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Abstract. To investigate the genetic basis of heterosis in Brassica rapa, an F2 population was
produced from the cross of B. rapa L. subsp. chinensis (L.) Hanelt and B. rapa L. subsp.
rapifera Metzg. Trait performances of the F1 hybrid showed evident mid parent heterosis,
which varied from 18.55% to 101.62% for the 11 traits investigated. A total of 23 main effect
quantitative trait loci (QTLs) were detected for biomass and its component traits, which
could explain 4.38% to 47.80% of the phenotypic variance, respectively. Sixty-five percent of
these QTLs showed obvious overdominance. Epistasis analysis detected 444 two-locus
interactions for the 11 traits at the threshold of P < 0.005. Some of them remained significant
when more stringent threshold were set. These results suggested that overdominance and
epistasis might play an important role as the genetic basis of heterosis in B. rapa.

Plants in Brassica genus are grown world-
wide not only as a well-known vegetable, but
also one of the most important sources of
edible oil. Heterosis for seed yield, biomass,
disease and lodging resistance, oil content,
and other agronomic characters in Brassica
have been well documented (Falk et al.,
1994; Pradhan et al., 1993; Schuler et al.,
1992; Shen et al., 2005). Most researches on
heterosis were focused on the relationship
between heterosis and genetic diversity (Ali
et al., 1995; Riaz et al., 2001; Yu et al., 2005),
combining ability (Brandle and McVetty,
1989; Teklewold and Becker, 2005) or dif-
ferent cytoplasm (Riungu and McVetty, 2004)
and others. However, the genetic basis under-
lying heterosis remains more or less unclear.

Two classic explanations for heterosis,
i.e., the overdominance hypothesis (East,

1908; Shull, 1908) and the dominance
hypothesis (Bruce, 1910; Jones, 1917; Keeble
and Pellew, 1910), have been proposed and
competed for nearly a century. No proper
ways could exactly distinguish and assess
these hypotheses until molecular biology
technologies and quantitative trait locus
(QTL)-based analysis methodology were
widely used in genetic analysis in the last 2
decades. Xiao et al. (1995) studied the QTL
patterns of a set of BC1F7 lines and compared
the trait performances of F1 and F8 popula-
tions of an intersubspecific cross of rice and
concluded that dominance complementation
is the major genetic basis of heterosis. How-
ever, an increasing number of studies in maize
(Song and Messing, 2003; Stuber et al.,
1992), arabidopsis (Mitchell-Olds, 1995),
rice (Abdelkhalik et al., 2005; Li et al.,
2001; Luo et al., 2001), aspen (Li and Wu,
1996), and other plants showed that over-
dominance plays an important role in the
formation of heterosis. These two hypotheses
share a common character in that they both
were based on only single-locus analysis.

Considering the multigenic nature ofquan-
titative traits, epistasis should not be ignored
when exploring heterosis because most traits

composing heterosis are complex quantita-
tive traits. Two approaches are often used to
measure epistasis in an evolutionary genetic
context; one is to use specific mutations and
the other is to follow a form of QTL mapping
(Malmberg et al., 2005). Several computer
programs, including Epistat (Chase et al.,
1997), EPISTACY (Holland, 1998), QTLmap-
per (Wang et al., 1999), Preudomarker (Sen
and Churchill, 2001), BQTL (Borevitz et al.,
2002), R/qtl (Broman et al., 2003), WinQTL-
Cart (Wang et al., 2006), and QTLNetwork
(Yang et al., 2005), can be used to perform
epistasis QTL analysis through different
methods. Recently, as an important genetic
basis of complex traits, epistasis has been
reported in a growing body of data based on QTL
mapping analyses (Hua et al., 2003; Malmberg
et al., 2005; Yu et al., 1997) and has become the
third classic explanations for heterosis.

To investigate the genetic basis underly-
ing heterosis in B. rapa, an F2 population was
produced from an intersubspecific hybrid
between pakchoi [Brassica rapa L. subsp.
chinensis (L.) Hanelt] and turnip (B. rapa L.
subsp. rapifera Metzg); trait performance, QTL
patterns, and two-locus epistasis of 11 traits
(including three composite traits and eight
component traits) were subsequently analyzed.

Materials and Methods

An F2 population was produced from a
cross between two inbred lines of brassica,
i.e., Brassica rapa L. subsp. chinensis (L.)
Hanelt cv. ‘Aijiaohuang’ and B. rapa subsp.
rapifera Metzg. cv. ‘Baimanjing’. The seeds
of parents, F1 and F2 populations, were sown
in a seedling bed in on 28 Sept. 2004. The seed-
lings were transferred to the field 20 d later.

Three composite traits, i.e., biomass
(BM), overground weight (OGWT), and
taproot weight (TRWT), and eight compo-
nent traits, including plant height (PH), plant
widths 1 and 2 (PW1 and PW2), leaf length
(LL), leaf width (LW), leaf number (LN), and
taproot diameters 1 and 2 (TRD1 and TRD2),
were investigated 70 d after transplanting.
PH indicates the natural height of a plant in
growth. PW1 and PW2 denote the plant’s
maximal width passing through axes and the
value in the cross direction. TRD1 and TRD2
mean the root’s maximal diameter and the
value in the cross direction, respectively. LL
and LW represent the length and width of the
biggest leaf. BM, OGWT, and TRWT are
expressed in fresh weight.

One hundred eighty F2 progenies were
genotyped using 195 Amplified Fragment
Length Polymorphism (AFLP) markers.
Seventeen markers were excluded from linkage
analysis for bias from the segregation ratio of
3:1 (for dominant markers) or 1:2:1 (for
codominant markers) by c2 test. Mapmaker/
EXP 3.0 (Lander et al., 1987; Lincoln et al.,
1992) was used to perform the linkage analysis.
One hundred forty-one AFLP markers were
grouped into 17 linkage groups at logarithm of
odds (LOD) 3.0 and then ordered at LOD 2.0.
Kosambi mapping function (Kosambi, 1944)
was used to convert recombination fraction to
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map distance in centiMorgans (cM). Finally, a
genetic linkage map spanning 2063 cM, com-
posing 13 major linkage groups and four
triplets, was constructed. Genetic distance
between adjacent markers ranged from 0.4 to
37.3 cM and averaged 16.6 cM.

Composite interval mapping was per-
formed using WinQTLCart version 2.5. The
setting used was a walk speed of 2 cM, model
6 standard, regression method 1 forward. The
threshold of LOD greater than 2.5 was chosen
for claiming a putative QTL. EPISTACY
v2.0 was used to perform two-locus epistasis
analysis without considering the already
identified main QTLs by composite interval
mapping. EPISTACY was run in the SAS
system for windows v8.0 (SAS Institute,

2000) with a threshold P value of <0.005.
All interactions were removed in the outputs
when the two interacting markers were
within 50 cM of each other to avoid linkage
effects.

Shapiro-Wilk normality test and other
statistical analysis were performed using
the SAS system for windows v8.0. Better
parent heterosis (BPH) was calculated as
BPH = (F1 – BP)/BP, where F1 and BP mean
the performances of hybrid and the better
parent. Midparent heterosis (MPH) was cal-
culated as MPH = (2F1 – P1 – P2)/(P1 + P2),
where P1 and P2 mean the performances
of parents. Figures were plotted using Origin-
Pro 7.5 (OriginLab Corporation, 1991–
2003).

Results

All traits investigated were continuously
distributed (Fig. 1). Shapiro-Wilk test showed
that TD1, TD2, PH, PW1, and PW2 also fit
normal distribution. Significant amount of
MPH, which ranged from 18.55% to 101.62%,
was observed in these traits. The BPH varied
from –12.13% to 64.04%. The composite traits
BM, OGWT, and TRWT showed higher heter-
osis than their component traits.

A total of 23 main effect QTLs for bio-
mass and its component traits were detected
by composite interval mapping, one to three
QTLs for each trait (Table 1). The phenotypic
variance explained by a single QTL ranged
from 4.38% to 47.80%, and QTLs for each

Fig. 1. Distribution of the 11 traits in the F2 population and their performance in F1 and their parents. Equations show the performance of parent A (‘Aijiaohuang’),
B (‘Baimanjing’), and their F1 offspring. MPH and BPH denote midparent heterosis and better parent heterosis, respectively.
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trait can account for 16.96% to 61.59% of the
total phenotypic variance.

Only one QTL for biomass was detected
on linkage group 10. It could explain 24.87%
of phenotypic variance and had the same
position with a QTL of OGWT. Positive
additive effect indicated that the increasing
effects were contributed by ‘Aijiaohuang’.

Fifteen QTLs were found for OGWT and
its component traits, i.e., PH, PW1, PW2, LL,
LW, and LN. The QTL positions of OGWT
and its component traits on linkage group 8
overlapped each other (Fig. 2A), and their
effects also showed identical sign. Overdom-
inance, which means the ratio of dominant
effects to additive effect larger than unity,
was observed at 11 of the 13 QTLs for the
OGWT components traits, whereas the QTLs
for OGWT only exhibited partial dominance.

There were seven QTLs detected for
TRWT and its component traits, three for

TRWT and two for TRD1 and TRD2, respec-
tively. Close QTL positions and similar effects
for TRD1 and TRD2 were detected on both
linkage group 3 and 7. The QTLs for these two
traits on linkage group 3 explained 34.27%
and 45.18% of the phenotypic variance,
respectively. They also corresponded to a
QTL for TRWT judged by mapping positions
(Fig. 2B) and explained 8.05% of its pheno-
typic variance. The increasing effects for
TRWT and its component traits were mainly
contributed by parent ‘Baimanjing’, which has
a storage root. In addition, it was greatly
different between the performance of TRWT
and OGWT in that all the QTLs for the former
showed overdominance, whereas only one-
fourth for the latter did so.

A total of 461 two locus interactions were
detected by EPISTACY with the criteria of
P < 0.005. Seventeen interactions were
removed from this result because the two

interacting markers were within 50 cM of
each other. The distribution of the remaining
444 interactions for each trait was 27 for BM,
32 for OGWT, 39 for PH, 44 for PW1, 43 for
PW2, 37 for LL, 49 for LW, 63 for LN, 37 for
TRWT, 32 for TRD1, and 41 for TRD2.
Seventy-six of the remaining 444 interactions
were also significant at 0.001 level, three for
BM, three for OGWT, two for PH, eight for
PW1, 11 for PW2, five for LL, 10 for LW, 15
for LN, nine for TRWT, six for TRD1, and
four for TRD2. If the filter was set as P <
0.0005, there were still 43 significant inter-
actions for the 11 traits (data not shown).

These epistases were plotted in Figure 3, in
which dark square means P value < 0.001 and
gray square means 0.001 less than P value
<0.005. It could be observed that some of these
epistases were shared by the highly correlated
traits, e.g., TRD1, TRD2 and TRWT, BM and
OGWT, PW1 and PW2, and so on.

Discussion

As an important genetic phenomenon,
heterosis has been well recognized in many
species, including Brassica genus. In our
study, the intersubspecific hybrid of B. rapa
exhibited a great amount of MPH in most
traits investigated (Fig. 1). It will provide
great significance to elucidate the genetic
factors involved in heterosis.

A total of 23 main effect QTLs were
detected in this study, and �65% of them
exhibited obvious overdominance. For com-
posite traits, all QTLs for TRWT showed
overdominance, whereas QTLs for BM and
OGWT showed only partial dominance. As
for the component traits, 85% of the QTLs
for OGWT showed overdominance and only
one-fourth for TRWT did so. This finding is
generally in agreement with the results of
Li et al. (2001) that most QTLs contributing
to heterosis appeared to be overdominant.
Although it is quite different from the results
of Yu et al. (1997) that more overdominances
were observed for yield than for yield com-
ponent traits, this discrepancy may be largely
attributed to the difference in species. These
results suggested that 1) overdominance con-
tributes significantly to the genetic basis of
heterosis, and 2) the genetic basis for quan-
titative traits is very complex and an exclu-
sive criterion based on single locus analysis
is not competent to explain it.

Two locus epistases were ubiquitous in
our study. A total of 444 interactions were
detected at P < 0.005 level with an average of
40 epistases per trait. Some of them remained
significant at more stringent levels. This is in
accordance with the result of Li et al. (2001)
that most QTL associated with heterosis in
rice appeared to be involved in epistasis. As a
result of the insufficient informativeness of
dominant markers used in this study, further
partitions of epistases into AxA, AxD, DxA,
and DxD were not available. Luo et al. (2001)
reported that the epistatic QTL explained a
much greater portion of the total variation
than the main effect QTL. Malmberg et al.
(2005) also indicated that epistatic QTLs and

Table 1. Main effect QTLs detected for biomass and its component traits by composite interval mapping.

Trait
QTL
no.

Linkage
group no.

Position
(cM)

LOD
score

Additive
effect

Dominant
effect

R2

(%)

Biomass 1 10 62.61 4.14 129.86 88.88 24.87
Overground weight and its component traits
Overground weight 1 8 84.11 4.59 129.77 108.06 47.80

2 10 62.61 3.35 70.61 66.66 13.79
Plant height 1 4 136.81 4.03 –4.73 4.46 22.14

2 8 78.11 3.77 2.83 4.77 11.58
Plant width 1 1 3 33.41 2.53 –3.45 –5.27 8.69

2 8 76.11 3.00 3.22 6.32 6.89
3 9 110.71 2.56 –3.36 5.51 8.54

Plant width 2 1 8 76.11 4.33 5.28 6.12 16.96
Leaf length 1 2 6.01 2.63 –1.64 –0.62 5.85

2 8 76.11 5.23 1.95 5.41 7.66
3 15 6.01 3.07 –2.34 2.97 12.98

Leaf width 1 8 72.61 4.36 1.52 1.97 19.82
Leaf number 1 1 293.11 4.07 1.34 –2.01 18.14

2 8 80.11 3.03 0.80 1.87 6.13
3 12 16.01 2.58 1.14 –2.29 13.50

Taproot weight and its component traits
Taproot weight 1 3 22.01 2.65 –14.86 –25.91 8.05

2 4 99.31 2.53 14.44 24.72 4.38
3 11 4.01 2.75 –14.57 25.39 8.53

Taproot diameter 1 1 3 20.01 4.50 –9.47 –10.08 34.27
2 7 0.01 3.49 –4.83 –2.35 9.94

Taproot diameter 2 1 3 18.01 2.86 –10.26 –9.80 45.18
2 7 0.01 3.13 –3.94 –3.20 7.82

R2 means the percentage of phenotypic variation explained by a QTL.
QTL = quantitative trait locus; LOD = logarithm of odds.

Fig. 2. Comparison of the QTL LOD scores between related traits. TRWT = taproot weight; TRD1 =
taproot diameter 1; TRD2 = taproot diameter 2; OGWT=overground weight; PH=plant height; PW1 =
plant width 1; PW2 = plant width 2; LL = leaf length; LW = leaf width; LN = leaf number; QTL =
quantitative trait locus; LOD = logarithm of odds.
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Fig. 3. Two locus interactions detected by EPISTACY for 11 traits investigated. The axes indicate the genetic map of B. rapa with one linkage group following
another so that the total is display linearly. The plotted squares indicate the P value for an interaction between makers: dark square means P value < 0.001 and
gray square means 0.001 less than P value < 0.005.
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interactions are approximately twice as many
as additive QTLs, and the effects of epistatic
interactions are approximately double those
of additive QTLs. All these evidences sug-
gested that epistasis is a crucial factor for
quantitative traits and might play an impor-
tant role in the formation of heterosis.

There were also some connections be-
tween QTLs of different traits. Close posi-
tions and similar effects of QTLs could be
observed between many traits, especially
between pairs of traits and composite/com-
ponent traits (Table 1; Fig. 2). Similar results
have been reported by Zhuang et al. (2002)
in rice. Interestingly, the distribution of
two locus interactions also showed some
resemblance; many epistases were shared
by closely related traits (Fig. 3). It seems
likely that some QTLs contribute to more
than one trait, especially closely related traits.

The F2 population was used for genetic
analysis in this study because it theoretically
provides the most complete information for
genetic analysis. Other populations such as
recombinant inbred lines, double haploid, or
backcross populations also can be used for
genetic analyses. However, these populations
are incomplete in terms of genotypic compo-
sition and cannot provide estimates for some
of the genetic components that are necessary
for revealing the genetic basis of heterosis.
Whereas the F2 populations also have some
disadvantages (Hua et al., 2003): 1) each
genotype exhibits in single individual, which
makes it difficult to measure traits in repli-
cations; and 2) the population is in a transient
state, so the experiment cannot be repeated. A
recently created ‘‘immortalized F2’’ popula-
tion (Hua et al., 2003) can successfully over-
come these shortcomings and would be
helpful to get further insight into the genetic
mechanism involved in heterosis.

It should be noted that only one popula-
tion in one environment was studied in this
research for some reasons previously men-
tioned. So the results obtained here are
inevitably limited to some extent. Further
studies, especially those on some specific
processes related to plant development, will
shed new light on the genetic basis underly-
ing heterosis.

In conclusion, this study has demon-
strated that overdominance and epistasis are
ubiquitous in QTLs of agronomic traits and
they might play an important role as the
genetic basis of heterosis in B. rapa.
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