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Abstract Chinese semi-winter rapeseed is genetically
diverse from Canadian and European spring rapeseed. This
study was conducted to evaluate the potential of semi-
winter rapeseed for spring rapeseed hybrid breeding, to
assess the genetic effects involved, and to estimate the
correlation of parental genetic distance (GD) with hybrid
performance, heterosis, general combining ability (GCA)
and specific combining ability (SCA) in crosses between
spring and semi-winter rapeseed lines. Four spring male
sterile lines from Germany and Canada as testers were
crossed with 13 Chinese semi-winter rapeseed lines to
develop 52 hybrids, which were evaluated together with
their parents and commercial hybrids for seed yield and oil
content in three sets of field trials with 8 environments in
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Canada and Europe. The Chinese parental lines were not
adapted to local environmental conditions as demonstrated
by poor seed yields per se. However, the hybrids between
the Chinese parents and the adapted spring rapeseed lines
exhibited high heterosis for seed yield. The average mid-
parent heterosis was 15% and ca. 50% of the hybrids were
superior to the respective hybrid control across three sets of
field trials. Additive gene effects mainly contributed to
hybrid performance since the mean squares of GCA were
higher as compared to SCA. The correlation between
parental GD and hybrid performance and heterosis was
found to be low whereas the correlation between
GCA(t + m) and hybrid performance was high and signifi-
cant in each set of field trials, with an average of r = 0.87
for seed yield and r = 0.89 for oil content, indicating that
hybrid performance can be predicted by GCA¢ , 1. These
results demonstrate that Chinese semi-winter rapeseed
germplasm has a great potential to increase seed yield in
spring rapeseed hybrid breeding programs in Canada and
Europe.

Introduction

Rapeseed (Brassica napus L., AACC), originating from
spontaneous hybridisations between B. rapa (AA) and
B. oleracea (CC) in Europe (U N 1935), is an important
oilseed crop due to the high nutritional quality of its oil and
meal. Recently, attention has been given to its potential as
a renewable resource for biofuel production.

However, the genetic basis of commonly used rapeseed
is quite narrow which is limiting the breeding progress for
this species (Gomez-Campo 1999). One reason for this
could be the short history of cultivation in comparison to its
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two parental species (Becker et al. 1995). In practical
breeding, locally adapted varieties are preferred as crossing
partners although substantial genetic diversity exists
among spring lines from Europe and Canada, winter lines
from Europe and semi-winter lines from China (Becker
et al. 1995; Diers and Osborn 1994; Ma et al. 2000). Two
strategies can be adapted to widen the genetic diversity.
One strategy is to introgress genome components from the
two parental species or other relative species. During
evolution and domestication of the genus of rapeseed the
structure of its ‘A’ and ‘C’ genomes became much dif-
ferent from its related Brassica species (Song et al. 1988b,
1995). In terms of the ‘A’-genome, it is known that Asian
B. rapa differs from European B. rapa which is believed to
be one parent of modern rapeseed (Song et al. 1988a; Qian
et al. 2003; Zhao et al. 2005). More recent studies have
found that the introgression of Asian B. rapa can widen the
genetic diversity of rapeseed (Qian et al. 2006). Based on
the differences between Brassica genomes, a concept of
‘‘subgenomic heterosis’’ was proposed to increase heter-
osis for biomass and seed yield, according to which hybrids
were developed between current rapeseed cultivars and
“‘new type’’ rapeseed lines carrying the genomic compo-
nents of other species, such as the ‘A’ genome from B.
rapa and the ‘C’ genome from B. carinata (Qian et al.
2003, 2005; Li et al. 2006).

The other strategy is to use non-adapted germplasm
from other geographical regions. Such material may con-
tain favourable alleles not present in adapted germplasm.
Butruille et al. (1999) and Quijada et al. (2004) found that
the introgression of winter germplasm could increase the
yield of spring rapeseed hybrids. Lefort-Buson et al. (1987)
observed high heterosis for seed yield between European
winter and Asian rapeseed cultivars, which had been
adapted to European environments. Udall et al. (2006)
identified alleles in Asian semi-winter germplasm con-
tributing to the increase in seed yield of spring rapeseed
hybrids.

Heterotic pattern is a term to describe a group of related
or unrelated genotypes from the same or different popu-
lations, which display similar combining ability and het-
erotic response when crossed with genotypes from other
genetically distinct germplasm groups (Melchinger and
Gumber 1998). Heterotic patterns have been widely used in
hybrid breeding programs, such as maize and sunflower
(Beck et al. 1991; Cheres et al. 2000; Crossa et al. 1990;
Reif et al. 2003; Vasal et al. 1992a, b, ¢).

High heterosis has been observed in crosses between
Chinese semi-winter and winter rapeseed (Lefort-Buson
et al. 1987) and between Chinese semi-winter and spring
rapeseed (Udall et al. 2004). Since these germplasm are
highly divergent, heterotic pattern can be anticipated be-
tween Chinese semi-winter rapeseed and spring rapeseed,
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and between Chinese semi-winter rapeseed and true winter
rapeseed germplasm.

Positive correlation between heterosis and parental ge-
netic diversity was demonstrated for hybrid combinations
within the same ecotype group like spring by spring (Diers
et al. 1996; Riaz et al. 2001), winter by winter (Ali et al.
1995) and semi-winter by semi-winter rapeseed hybrids
(Yu et al. 2005). However, little is known about the rela-
tionship between heterosis and parental genetic distance
when parents from different ecotypes are used. In this
study, Chinese ‘‘normal’’ lines and new rapeseed lines
carrying introgressions from Chinese B. rapa were crossed
with spring rapeseed lines from Europe and Canada, and
these hybrids were evaluated across eight environments in
Europe and Canada in two years with the following
objectives: (1) to evaluate the potential of Chinese semi-
winter rapeseed as parents for spring rapeseed hybrid
breeding, (2) to assess the genetic effects involved, and (3)
to estimate the correlation of parental genetic distance
(GD) with hybrid performance, heterosis, general com-
bining ability (GCA) and specific combining ability (SCA)
among combinations between Chinese semi-winter and
spring rapeseed.

Materials and methods
Plant materials and genetic distances

Thirteen semi-winter type accessions from China were
used as pollinators: nine high yielding new type rapeseed
lines with introgressions from Chinese B. rapa as deter-
mined by molecular marker analysis, three Fg lines derived
from crosses between Chinese B. napus and Chinese
B. rapa, three BC,Fg lines derived from crosses (Chinese
B. napus x Chinese B. rapa) X Chinese B. rapa (Qian et al.
2005), three new type F4 lines derived from crosses Chi-
nese B. napus X (B. carinata X Chinese B. rapa) (Li et al.
2005), and four normal rapeseed types (without known
alien introgressions) which had been used as parents to
develop the new type lines listed above. Four male sterile
spring lines (MSL) of the seed company Norddeutsche
Pflanzenzucht Hans-Georg Lembke KG were used as fe-
males, MSL 04 and MSL 05 from Germany and MSL 06
and MSL 07 from Canada. A total of 52 hybrid combina-
tions were developed using NC design II (Comstock and
Robinson 1952). The genetic distances (GD) between these
accessions based on AFLP had been previously reported
(Qian et al. 2006). For calculation of GD the method of Nei
and Li (1979) had been used. The average genetic distance
was 0.431 = 0.058 between the two parent groups,
0.400 = 0.087 among the males and 0.171 + 0.027 among
the females. Four commercial hybrid varieties were used as
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controls: Siesta, PF 7615, Terra and PF8293, which had
been produced by using the four female lines (see above) as
parents. This allows to compare the hybrid combinations
sharing the same female.

Field evaluation

The hybrid combinations were evaluated in three sets of
field trials with 8 environments: in the first set of field
trials, the 26 hybrids derived from two Canadian MSL lines
were tested at Morden and Thornhill (Canada) in 2005; in
the second set of field trials, the 26 hybrids derived from
two European MSL lines were planted in three environ-
ments in Germany, Hohenlieth in 2004, Moosburg and
Hovedissen in 2005; in the third set of field trials, all 52
combinations were evaluated in three environments, two of
these at Odder (Denmark) in 2004 and 2005, and the third
one at Hohenlieth in 2005. In order to decrease the influ-
ence of edge effects from heterosis, the plot block was split
into two subplot blocks. The hybrids were sown in one
subplot block together with the control, and Chinese male
lines and the maintainer lines of MSL females were sown
in the other subplot block, in a randomized complete de-
sign in each subplot block with two replications. The size
of the plots ranged from 10 to 13.1 m? depending on the
amount of seeds and the local field practice, with a density
of 50 seeds/m”. The data were collected and adjusted for
seed yield (dt/ha), and oil content (%) with 9% humidity.

Data analysis

General combining ability (GCA) among parents and
specific combining ability (SCA) among combinations
were calculated separately for each environment using the
following statistical model:

Xije = u+ gi + 8 + 5ij + b + eij

where X;j; is the observed value of the combination be-
tween ith and jth parent in the kth replication; u is the mean
of all observation values; g; and g; are the GCA values of
the ith and jth parents, respectively; S;; is the SCA for the
cross involving ith and jth parent; by is the replication ef-
fect and ey is the error. Significance of GCA values was
determined by using the t-test. The mean squares of GCA
from the female and male group (02GCA(f +my) and of SCA
(O'ZSCA) were estimated in order to determine the impor-
tance of genetic effects using the ratio, (O’ZGC A+ m)
(0°Geac + my + 07sca) (Gao 1986).

Analysis of variance (ANOVA) was done among hybrid
combinations across all environments with the GLM pro-
cedure using the Statistical Analysis System (SAS) (SAS
Institute 1992). Pearson’s simple correlation coefficients

among traits of interest were calculated, and significance of
comparisons between groups of hybrids was tested by the F
test. Relative hybrid performance (in %) in comparison
with the mean of both parents (mid-parent heterosis, MPH)
and in comparison with the hybrid control (over-control,
OC) were calculated as follows: MPH = 100 x (F1 — MP)/
MP and OC = 100 x (F1 - CK)/CK, where F1 = hybrid
performance, MP = mean performance of both parents, and
CK = performance of the commercial hybrid control.

Results
Parental genetic diversity and hybrid performance

The two parental groups exhibited great differences in their
flowering times and in some morphological characters such
as leaf size and colour, whereas their hybrids showed
intermediate characters. Chinese rapeseed parents were
poorly adapted to spring growing environments. They were
inferior to the locally adapted spring parents for seed yield
by 17.9% across 8 environments. In contrast, hybrids be-
tween Chinese and adapted spring parents exhibited high
heterosis and high yield performance in three sets of field
trials (Table 1). For seed yield, ca. 50% of the hybrids were
superior to the respective controls. On average, mid-parent
heterosis was 15% for seed yield across three sets of field
trials (Table 1). In general the hybrid combinations had
better yield performance in European environments than in
Canadian environments, and in comparison with oil content,
seed yield exhibited wider variation for MPH (Table 1).

Significant differences between genotypes were detected
for seed yield and oil content (Table 2). Moreover, sig-
nificant genotype X environment interactions were found
for both traits (P < 0.01). The interactions between fe-
males and males were found to be not significantly dif-
ferent from zero for both traits. However, highly significant
differences were observed between males for both traits
and between females for seed yield (P < 0.01). These
results indicate that additive gene effects play an important
role in hybrid performance. No significant differences were
found between the combinations derived from the new type
rapeseed and those from the Chinese normal cultivars
across 8 environments (P = 0.72 for seed yield, P = 0.27
for oil content), and between combinations derived from
European MSL and those from Canadian MSL parents for
seed yield (P = 0.85), all of which were evaluated in the
third set of field trial.

The importance of additive effects of genes was further
supported by combining ability analysis. The ratios of
mean squares (GzGCA(f +m)/ (GzGCA(f +m) T 0%sca), Were
rather high for both traits in all sets of field trials (Table 3).
The average ratio was 0.96 for seed yield and 0.93 for oil
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Table 1 Hybrid performance (HP) between Chinese semi-winter and spring rapeseed lines grown in 3 sets of field trials (FT) with 8 different
environments for seed yield and oil content

Field trials®

HP®

MPH

oC

Seed yield (dt/ha)

5.21 (-27.57, 26.24)
17.15 (4.31, 24.43)
21.82 (10.42, 36.14)
14.73 (=27.57, 36.14)

10.30 (~44.05, 76.96)
~8.77 (=29.23, 7.84)
~0.24 (=33.08, 36.90)
0.43 (~44.05, 76.96)

FT1 18.08 (12.45, 21.70)
FT2 33.80 (30.10, 35.90)
FT3 34.80 (31.54, 38.89)
Mean 28.90 (12.45, 38.89)
Oil content (%)
FT1 42.73 (41.53, 44.33)
FT2 43.44 (42.27, 44.62)
FT3 45.11 (43.52, 46.65)
Mean 43.76 (41.53, 46.65)

3.53 (0.61, 7.39)
~1.94 (-4.59, 0.72)
0.50 (=3.04, 3.94)
0.70 (—4.59, 7.39)

—4.21 (~11.47, 2.38)
—4.45 (~13.12, 3.77)
~4.08 (~11.69, 5.97)
—4.25 (~13.12, 5.97)

Mid-parent heterosis (MPH) and relative performance as compared to the commercial hybrid control (OC) were calculated

2 FT1 = a set of 26 hybrid combinations derived from two Canadian MSLs were grown in 2005 across two Canadian environments, Morden and
Thornhill; FT2 = a set of 26 hybrids derived from two European MSLs were grown across three Germany environments, Hohenlieth in 2004,
Moosburg and Hovedissen in 2005; FT3 = a set of 52 hybrids were grown across three European environments, Hohenlieth in 2005, and Odder

in 2004 and 2005, Denmark

® Mean (min, max)

Table 2 ANOVA from a field test with 52 hybrid combinations
between Chinese semi-winter and spring rapeseed lines across 8
environments

Source df Mean squares

Seed yield Oil content
Environment 7 3686.32%* 109.42%*
Genotype 51 18.05%* 4.83%*
Female 3 81.70** 2.61
Male 12 39.44%* 16.55%*
Female x male 36 5.55 1.26
Genotype X environment 226 9.447%% 1.37%%

* %% Significant at P = 0.05 and 0.01

content, respectively. This indicates that both, additive and
non-additive effects contributed to seed yield and oil con-
tent, but additive effects were much more important than
non-additive effects.

General combining abilities were calculated for each of
sets of field trials (Table 3). A number of male lines
exhibited significant GCA under different sets of field tri-
als, e.g. HAU 01, HAU 02 and HAU 03 had significant
positive GCA, while HAU 09 and HAU 12 exhibited sig-
nificant negative GCA for oil content in 2 sets of field
trials. Significant positive GCA effects were found for
HAU 14 in 2 sets of field trials for seed yield.

Correlation between genetic distances, hybrid
performance, heterosis and combining ability

Parental GD positively correlated with mid-parent hetero-
sis for both traits in all sets of field trials, with correlations
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ranging from 0.28 to 0.64 for seed yield and from 0.42 to
0.48 for oil content (Table 4). In contrast, correlation was
generally found to be low between parent GD and hybrid
performance, GCA . ) and SCA. However, a high and
significant correlation between GCA¢ , ) effects and hy-
brid performance was found in each sets of field trials, with
an average of r = 0.87 for seed yield and r = 0.89 for oil
content. It is interesting that high correlation of GCA from
males with hybrid performance was detected across three
sets of field trials (r = 0.79 for seed yield and r = 0.86 for
oil content on average).

Discussion
Heterosis prediction

Predicting heterosis is of utmost importance in hybrid
breeding. Since genetic distances can be easily determined
by molecular markers predicting heterosis by the related-
ness of the parents is a challenge. Positive correlations
between heterosis and parental GD based on morphological
characters and molecular markers have been reported for
Brassica (Teklewold and Becker 2006; Yu et al. 2005).
More reports have been published for maize (Smith et al.
1990) and rice (Liu and Wu 1998; Zhang et al. 1994,
1996), but the extent of correlation varied widely from one
trait to another and from one dataset to another. From data
of different crop species, Melchinger (1999) reported that
the association between parental GD and mid-parent het-
erosis decreased from crosses between related lines to in-
tra-group and inter-group crosses. This was supported by
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Table 3 General combining - .

ability (GCA) for seed yield Parent Seed yield Oil content

(dt/ha) and oil content (%) from FT1 FT2 FT3 FT1 FT2 FT3

a field test with 52 hybrid

combinations in 3 sets of field Female

trials Wlth 8 environments MSL 04 -0.13 0.43 0.09 0.04
MSL 05 0.13 -0.54 -0.09 0.27
MSL 06 -0.46 —1.21* 0.20 -0.27
MSL 07 0.46 1.32%:* -0.20 -0.04
SE 0.52 0.27 0.27 0.14 0.11 0.11
Male
HAU 01 0.04 1.16 0.13 1.14 0.70* 111
HAU 02 0.31 —2.39%* 1.41%* 0.32 1.12%* 0.95%*

) ) HAU 03 0.63 -1.29 -0.63 0.14 0.74%* 0.78%*

The ratio of (7"geac + m)/ HAU 04 1.06 0.71 0.50 ~0.04 ~0.86%* ~0.40

(0°Geadt + m) + 0 sca) was " N

calculated for two traits in three HAU 05 -L15 -0.63 -1.40 -0.74 -0.52 -0.58*

sets of field trials. The parents HAU 06 0.19 0.77 1.70%* -0.14 0.73%* 0.17

were four male sterile lines HAU 08 —0.95 —0.43 —0.26 0.36 —0.50 —().87%%*

(MSL 04-MSL 07), nine new N 5 N -

type pollinator lines with HAU 09 1.09 1.85 0.1 0.16 -0.76 -1.21

introgressions from B. carinata HAU 10 0.85 -0.47 -0.28 0.02 -0.54 —0.92%*

and Chinese B. rapa (HAU 01-  HAU 11 1.40 1.23 —1.49%% -0.14 0.08 0.77%%*

HAU 10 except HAU 07) and 5 45 5.36%* 075 ~0.98 072 0.62* ~0.60*

four Chinese normal type

pollinator lines (HAU 11-HAU HAU 13 -1.30 -0.88 -0.18 -0.34 0.36 0.41

14). Field trials (FT1-FT3) are HAU 14 3.18%* 1.12 1.60%* -0.01 0.07 0.40

explained in Table 1 SE 132 0.69 0.49 0.37 0.28 0.21

¥, ** Significantat P = 0.05and Ry 1 0.99 0.88 1 0.93 0.87

0.01

the data of our study, which showed that the parental GD
weakly correlated with mid-parent heterosis because the
parents came from two far distinct gene pools, Chinese
semi-winter and spring rapeseed. Thus, it seems to be
difficult to predict hybrid performance and/or heterosis in
crosses between Chinese semi-winter and spring rapeseed
by their parental GD.

Interestingly, in our study a high positive correlation of
hybrid performance with the total of parental GCA effects

and GCA effects from males was found. Hence it was
possible to predict hybrid performance from GCA effects.
This can be explained by the main contribution of additive
effects to hybrid performance. This is consistent with re-
sults published by Dhillon et al. (1990), who found that
promising hybrid combinations can be identified mainly by
their parental GCA effects in inter-group maize hybrids
between European flint and dent lines, with predominance
of ngCA over O'ZSCA.

Table 4 Correlations between

parental genetic distance (GD) Field trials GD Hp

and four different parameters HP SCA GCA MPH SCA GCA MPH

calculated for seed yield and oil

content from three sets of field Seed yield

trials with eight environments FT1 0.12 0.04 0.11 0.28 0.44% 0.90%  0.64%
FT2 0.18 —-0.11 0.27 0.50%* 0.49* 0.87%* 0.42*
FT3 0.08 0.02 0.09 0.64%* 0.55%* 0.83%* 0.24%*

. Mean 0.13 -0.02 0.16 0.47 0.49 0.87 0.43

HP hybrid performance, MPH oil

mid-parent heterosis, GCA total 1l content

general combining abj]ity of FT1 0.05 0.09 0.01 0.42% 0.46* 0.89%* 0.55%%*

both parents, SCA specific FT2 -0.24 0.02 -0.28 0.46* 0.41* 0.91%* 0.16

combining ability FT3 0345 007 043¢ 048 047%  0.88%F 032

* ** Significantatp = 0.05and — ype -0.18 0.06 023 0.45 045 0.89 0.34

0.01
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Heterotic pattern between spring and Chinese
semi-winter lines

It is an obvious advantage of heterotic pattern to prede-
termine to a large extent the type of germplasm used in a
hybrid-breeding program (Melchinger and Gumber 1998).
Theoretical and experimental investigations suggest that
grouping of germplasm into divergent heterotic groups can
reduce the variance of SCA and increase the variance of
GCA, and prediction of heterosis at an early stage of the
breeding program becomes more efficient if based on GCA
effects (Melchinger 1999; Reif et al. 2006). In this study,
high heterosis and predominance of O'ZGC A OVer 025(; A Were
detected among hybrid combinations between Chinese
semi-winter and spring rapeseed. Thus, spring and Chinese
semi-winter rapeseed are suggested to constitute heterotic
pattern, which may be used in spring rapeseed hybrid
breeding programs.

However, this heterotic pattern should be further opti-
mized by improving adaptation of the Chinese paternal
lines to spring rapeseed environments. The Chinese lines
used in this study had been selected without consideration
of adaptation to spring rapeseed-growing conditions. In
most cases they flowered much later than spring lines,
some semi-winter lines could not even be harvested due to
very late ripening (data not shown). In our original mating
design 14 Chinese semi-winter lines were included as male
parents, but later one line was discarded due to its very late
flowering. Moreover, high susceptibility to blackleg (Lep-
tosphaeria maculans) excludes direct use of semi-winter
rapeseed lines for hybrid breeding in Canada.

It should be noted that genetic diversity within the
Chinese semi-winter rapeseed group was high (Qian et al.
2006), and that additive genetic effects mainly contributed
to hybrid performance. Further selection among Chinese
semi-winter rapeseed for superior combining ability is
possible. Although substantial genetic diversity among
Canadian and European spring rapeseed as females was
found, the smaller genetic diversity in comparison with
males and similar combining ability effects for seed yield
within Canadian and European spring rapeseed indicate
low genetic variation within and between these two groups
of accessions, which is in accordance with previous results
(Grant and Beversdorf 1985; Brandle and McVetty 1990).
In conclusion, there is a demand for increasing the genetic
diversity of spring rapeseed in Canada and Europe.

Subgenomic heterosis in rapeseed
Previous studies have shown that gene introgressions from
related species can widen the genetic diversity of rapeseed,

and result in subgenomic heterosis for biomass and seed
yield (Qian et al. 2003, 2005, 2006; Li et al. 2006). In this
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study, the new type rapeseed lines (for example, HAU 04
and HAU 06) exhibited stronger heterotic potential in
comparison with their parental B. napus (HAU 12 and
HAU 13) (Table 3), but no general rule was found for
hybrid combinations from new type rapeseed and Chinese
normal cultivars. There are two explanations for lack of
significant differences between new type and normal ra-
peseed. First, gene introgression into new rapeseed lines
was not properly identified. Qian et al. (2005) identified
some DNA segments from B. rapa with positive and
negative effects on seed yield and yield components
demonstrating that genome introgressions can have oppo-
site effects. Similar studies on introgressions from exotic
germplasm were reported for rice (Septiningsih et al.
2003), wheat (Huang et al. 2003) and tomato (Frary et al.
2004). Another explanation is that only parts of the ge-
nomes from Chinese B. rapa and B. carinata were intro-
duced into new type rapeseed lines (Qian et al. 2005; Li
et al. 2005). Thus, there is a need for further character-
ization of genome introgressions from related Brassica
species. A program was initiated to produce a series of
recombinant inbred lines with alien genome introgressions
for mapping of QTL responsible for heterosis in rapeseed.
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