8045 40232 29091 9155 62165 28123 10299 49098 29326 12274 60394
2014Bg 26871 20884 21907 8543 42059 31289 12768 63461 29596 12572 60208 30624 12509 576.80
2015Yc 24307 23753 23513 13155 44415 24160 12238 44910 263.16 15613 39022 25396 14876 383.77
2015Bg 25027 24844 22154 13512 33012 23284 11383 46105 25289 15912 38385 24665 159.12 383.85

2FB fruit branches per plant, BN boll numbers per plant, BW boll weight, LP lint percentage, SY seed cotton yield, LY lint yield
b2014Yc: Yacheng, Hainan Province in 2014; 2014Bg: Baogang, Hainan Province in 2014; 2015Yc: Yacheng, Hainan Province in 2015; 2015Bg: Baogang, Hainan

Province in 2015
P;: HS46; P,: MARCABUCAG8US-1-88
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Table 2 Summary statistics on HB? percentage of RILs and MPH? percentage of IF,s, HSBCF;s, and MARBCF;s
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Traits ° Env. ©

RILHBs (%)

IFoMPHs (%)

HSBCF;MPHSs (%)

MARBCF;MPHs (%)

Mean Min Max Mean Min Max Mean Min Max Mean Min Max
FB 2014Yc —-0.30 -3142 3535 081 —42.23 58.10 212 —-38.00 53.16 5.12 —40.79 9291
2014Bg -0.06 —38.80 27.24 -1.82 —47.02 50.79 -1.39 —40.00 58.10 1.85 —54.72 50.88
2015Yc -5.26 -2642 2088  9.09 —2881 65.19 2402 -17.60 8242 19.75 -16.19 7748
2015Bg -3.83 —28.56 36.22 883 -30.76 60.00 22.96 —2461 74.36 20.77 -11.57 68.55
BN 2014Yc -3.38 -4043 75.28 -4.17 —60.78 123.64 —6.84 —54.26 117.56 6.92 —42.77 97.02
2014Bg  —4.69 -4385 6179 548 7594 83.63 -527  —-5232 9838 149 -51.19 84.91
2015Yc =221 -31.34 4340 1.39 —54.55 169.68 4.69 —42.54 99.01 7.94 -39.35 80.71
2015Bg =503 —40.96 53.24 3.26 —47.83 19535 7.75 —46.81 108.16 8.76 —4554 75.00
BW 2014Yc 3.57 -2338 3704 2094 —-1349 4643 2246 —33.54 53.51 26.72 —32.55 84.25
2014Bg -0.13 -29.83 29.99 14.88 -2142 50.79 9.21 -22.39 44.58 1932 -14.11 59.64
2015Yc 7.24 -17.57 29.86 553 -26.19 38.07 3.96 -34.60 38.65 9.06 —27.50 4449
2015Bg 030 -31.74 2256 1.88 —39.57 60.79 044 —-28.90 50.64 282 -30.24 5049
LP 2014Yc -0.54 -16.54 14.15 149 -1273 15.68 1.28 —14.78 21.55 -0.56 -17.03 19.13
2014Bg -3.12 -16.12 6.79 4.50 -18.08 22.81 0.62 -971 1343 1.03 —24.67 16.02
2015Yc -1013  -3155 12.99 12.60 —2261 70.98 6.14 -12.10 25.96 398 -16.26 2557
2015Bg 049 —-14.87 1832 143 —-19.06 37.09 037 -1830 30.21 -133 -16.73 16.19
SY 2014Yc -7.08 -61.44 89.70 51.96 -6143 195.90 25.01 —49.55 144.85 51.39 —49.74 137.63
2014Bg 569 —6146 7641 38.94 -56.93 14805 2205 -51.34 16660 4437 —40.61 115.56
2015Yc -3.69 —44.63 7561 474 —41.94 104.71 6.68 —45.56 95.99 7.64 —47.25 96.22
2015Bg -11.89 —43.45 2851 597 -43.89 69.82 6.32 -52.10 91.46 6.87 -4173 95.69
LY 2014Yc —7.66 —63.21 8397 4673 —61.63 19696 2674 —47.72 16646 5053 —49.29 14261
2014Bg -8.25 —64.22 76.15 45.28 -54.74 151.20 22.72 —47.82 177.90 46.02 -37.47 120.89
2015Yc =215 —45.26 84.83 415 -53.62 93.64 8.85 —47.44 95.35 7.32 —46.75 88.85
2015Bg =11.15 —45.81 3239 7.19 —44.54 103.30 6.74 —5248 98.55 539 —40.08 91.87

?HB: hybrid breakdown value; MPH: mid-parental heterosis value
PFB fruit branches per plant, BN boll numbers per plant, BW boll weight, LP lint percentage, SY seed cotton yield, LY lint yield
€2014Yc: Yacheng, Hainan Province in 2014; 2014Bg: Baogang, Hainan Province in 2014; 2015Yc: Yacheng, Hainan Province in 2015; 2015Bg: Baogang, Hainan

Province in 2015

For LP, the order of the mean values in the MPH data-
sets was [F;MPH > HSBCF;MPH > MARBCF;MPH.

There were some differences between environments
(Table 2). In all three populations, the MPH (%) of SY
was lower in 2015 than that in 2014. The same trend
was found for LY and BW, caused by boll rot during ex-
periments due to high rainfall in 2015 in Sanya. How-
ever, the heterosis level of FB showed the opposite trend,
where higher levels of heterosis were detected in 2015.
Moreover, all of the environments showed low levels of
heterosis for LP in all populations except for the 2015Yc
environment.

Within each population, heterosis values of individ-
ual hybrids varied considerably. Most of the trait
values of extreme lines showed high MPH in all envi-
ronments (Additional file 3: Table S3). For example,
in 2014Yc and 2014Bg, the mean heterosis values of
SY were more than 83% for the 20 highest-heterosis

hybrids of the IF,, HSBCF;, and MARBCF; popula-
tions and were more than 46% in the 2015Yc and
2015Bg experiments.

The broad-sense heritability was analyzed using meas-
urement data from four environments (Table 3). All
measures of yield and its components showed moderate
heritability, ranging from 56.00 to 86.31%, 46.79 to
64.05%, 39.73 to 65.81%, and 41.20 to 67.21% in the RIL,
IF,, HSBCF;, and MARBCF; populations, respectively,
which presented significant genetic and environmental
effects. LP exhibited nearly the highest heritability and
FB the lowest in all populations. Interestingly, the herit-
ability of all traits was highly consistent between the two
BCF; populations, which might be related to their closer
genetic basis.

The phenotypic correlations among the traits varied
greatly in the RIL, IF,, and two BCF; populations
(Additional file 4: Table S4). This can be illustrated
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Table 3 Analysis of variance for yield and yield components across four populations

Population Components Traits®
of variation® FB BN BW Lp Sy LY

RIL Ve 0.287 1.340 0.081 1.843 3944.200 638499
Ve 0.000 0.000 0.020 0.000 0.002 0.001
Ve 1.804 8.243 0421 2338 20,321.300 2956.910
H (%) 56.00 56.54 5845 86.31 60.83 63.34

IF> Vs 0.347 1.775 0.154 1.062 10,632.730 1643.570
Ve 0.011 0.260 0.017 0.604 2385370 479.871
Ve 3.139 14.364 0.787 4924 44,067.000 6421440
H (%) 46.79 48.82 60.01 58.09 63.53 64.05

HSBCF;, Vs 0315 1.589 0.072 1.192 4952.399 785.839
Vee 0.130 0.744 0.027 0.199 147.787 4376
Ve 1.694 7424 0412 2277 19,672.600 2875.500
H (%) 40.84 4377 39.73 65.81 49.99 52.19

MARBCF, Ve 0339 1.585 0.101 1.185 5590.720 835.094
Ve 0.240 0.938 0.031 0.038 1793.300 169.841
Ve 3.390 14.863 0.824 4.549 44,491.400 5743.140
H (%) 41.20 43.11 47.65 67.21 48.19 5234

2V, genetic variance, Vge genotype x environment interaction variance, Ve error variance, H the broad-sense heritability
PFB fruit branches per plant, BN boll numbers per plant, BW boll weight, LP lint percentage, SY seed cotton yield, LY lint yield

with LY as an example. Consistent with previous re-
ports [45, 46], there were significant positive correla-
tions between LY and SY in all populations, possibly
because LY is derived from SY multiplied by lint per-
centage. Similarly, LY was positively and significantly
correlated with BN and BW in all populations, indi-
cating that variation in BN and BW contributed
strongly to the variation in LY. The association be-
tween LY and LP was significant in three populations
except for the RILs, and a significant positive correl-
ation was recovered in two BCF; populations but was
significantly negative in the IF, population, indicating
that variation in LP contributed differently to LY vari-
ation in different populations. However, LY was only
significantly positively correlated with FB in the RIL
population.

QTL analysis of yield and yield components in RIL, IF,,
and two BCF; populations

A genetic linkage map was previously constructed based
on the polymorphic loci identified [37] (Additional file 5:
Figure S1). A total of 285 QTLs for yield and its compo-
nents were detected using CIM in the RILs, IF,s, two
BCF;s, and three MPH datasets (Additional file 5: Figure
S1, Table 4, Additional file 6: Table S5). Among them,
107 QTLs were identified in more than two environ-
ments or datasets.

Fruit branches per plant (FB)

A total of 40 QTLs were detected in seven datasets,
explaining 3.15-31.66% of the total PV, and ten of them
were the stable QTLs that were identified in at least two
environments or datasets. Three, six, five, eight, 15, ten,
and five QTLs were detected in the RILs, IF,s, HSBCF;s,
MARBCF;s, IF;MPHs, HSBCF,MPHs, and MARB
CF,MPHs, respectively. In the IF, population, three
QTLs with PD or D effects and 16 with OD effects were
observed. Two QTLs with PD effects were simultan-
eously detected in both IF,s and IF,MPHs. In the
HSBCF; population, two QTLs with A effects and ten
with OD effects were found. Four QTLs with apparent
OD effects were detected in both HSBCF;s and
HSBCF;MPHs. In the MARBCEF; population, six QTLs
with A effects, two with PD or D effects, and three with
OD effects were observed. Two QTLs with OD effects
were detected in MARBCF; and its MPH dataset.

Boll numbers per plant (BN)

Forty-two QTLs associated with BN were detected in
seven datasets. Among those, 17 were detected in more
than two environments or datasets. There were six, 11,
ten, ten, six, seven, and seven QTLs in the RILs, IF,s,
HSBCF;s, MARBCF;s, IF,MPHs, HSBCF;MPHs, and
MARBCF;MPHs, respectively. In the IF, population,
eight QTLs with PD effects and seven QTLs with OD ef-
fects were observed. gBN-C01-2, with PD effect, was
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Table 4 Gene actions of QTL identified for yield and yield components by CIM* across four environments

Traits® IF, population HSBCF; population MARBCF,; population
AC PD/D" oD Uncertain© A PD/D oD Uncertain A PD/D oD Uncertain

FB 0 3 16 0 2 0 10 0 6 2 3 0
BN 0 8 7 0 6 1 6 0 7 0 7 0
BW 0 3 12 0 10 0 9 0 11 0 4 0
LP 0 5 17 2 7 0 7 0 9 1 8 0
SY 0 2 6 0 5 0 19 0 5 1 " 0
LY 0 4 9 0 4 1 12 0 9 2 6 0

2CIM composite interval mapping method

PFB fruit branches per plant, BN boll numbers per plant, BW boll weight, LP lint percentage, SY seed cotton yield; LY: lint yield
A additive effect, PD/D partial dominant or dominant effect, OD over-dominant effect; Uncertain: QTL with different gene action in different environments

detected in both IF,s and IF,MPHs. In the HSBCF;
population, six QTLs with A effects, one QTL with PD
or D effect, and six QTLs with OD effects were detected.
Among them, four QTLs with OD effects were detected
in HSBCF; and its MPH dataset. In the MARBCF,
population, seven QTLs with A effects and seven with
OD effects were observed. Three QTLs with OD effects
were detected in MARBCF; and its MPH dataset.
qBN-C06-1 with apparent A effect, and qBN-C17-3,
with OD effect, were identified in the two environments
of MARBCF;s and MARBCF;MPHs, respectively. Both
of them showed favorable alleles conferred by different
parent in their two environments.

Boll weight (BW)

A total of 30 QTLs were identified, explaining 11.41% of
the mean total PV. Among them, 11 QTLs were identi-
fied in more than two environments or datasets. Three,
11, 14, 12, five, nine, and four QTLs were identified in
the RILs, IF,s, HSBCF;s, MARBCF;s, IF,MPHs,
HSBCF;MPHs, and MARBCF;MPHs, respectively. In
the IF, population, three QTLs exhibited PD or D ef-
fects, while 12 QTLs with |d/a|>1 showed apparent
OD effects. qBW-C10-1, with PD effect, was detected in
both IF;s and IF,MPHs. In the HSBCF; population, ten
QTLs with A effects and nine with OD effects were de-
tected. Four QTLs with apparent OD effects were de-
tected in both HSBCF;s and HSBCF,MPHs. In the
MARBCF; population, 11 QTLs with A effects and four
with OD effects were observed. qBW-C13—-4, with OD
effect, was detected in both MARBCF;s and
MARBCF;MPHs.

Lint percent (LP)

Among 50 identified QTLs related to LP, 27 QTLs were
detected in more than two environments or populations.
Thirteen, 21, nine, 15, nine, seven, and nine QTLs were
detected in the RILs, IF,s, HSBCF;s, MARBCEF;s,
IF,MPHs, HSBCF;MPHs, and MARBCF;MPHs,

respectively. In the IF, population, five QTLs with PD
effects and 17 with OD effects were observed. Six QTLs
were simultaneously detected in both IF,s and IF,MPHs.
The gene action of two QTLs, qLP-C09-3 and
qLP-C25-2, was uncertain because of inconsistent dom-
inance degree in different environments. In the HSBCF;
population, seven QTLs with A effects and seven with
OD effects were found. Two QTLs with apparent OD ef-
fects were detected in both HSBCF;s and
HSBCF;MPHs. In the MARBCEF; population, nine QTLs
with A effects, one with PD or D effect, and eight with
OD effects were observed. Six QTLs were detected in
both MARBCF; and its MPH dataset.

Seed cotton yield (SY)

Fifty QTLs were identified on 22 chromosomes in the
seven datasets, explaining 13.39% (ranging from 3.40 to
34.83%) of the mean total PV. Twenty-three QTLs were
identified in more than two environments or datasets.
There were eight QTLs detected in IF,s and its MPH
dataset, among which two QTLs exhibited PD effects
and six QTLs showed OD effects. qSY-C18-2, with PD
effect, was identified in IF,s in 2015Bg and in IF,MPHs
in 2015Yc and 2015Bg. In HSBCF;s and its MPH data-
set, five QTLs with A effects and 19 with OD effects
were detected. Up to ten QTLs with apparent OD effects
were detected in both HSBCF;s and HSBCF;MPHs.
Among them, qSY-C16-1 showed favorable alleles con-
ferred by different parents in the two environments of
HSBCF;MPHs. In the MARBCEF; population, five QTLs
with A effects, one with a PD or D effect, and 11 with
OD effects were observed. Five QTLs were identified
simultaneously in MARBCF; and its MPH dataset.

Lint yield (LY)

Forty-seven QTLs, explaining 3.06—34.06% of the total
PV, were detected using the seven datasets. In the IF,
hybrids, eight QTLs were detected. Four QTLs with PD
effects and nine with OD effects were observed in a
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combined analysis of IF, and its MPH dataset.
qLY-C18-1, with PD effect, was detected in both IF,s
and IF,MPHs. In the HSBCF; population, four QTLs
with A effects, one with PD effect, and 12 with OD ef-
fects were found. Among them, seven QTLs were de-
tected simultaneously in HSBCF;s and HSBCF;MPHs.
In the MARBCEF; population, nine QTLs with A effects,
two with PD effects, and six with OD effects were
observed. Three QTLs were detected simultaneously
in MARBCF;s and MARBCF;MPHs. qLY-C19-2, with
PD effect, was identified in MARBCF;MPHs in both
2014Yc and 2015Bg, as well as in one environment of
the RILs, which showed favorable alleles conferred by
different parents in these two environments of
MARBCF;MPHs.

Multi-environment analysis of main-effect QTL and
environmental interactions

The m-QTLs and QEs detected for yield and yield
components in the RILs, IF,s, HSBCF;s, MARBCFs,
IF,MPHs, HSBCF;MPHs, and MARBCF,MPHs are
shown in Fig. 2, Additional file 7: Table S6, and
Additional file 8: Table S7.

A total of 48 m-QTLs and QEs were identified in the
RIL population. On average, m-QTLs explained 2.37% of
the PV, and the QEs explained 0.90% of the PV. Three
major m-QTLs related to LP, RmaqLP-C07-1,
RmaqLP-C08-1, and RmaqLP-C09-1, were found to ac-
count for more than 10% of the total explained PV (PV
(A) and PV (AE)). For the IF, population, 60 and 50
m-QTLs were identified in IF, and IF,MPH datasets, re-
spectively. On average, m-QTLs detected in the IF, and
IF,MPH datasets explained 0.92 and 1.36% of the PV
(A), respectively, and the QEs explained 0.97 and 1.26%
of the PV (AE), respectively. One locus, IMmaqLP-C10-
1, was considered as a major m-QTL with 10.69% of the
total PV explained. In the HSBCF,; population, a total of
24 and 21 m-QTLs were detected in HSBCF; and
HSBCF;MPH datasets, respectively. In HSBCF;s, the
number of m-QTLs varied from two to five for different
traits, with an average of 2.40% of the PV (A) and 2.53%
of the PV (AE). Furthermore, in HSBCF;MPHs, the
number of m-QTLs varied from zero to seven for differ-
ent traits, with an average of 2.40% of PV (A) and 1.92%
of PV (AE). No m-QTL was detected for BW. Two
m-QTLs, B;MmaqSY-C14-1 and B;MmaqLY-C14-1,
were found to have major effects, and were located in
the same marker interval of i28957Gh-i36740Gh. In the
MARBCF; population, there were 28 m-QTLs in
MARBCF;s and 15 in MARBCF;MPHs detected, on
average, explaining 4.25 and 6.12% of the total PV in F;
performance and MPH, respectively. In MARBCF;s,
BomagBN-C03-1 and BmaqLY-C21-1 explained more
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than 10% of the total PV. In MARBCF,MPHs,
B,MmagBN-C21-1 was identified to be a major
m-QTL, with 13.35% of the total PV explained.

Epistatic QTLs in RIL, IF,, and two BCF, populations

A total of 72, 124, 126, 73, 147, 73, and 67 e-QTLs pairs
were identified in the RILs, IF,s, HSBCF;s, MARBCEF;s,
IF,MPHs, HSBCF;MPHs, and MARBCF;MPHs, respect-
ively (Fig. 2, Table 5, Additional file 9: Table S8, Additional
file 10: Table S9). These e-QTLs explained most of the
variation for yield traits. For example, the e-QTLs of SY in
IFys and IF,MPHs explained more than 80% of the total
PV. The e-QTLs in HSBCF;s and HSBCF,MPHs ex-
plained 91.89 and 51.68% of the total PV for SY, respect-
ively, and those in MARBCF;s and MARBCF;MPHs
explained 47.75 and 71.12% of the total PV, respectively.
In addition, the environmental interactions of these
e-QTLs also accounted for considerable PV. On average,
the QEs of e-QTLs for each trait explained 12.00, 19.52,
27.27, 12,40, 24.96, 15.41, and 14.45% of the PV in RILs,
IF,s, HSBCF;s, MARBCEF;s, IF,MPHs, HSBCF;MPHs,
and MARBCF;MPHps, respectively.

The e-QTLs were classified into three types: (I) two
loci with m-QTL; (II) one loci with m-QTL and a
locus without significant m-QTL; and (III) two loci
without significant m-QTL [15]. For these e-QTLs in
the RIL population, three pairs of LP QTLs were type
II, and the remaining interactions were type III. No
type I interactions were observed (Table 5). For these
e-QTLs in the IF, population, five pairs in IF,s and
seven pairs in IF;MPHs were type II and the
remaining interactions were type III. Of these e-QTLs
in the HSBCF; population, five pairs were detected
between an interval with significant additive effect
and other loci. The remaining interactions occurred
between two complementary loci. Of these e-QTLs in
the MARBCF; population, nine pairs in MARBCEF;s
and two pairs in MPHs were type II, and all
remaining interactions were type IIIL

Congruence analysis of the single-locus QTLs and
main-effect QTLs

Comparing the identified additive QTLs, the confi-
dence intervals of 63 single-locus QTLs identified by
the CIM method overlapped with 77 m-QTLs identi-
fied by the ICIM method, of which some single-locus
QTLs harbored two or more m-QTLs identified in
different datasets (Additional file 5: Figure SI,
Additional file 6: Table S5, Additional file 7: Table S6,
Additional file 8: Table S7).

For FB, four stable single-locus QTLs, qFB-C05-2,
qFB-C06-2, qFB-C06-3, and qFB-C16-1, had the same
or overlapping confidence intervals of four m-QTLs,
ImaqFB-C05-1, IMmaqFB-C06-1, BymaqFB-C06-1 and
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Fig. 2 Phenotypic variance explained by the m-QTL and e-QTL effects for yield and yield components. a Phenotypic variance explained by the
m-QTLs. PV: the phenotypic variance that the total effects explained; PV (A): the phenotypic variation that the main effect explained; PV (AE): the
phenotypic variation that the environmental interaction effect explained. b Phenotypic variance explained by the e-QTLs. PV: the phenotypic
variation that the total epistasis effect explained; PV (AA): the phenotypic variation that the main epistasis effect explained; PV (AAE): the phenotypic
variation that the environmental interaction of the epistasis effect explained. Py: RILs; Py: IF5s; Ps: HSBCF;s; P4 MARBCF;s; Ps: IF;MPHS; P HSBCF{MPHS;
P MARBCF;MPHs

B;MmaqFB-C16-1, respectively. The six m-QTLs environment in IF,s and IF,MPHs, harbored two
RmaqFB-C02-1, RmaqFB-C07-1, BymaqFB-C13-1, m-QTLs, ImagBN-C01-1 and IMmaqBN-C01-1. The
IMmaqFB-C22-1, RmaqFB-C24-1, and IMmaqFB-C26—  other two stable single-locus QTLs, qBN-C02-2 and
1 also had overlapping confidence intervals with the qBN-C18-1, had the same or overlapping confidence in-
QTLs qFB-C02-1, gFB-C07-1, qFB-C13-1, qFB-C22-1, tervals with two m-QTLs, B;maqBN-C02-1 and
qFB-C24-1, and qFB-C26-1, respectively, which could IMmaqBN-C18-1, respectively. The remaining five
only be detected in one environment. m-QTLs had overlapping confidence intervals with four

For BN, the confidence interval of the stable single-locus QTLs that could only be detected in one envir-
single-locus QTL, gBN-C01-2, detected in the 2015Bg  onment. Among them, gBN-C14-3 harbored two m-QTLs.
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Population Traits” Type of epistasisb Sum® Total variation (%)°
\ I I pve PV(AA) PV(AAE)®
RIL FB 0 0 4 4 1492 1040 451
BN 0 0 27 27 91.79 63.38 2840
BW 0 0 4 4 1242 10.50 1.92
LP 0 3 7 10 29.95 16.35 13.60
SY 0 0 12 12 43.68 31.96 11.72
LY 0 0 15 15 53.08 41.23 11.85
IF, FB 0 0 2 2 6.29 328 3.00
BN 0 0 29 29 7801 56.76 21.25
BW 0 0 1 1 281 178 1.03
LP 0 1 25 26 60.30 3027 30.03
SY 0 3 31 34 90.19 60.16 30.03
LY 0 1 31 32 88.78 57.03 31.75
HSBCF, FB 0 1 m 12 30.68 2123 945
BN 0 0 35 35 90.14 4712 43.02
BW 0 0 4 4 9.97 4.96 501
LP 0 0 1 n 30.68 22.80 7.88
SY 0 3 28 31 91.89 42.76 49.13
LY 0 1 32 33 9448 4538 49.10
MARBCF, FB 0 0 13 13 31.86 27.67 4.20
BN 0 0 17 17 4047 21.10 1937
BW 0 0 3 3 651 397 253
LP 0 0 1 1 246 1.76 0.70
SY 0 2 17 19 47.75 24.34 2342
LY 0 7 13 20 47.27 23.08 24.19
IFoMPH FB 0 1 21 22 5832 2995 2837
BN 0 4 29 33 95.10 6448 30.62
BW 0 0 4 4 11.22 5.06 6.15
LP 0 1 20 21 5267 17.53 35.14
Sy 0 0 34 34 8849 64.82 23.66
LY 0 1 32 33 89.77 63.94 25.83
HSBCFMPH FB 0 0 7 7 19.02 1099 8.03
BN 0 1 10 n 3054 24.09 645
BW 0 0 4 4 876 2.83 593
LP 0 1 10 n 30.54 24.09 645
SY 0 1 22 23 51.68 28.82 22.86
LY 0 2 40 42 89.61 46.85 42.76
MARBCF;MPH FB 0 0 5 5 1245 7.74 472
BN 0 0 7 7 17.56 13.77 3.79
BW 0 0 2 2 5.20 2.55 265
LP 0 0 7 7 20.72 17.25 348
SY 0 2 25 27 71.12 31.81 39.31
LY 0 0 19 19 56.23 23.50 3273

2FB fruit branches per plant, BN boll numbers per plant, BW boll weight, LP lint percentage, SY seed cotton yield, LY lint yield

PType of epistasis: (I) two loci with m-QTL, (Il) one loci with m-QTL and the other loci without significant m-QTL and (Ill) two loci without significant m-QTL

“Sum total number of epistatic interactions

4PV the phenotypic variation that the total epistasis effect explained, PV(AA) the phenotypic variation that the main epistasis effect explained, PV (AAE) the

phenotypic variation that the environmental interaction of the epistasis effect explained
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For BW, two stable single-locus QTLs, qBW-C08-3
and gBW-C10-1, had the same or overlapping confidence
intervals with two m-QTLs, B;maqBW-C08-1 and
ImaqBW-C10-1, respectively. The confidence interval of
the stable single-locus QTL qBW-C03-1 harbored two
m-QTLs, IMmagBW-C03-1 and B,MmaqBW-C03-2.
Similarly, the single-locus QTL qBW-C01-2, which was
detected in one environment in IF,s, also harbored two
m-QTLs, ImagBW-C01-2 and IMmagqBW-C01-1. The
other six m-QTLs had one-to-one corresponding confi-
dence intervals with six single-locus QTLs that could only
be detected in one environment.

For LD, five stable single-locus QTLs, qLP-C10-1,
qLP-C13-2, qLP-C13-3, qLP-C18-2, and qLP-C20-1,
had the same or overlapping confidence intervals with
five e m-QTLs, B,maqLP-C10-1, RmaqLP-C13-2,
BymaqLP-C13-1, IMmaqLP-C18-2, and ImaqLP-C20-
1, respectively. The confidence interval of the stable
single-locus QTL qLP-C04-2, detected in 2014Yc and
2014Bg in the RILs and 2015Bg in IF,s, harbored two
m-QTLs, ImaqLP-C04-1 and RmaqLP-C04-1. The
other four m-QTLs had one-to-one corresponding con-
fidence intervals with four single-locus QTLs, although
they could only be detected in one environment.

For SY, seven stable single-locus QTLs, qSY-C02-2,
qSY-C05-1, qSY-C13-4, qSY-C13-5, qSY-C18-3,
qSY-C23-1, and qSY-C24-2, had the same or overlapping
confidence intervals with seven m-QTLs, ImaqSY-C02-1,
ImaqSY-C05-1, B;MmaqSY-C13-2, IMmaqSY-C13-2,
ImaqSY-C18-1, ImaqSY-C23-1, and ImaqSY-C24-1, re-
spectively. The confidence interval of the stable
single-locus QTL qSY-C05-2, which was simultaneously
detected in HSBCF;s and HSBCF;MPHs, harbored two
m-QTLs, BymaqSY-C05-1 and B;MmaqSY-C03-2. In
addition, eight m-QTLs had overlapping confidence inter-
vals with six single-locus QTLs that could only be de-
tected in one environment. Among them, two single-locus
QTLs harbored two m-QTLs, respectively.

For LY, the confidence intervals of three stable
single-locus QTLs, qLY-C02-3, qLY-C24-1, and qLY-C26—
2, overlapped with three m-QTLs, IMmaqLY-C02-1,
ImaqLY-C24-3, and RmaqLY-C26-1, respectively. Stable
QTLs gLY-C21-1 and qLY-C02-2 overlapped with three
m-QTLs  (B,MmaqLY-C21-1, ImaqLY-C21-1, and
IMmaqLY-C21-1) and two m-QTLs (ImaqLY-C02-1 and
BymaqLY-C02-1), respectively. In addition, eight m-QTLs
overlapped with seven single-locus QTLs that could only
be detected in one environment. Among them, one
single-locus QTL harbored two m-QTLs.

Discussion

Application of RIL, IF, and BCF; populations

RIL and doubled haploid (DH) populations are permanent
populations that can be repeated in different environments
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to detect valuable QTLs in multi-environments [47, 48].
BCF; or IF, populations based on RIL or DH populations
have been constructed previously to conduct QTL map-
ping with respect to heterosis [15, 25, 27, 43, 49]. However,
no one has used different segregating populations from the
same parental combination to study heterosis. Our experi-
mental schemes using related RIL, IF, and two BCF; popu-
lations were specifically designed to allow simultaneous
and comprehensive mapping of loci contributing yield and
yield components heterosis in upland cotton. Based on
this, more heterozygous loci were uncovered, and more
QTLs were detected than from a single population. Some
QTLs that could not be identified in RIL population could
be detected in IF,/BCF; populations, and the QTLs de-
tected in RILs could be confirmed using the IF,/BCF;
populations. Furthermore, through the combination of
these four populations, both additive and non-additive
gene actions of the detected loci were more accurately
identified. For instance, the QTL main effects obtained
using the F; mean values of the IF,/BCF; populations
contained both additive and dominance effects while
those obtained from the MPH values were estimates of
the dominant effect [50]. Similarly, for the epistatic loci,
the estimated epistatic effects using the mean F; values
contained both additive and nonadditive epistatic inter-
actions of the epistatic QTL, while those from MPH
values represent the DD interactions [50].

Detection of heterotic loci

Detection of HL using the MPH measurements enabled
by the IF, and two BCF; populations represents another
feature of the study. This analysis method effectively
separated the single-locus effects causing heterosis from
the QTL concerning the trait performance as detected
in most previous QTL studies. Making use of the MPH
data, we detected 47, 65 and 45 HLs for yield and its
components in the IF,, HSBCF;, and MARBCEF; popula-
tions, respectively. Moreover, 16 stable HLs were de-
tected in two environments, of which five showed
inconsistent parental sources of favorable alleles in dif-
ferent environments, which indicated a high sensitivity
of the HLs to the environment. To some extent, this
should be taken into account in upland cotton breeding.
The remaining 11 stable HLs, including three for BN,
five for SY, and two for LY could be important for the
application of MAS in upland cotton breeding in the fu-
ture. Here, the BN trait harbored more stable HLs than
other yield components, which may be attributed to its
higher average heterosis of the 20 top high-heterosis hy-
brids (Additional file 3: Table S3). Hua et al. [25] found
that only ten of 33 HLs identified in their analysis were
detected by QTL analysis using trait performance and
indicated that trait performance and heterosis were con-
trolled by different sets of loci. However, HLs detected
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in our study were not independent, and a subset over-
lapped with QTLs controlling trait phenotypes. Among
all HLs, 12, 30, and 20 HLs identified in IF;MPH,
HSBCF;MPH, and MARBCF;MPH datasets were also
detected by QTL analysis using the data of the IF,s,
HSBCEF;s, and MARBCEF;s, respectively. This result sug-
gests that the MPH and performance per se of the hy-
brid might share identical genetic modes of action in
upland cotton. In fact, it is impossible to demonstrate
the genetic mechanism underlying yield traits without
involving heterosis.

Genetic bases of inbreeding depression and heterosis of
yield and yield components

In the present study, the levels of hybrid breakdown
were ordered as LY >SY>BN>LP>FB >>BW, while
heterosis was LY >SY >BW >FB>LP >>BN. All traits
showed moderate and low heritability except for LP.
This tendency toward more complex yield traits showing
much greater levels of inbreeding depression and heter-
osis has been universally observed in many crops [17,
23]. The traits with serious inbreeding depression did
not necessarily possess high heterosis in hybrids, which
implied that there are differences in the mechanisms
controlling these two biological phenomena. At the same
time, wide variations were also observed in mid-parental
heterosis of the IF, and two BCF; populations. The per-
formances of some hybrids were better than those of the
MP values of the original parents, while some other hy-
brids showed the opposite. Similar results were also ob-
tained by Luo et al. [20, 43]. Together, it can be
speculated that high heterosis is derived from heterozy-
gosity at certain loci but not from genome-wide hetero-
zygosity [17, 24, 43, 49, 51, 52].

The reduction of the RIL population from the midpar-
ental value was highly significant. This might be attrib-
uted to the homozygosity of deleterious alleles and/or
less fit multilocus genotypes during the development of
RILs [15, 39, 40, 53]. Theoretically, the inbreeding de-
pression values of individual RILs and the MPH values
of IF,/BCF; hybrids for yield and its components have
three components. The first is additive gene action,
which leads to the deviation of the RILs from the mid-
parental value and hybrid breakdown [1, 39, 40]. The
genes of this group are directly detected in the RILs but
are confounded in the IF,s and BCF;s. The second is
dominant gene action, which leads to the deviation of
the F; hybrids from their corresponding midparental
value. Those genes are segregating and contribute to
heterosis in the IF,s/BCF;s but are not directly detected
in the RILs. The third is nonadditive gene action, which
causes disharmonious interactions in inbreeding depres-
sion of RILs and beneficial interactions in heterosis of
IFys and BCFis. In fact, there are some overlapping
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genes between inbreeding depression and heterosis. The
overlapping genes of this type are particularly import-
ant since they contribute negatively to the mean value
of the inbred RILs when homozygous (resulting in hy-
brid breakdown) and positively to heterosis when
heterozygous.

In the IF, population of our present study, 25 (26.60%)
PD QTLs and 67 (71.28%) OD QTLs were identified. In
the HSBCF; population, 34 (34.34%) A QTLs, two
(2.02%) PD QTLs, and 63 (63.64%) OD QTLs were de-
tected. In the MARBCF; population, 47 (51.09%) A
QTLs, six (6.52%) PD QTLs, and 39 (42.39%) OD QTLs
were detected (Table 4). These results revealed that the
genetic basis of heterosis was varied in different popula-
tions. At the single-locus level, partial dominance and
over-dominance were the main causes of heterosis in the
IF, population, and additive and over-dominance were
the main genetic bases of heterosis in the two BCF; pop-
ulations. Similar results have been discovered in previous
studies [28, 33, 43]. In addition, similar to Zhou et al.
[26], our results showed that the relative contributions
of the various genetic components to heterosis were trait
specificity. Over-dominance and additive effects were
the main contributors to heterosis for SY, LY, BW, and
LP. Over-dominance, partial dominance, and additive ef-
fects all had roles in heterosis of BN. Over-dominance
was the most important contributor to heterosis of FB.
Overall, over-dominance played an important role in the
formation of heterosis in these traits.

Epistasis is a common feature of most loci associ-
ated with inbreeding depression and heterosis. First,
the e-QTLs explained a much greater portion of the
total PV than the m-QTLs for the yield in each of
the mapping populations, but this was not true for
the yield components (Fig. 2, Table 5). This was con-
sistent with the results of Li et al. [39], which indi-
cated that complex traits tended to be determined by
a greater degree of epistasis. In a similar experimental
design, Xiao et al. [9] detected a single main-effect
QTL which had an R* of 6-7% for grain yield in each
of the two rice BCF; populations. However, the ma-
jority of the phenotypic variation was unexplained.
Apparently, their failure to detect epistasis was largely
attributed to the unavailability of an appropriate ana-
lytical method. With a similar experimental design,
Shang et al. [23] reported m-QTLs and e-QTLs that
had different proportions for yield and yield compo-
nents in an upland cotton BCF; population, but the
relative importance of m-QTLs and e-QTLs was not
evaluated. Second, most epistasis occurred between
complementary loci with no detectable main effects
(Table 5). Fewer cases of epistasis occur between
m-QTLs and complementary loci. The predominance
of epistasis between complementary loci indicate that
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yield and its component traits related e-QTLs oc-
curred more in multilocus genotypes than in specific
alleles at individual loci, which has been demon-
strated by a large number of empirical studies [17,
23, 43]. In addition, the environment was a critical
factor in the expression of these m-QTLs and
e-QTLs. The average PV of m-QTLs and e-QTLs ex-
plained by QEs occupied a large proportion of the
total PV in all seven datasets.

Implications for MAS in yield improvement of upland
cotton

Numerous classical genetic studies have clearly found
that the phenotypic relationships between yield and its
components in crops are complex, and the genetic bases
of heterosis in segregating populations remains poorly
understood. The results of our study have several impli-
cations. For breaking the yield ceiling of hybrid upland
cotton cultivars, simultaneous selection for all yield
components, with an emphasis on increased BN and
BW, should be much more efficient than selecting for
only lint yield. This is because both BN and BW were
significantly positively correlation with LY, and the het-
erosis of BW in three hybrid populations was obvious
and showed the same trend with SY and LY.

Although several QTLs for cotton yield traits have
been detected previously using an intraspecific map, few
shared markers were used in the present research. Fur-
thermore, it is difficult to compare our results with pre-
vious yield QTLs due to the use of different maps,
population types, population structure, and environ-
ments, etc. [33]. In our study, 12 stable QTLs were iden-
tified across at least four datasets or environments.
Additionally, there were six stable QTLs, gBN-C05-1,
gBN-C05-2, gBN-C22-3, qSY-C16-2, qSY-C19-1, and
qSY-C24-2, that are also stable HLs. These stable QTLs
across multiple populations and environments should
greatly promote further interest in the fine mapping of
yield traits or implementation of MAS. When we com-
pared the single-locus QTLs from CIM with m-QTLs
from ICIM, 29 stable single-locus QTLs overlapped with
m-QTLs. gSY-C24-2 could be an important QTL identi-
fied in this study, as it was not only identified as a stable
QTL and HL across multiple environments but was also
simultaneously confirmed by both CIM and ICIM. The
large dominance effects of this QTL justify its potential
use in genetic improvement of the yield of both inbred
and hybrid cultivars through marker-assistant transfer in
upland cotton breeding programs.

Conclusion

These results showed that obvious inbreeding depression
was found in the RIL population and high levels of het-
erosis were detected in the IF, and BCF; populations for
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yield and its components in upland cotton. Heterosis of
yield and its components definitely included the relative
contributions of additive effects, partial dominance,
over-dominance, and epistatic effects of multiple QTLs,
which differed among populations and traits. Through
integrating the results from single-locus and multi-envir-
onment QTL analysis, over-dominance and epistasis
were found to be more important than the others. Fur-
thermore, the heterosis genes can be further exploited
because of the detection of significant HLs, which will
greatly accelerate the hybrid breeding process of upland
cotton.
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