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Genetic investigation of the origination of
allopolyploid with virtually synthesized lines:
Application to the C subgenome of Brassica napus

J Mei?, Q Li%, L Qian?, Y Fu?, J Li', M Frauen? and W Qian’
'College of Agronomy and Biotechnology, Southwest University, Chongging, China and *Norddeutsche Pflanzenzucht Hans-Georg
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Although there are a number of different allopolyploids in
the plant kingdom, the exact ancestral parents of some
allopolyploids have not been well characterized. We propose
a strategy in which virtual allopolyploid lines derived from
different types of parental species are used to investigate the
progenitors of an allopolyploid. The genotypes of the parental
lines and the natural allopolyploid were established using a
set of DNA molecular markers. The genotypes of the virtual
lines were then derived from those of the parental lines, and
compared extensively with that of the natural allopolyploid.
We applied this strategy to investigate the progenitors of the
C subgenome of Brassica napus (rapeseed, AACC). A total
of 39 accessions from 10 wild and 7 cultivated types of the
B. oleracea cytodeme (CC), and 4 accessions of B. rapa (AA)

were used to construct 156 virtual rapeseed lines. Genetic
structure was compared among natural rapeseed, virtual rape-
seed lines, and their parental lines by principal component
analysis and analysis of ancestry. Our data showed that the
C subgenome of natural rapeseed was related closely to the
genome of cultivated B. oleracea and its related wild types, such
as B. incana, B. bourgeaui, B. montana, B. oleracea ssp.
oleracea and B. cretica. This finding indicated that these types or
their progeny might be ancestral donors of the C subgenome of
rapeseed. The successful application of the strategy of virtual
allopolyploidy in rapeseed demonstrates that it can possibly be
used to identify the progenitors of an allopolyploid species.
Heredity (2011) 106, 955-961; doi:10.1038/hdy.2010.143;
published online 24 November 2010
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Introduction

Polyploidy has an important role in the evolution of
plants. Polyploid plants have a number of advantages
over diploids, such as an improved ability to survive in
harsh environments, increased resistance to pathogens
and permanent fixation of hybrid vigor (Stebbins, 1971;
Soltis and Soltis, 2000; Otto, 2007). The frequency of
polyploidy in angiosperms has been estimated to be 15%
(Wood et al., 2009). Moreover, many ‘diploid” plants are
in fact ancient polyploids that have undergone at least
one round of genome duplication during their evolution;
hence, it can be estimated that over 70% of angiosperms
are polyploid (Masterson, 1994; Wolfe, 2001).

Winge (1917) proposed that allopolyploids arose from
interspecific hybridization followed by chromosome
doubling. Subsequently, a number of important crops,
such as wheat (Triticum aestivum), cotton (Gossypium
hirsutum) and rapeseed (Brassica napus) have been
confirmed to be allopolyploids in which two or more
divergent genomes combined (Chen, 2007). Some natural
allopolyploids show less genetic diversity than the
parental species (Becker et al., 1995; Tanksley and
McCouch, 1997; Abdalla et al., 2001; Reif et al., 2005),

Correspondence: Dr W Qian, College of Agronomy and Biotechnology,
Plantbreeding Institute, Southwest University, Chongging 400716, China.
E-mail: qianwei666@hotmail.com

Received 18 April 2010; revised 1 August 2010; accepted 14 October
2010; published online 24 November 2010

which leads us to speculate that a small number of
variants of the parental species contributed to these
allopolyploids. However, little is known about their exact
progenitors in some cases.

B. napus (rapeseed, AACC) is thought to have
originated from a spontaneous hybridization between
B. rapa (AA) and B. oleracea (CC) (UN, 1935), but its
exact progenitors have not been identified for the
following reasons: (1) Although rapeseed has been
domesticated as a crop for only 300400 years, wild
rapeseed has not been found in nature (Gémez-Campo
and Prakash, 1999). Hence, no information about the
progenitors of rapeseed can be gained from wild rape-
seed. (2) The frequent introgression of B. rapa into
B. napus in breeding programs has led to substantial
amounts of variation in the A subgenome of modern
rapeseed (Qian et al., 2006). Hence, it is difficult to
distinguish the genetic contributions of the B. rapa
progenitor from genetic material that has been intro-
duced more recently. (3) There are 10 wild relatives of
B. oleracea in nature (Snogerup et al., 1990), and various
cultivated forms. The progenies between wild and
cultivated types of B. oleracea exhibit partial fertility in
some cases (Snogerup et al., 1990; Kianian and Quiros,
1992; Von Bothmer et al., 1995). Harberd (1976) referred
to these types as the B. oleracea cytodeme. However, the
C subgenome of rapeseed shows much less variation
than the genome of B. oleracea (Becker et al., 1995; Seyis
et al., 2003), which raises the question of which types of


http://dx.doi.org/10.1038/hdy.2010.143
mailto:qianwei666@hotmail.com
http://www.nature.com/hdy

Genetic investigation of the origination of allopolyploid
J Mei et al

956

the B. oleracea cytodeme contributed to the formation
of rapeseed.

It has been proposed previously that rapeseed origi-
nated in the Mediterranean region of Southwest Europe,
where the distributions of the wild types of B. rapa and B.
oleracea overlap (Sinskaia, 1928; Schiemann, 1932). Owing
to obvious differences between European and Japanese
rapeseed, it has been suggested that Japanese rapeseed
was derived from natural hybridization between Asian
B. rapa and cultivated European B. oleracea (Olsson, 1954;
Naughton, 1976). Gémez-Campo and Prakash (1999)
have suggested that rapeseed originated from crosses
between cultivated types of the parental species, because
it would be relatively easy for B. oleracea and B. rapa to
mate reciprocally in an agricultural environment. An
alternative hypothesis was suggested by Song and
Osborn (1992), who found that the majority of accessions
of B. napus contain the same chloroplast haplotype as
B. montana (a wild taxon of B. oleracea), and thus assumed
that B. montana was involved in the origination of
rapeseed. However, the ancestral donor(s) of the C
subgenome in rapeseed has not been clarified in these
reports. One possible reason is that only a few types of
the B. oleracea cytodeme were considered in these studies.

Genetic changes that have occurred in resynthesized
allopolyploids relative to parental lines have been
documented (Song ef al., 1995; Prakash et al., 1999; Comai
et al., 2000; Ozkan et al., 2001; Kashkush et al., 2002; Gaeta
et al., 2007). However, these changes are much fewer than
the genetic differences between the genomes of the
parental species (Comai et al., 2000; Ozkan et al., 2001;
Kashkush et al., 2002; Parkin et al., 2003; Rana et al., 2004;
Lukens et al., 2006; Rousseau-Gueutin ef al., 2008). Given
that there are high degrees of macrosynteny and
colinearity between an allopolyploid and its progenitors,
the majority of genetic characteristics of the progenitor
species are maintained in the allopolyploid during its
generation and evolution (Rana et al., 2004; Rousseau-
Gueutin ef al.,, 2008). Thus, it should be possible to
identify the progenitors of an allopolyploid by compar-
ing the genetic structure of synthetic lines derived from
all natural variants of the parental species with that of
the natural allopolyploid: it is most likely that the
progenitors are the parental variants that give rise to
the synthetic lines that are most similar to the natural
allopolyploid.

In this study, we have proposed a strategy to
investigate the progenitors of an allopolyploid. The
parental lines and the natural allopolyploid are geno-
typed using DNA molecular markers, and the genotype
of a virtual line is then derived from that of its parents,
that is, it is assumed that markers that are present in the
parental lines are also present in the virtual allopoly-
ploid. The genotypes of the virtual lines are then
compared extensively with that of the natural allopoly-
ploid. We have performed extensive comparisons of
genetic structure among natural rapeseed and virtual
rapeseed lines derived from different variants of the B.
oleracea cytodeme. The results of the study suggest that
the C subgenome of natural rapeseed is related closely to
that of cultivated B. oleracea and its related wild types,
such as B. incana, B. bourgeaui, B. montana, B. oleracea ssp.
oleracea and B. cretica. Therefore, these types might be the
ancestral donors of the C subgenome of rapeseed. This
study demonstrates that it is possible to use virtual
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allopolyploid lines to investigate the progenitors of an
allopolyploid species.

Materials and methods

Plant materials

We used a panel of accessions of Brassica to investigate
the ancestral donor(s) of the C subgenome of natural
rapeseed (Figure 1). A total of 25 accessions from 10 wild
types and 14 accessions from 7 cultivated types of the
B. oleracea cytodeme, on the basis of the classification
proposed by Snogerup et al. (1990), were collected from
the Centre for Genetic Resources (CGN; Wageningen,
The Netherlands), the Institute of Plant Genetics and
Crop Plant Research (IPK; Gatersleben, Germany), the
Universidad Politécnica de Madrid (UPM; Madrid,
Spain), the University of California (UC; Davis, CA,
USA) and Southwest University (SWU; China). Four
accessions of B. rapa that represented genetic variants
from two centres of origin of B. rapa (East Asia and
Europe) and six accessions of B. napus that represented
natural variants of rapeseed (two European winter, two
Chinese semi-winter and two European spring rapeseed)
were selected on the basis of studies of the evolution of B.
rapa (Gémez-Campo and Prakash, 1999; Qian et al., 2003;
Zhao et al., 2005) and analyses of genetic diversity in
natural rapeseed (Diers and Osborn, 1994; Becker et al.,
1995; Qian et al., 2006). A total of 156 virtual lines of
rapeseed were developed from the 39 accessions of the
B. oleracea cytodeme and from the 4 accessions of the B.
rapa as described below.

DNA isolation and development of molecular markers

Young leaves from the 49 accessions of the B. oleracea
cytodeme, B. rapa, and B. napus were collected and
pooled from at least five individuals of each accession at
the seedling stage. Genomic DNA was isolated using the
CTAB method (Saghai-Maroof et al., 1984). Amplified
fragment length polymorphisms (AFLPs) were amplified
using 11 primer pairs and the resulting PCR products
were separated on a Li-Cor 4300 Sequencer (LI-COR
Biosciences; Lincoln, NE, USA). Distinct bands with a
fragment size of 100-600 bp were scored. In all, 83 primer
pairs for simple sequence repeats (SSRs) in the A and C
genomes of Brassica were selected randomly from the
website www.brassica.info. The PCR products that
corresponded to the SSR markers were separated on a
10% polyacrylamide gel and stained with silver nitrate.

Development of virtual allopolyploid lines

The accessions of the parental species and natural
rapeseed were genotyped with the AFLP and SSR
markers as described above. The genotypes of different
accessions of B. oleracea and B. rapa were then combined
in the following manner to give those of the virtual lines.
For each locus, a score of ‘1’ was given to the virtual line
if the AFLP or SSR marker was present in at least one of
the parental lines, whereas if the marker was absent in
both parents, the virtual line was assigned a score of ‘0’.
In this way, the genotypes of the virtual allopolyploid
lines could be derived from those of the corresponding
parental lines without the need for interspecific hybridi-
zation. In total, 156 virtual rapeseed lines were con-
structed from 39 accessions of the wild and cultivated
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Species Accession Origin
B. oleracea L. var. acephala DC. SWU-1 SWU q
B. oleracea L. var. acephala DC. SWuU-2 SWU
B. oleracea L. var. sabauda L. 129-1284-67 UPM
B. oleracea L. var. gongylodes L. CGN17244 CGN
B. oleracea L. var. gongylodes L. 132-0969-69 UPM
B. oleracea L. ssp. oleracea L. 663-7697-88 UPM
B. oleracea L. ssp. oleracea L. 662-7694-88 UPM
B. oleracea L. ssp. oleracea L. BRA 101 IPK
B. oleracea L. ssp. oleracea L. BRA 108 IPK
B. oleracea L. var. gemmiferaDC.  SWU-3 Swu
B. oleracea L. var. gemmiferaDC. SWU-4 sSwu
B. oleracea L. var. capitata L. SWU-5 SWU
B. oleracea L. var. alboglabra Bailey BRA 167 IPK
B. oleracea L. var. alboglabra Bailey BRA 1264 IPK
B. oleracea L. var. alboglabra Bailey 2921 UPM Group C -1
B. oleracea L. var. italica Plenck 126-1282-67 UPM
B. oleracea L. var. italica Plenck SWU-6 swu
B. oleracea L. var. italica Plenck B10-141 UC Davis
B. incana Ten. CGN18471 CGN
B. incana Ten. BRA 1166 IPK
B. incana Ten. 636-6563-84 UPM
B. incana Ten. 640-6570-84 UPM
B. bourgeaui (Webb) O. Kuntze 8856 UPM
B. bourgeaui (Webb) O. Kuntze BRA 2848 IPK
B. bourgeaui (Webb) O. Kuntze K 9825 IPK
B. montana Pourret BRA1644 IPK
B. montana Pourret 649-6801-85 UPM
B. cretica Lam. K 9689 IPK -
B. hilarionis Post 109-7344-89 UPM Group C - Il
B. insularis Moris 645-7347-86 UPM 7
B. insularis Moris K 9338 IPK
B. insularis Moris K 8934 IPK
B. macrocarpa Guss. 115-3819-75 UPM Group C - Il
B. rupestris Rafin. 666-6594-84 UPM
B. rupestris Rafin. 664-6575-84 UPM
B. rupestris Rafin. BRA 2851 IPK
B. villosa Biv. 668-6589-84 UPM
B. villosa Biv. 670-6595-84 UPM
B. villosa Biv. BRA 2853 IPK -
B. napus L. Zhongshuang9 SWU T
B. napus L. T46 SWU
B. napus L. Campino NPZ
B. napus L. Mozart NPZ Group AC
B. napus L. W-55045 NPZ
B. napus L. W-55049 NPZ -
B. rapa L. Xiaobaicai sSwu 7
B.rapal. Y248 SWuU Group A
B.rapal. W-9852 SWuU
B.rapal. Hanchuan rape  SWU i

Figure 1 Cluster analysis of Nei’s matrix distances among 49 accessions of Brassica, as revealed with AFLP and SSR markers. Bootstrap
values above 50%, which were calculated with 1000 replications, are shown on the branches. At a genetic distance of 0.51, the accessions of the
B. oleracea cytodeme were classified into three subgroups, whereas the accessions from B. napus and B. rapa were clustered separately into

individual groups.

forms of B. oleracea and from the 4 accessions of B. rapa.
The genotypes of the virtual lines were then compared
with those of the natural rapeseed lines.

Data analysis

Several methods were used to analyze the genetic
structure of the accessions of interest. The matrix of
genetic distance among the 49 accessions of Brassica was
calculated using the formula of Nei and Li (1979), and
subjected to cluster analysis using the unweighted pair
group method with arithmetic averages from the NTSYS-PC
program (http:// www.exetersoftware.com/cat/ntsyspc/
ntsyspc.html) (Rohlf, 1997). The confidence values of the
resulting dendrogram were tested by bootstrap analysis
with 1000 replications, using the software package
WINBOOT (http://www.riceworld.org/science/software/
winboot.asp) (Yap and Nelson, 1996). To explore the

relationships of ancestry among the 49 accessions of
Brassica, the STRUCTURE ver. 2.2 software was used for
10000 iterations after a burn-in of 1000 iterations (Falush
et al., 2007). To compare genetic structures among natural
rapeseed, the virtual rapeseed lines, and the parental
species, the genetic distance was evaluated by principal
component analysis in NTSYS-PC (Rohlf, 1997).

Statistical analyses such as Pearson’s simple correla-
tion, F- and t-tests were performed using SAS ver. 6.07
(http://www.sas.com/) (SAS Institute, 1992).

Results

Genetic structure within the genus Brassica

Two types of molecular markers, SSR and AFLP, were
used to analyze the genetic structure at the whole
genome level of 49 accessions, which represented natural
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variants of B. napus, B. rapa and the B. oleracea cytodeme.
In total, 355 polymorphic bands from 11 AFLP primer
pairs and 464 polymorphic bands from 83 SSR primer
pairs were scored. On average, 32 polymorphic bands
were detected for each AFLP primer pair among the 49
accessions, whereas an average of 5.2, 2.0 and 2.8 alleles
were detected for each SSR primer pair in the B. oleracea
cytodeme, B. rapa and B. napus, respectively. Among the
three species of Brassica tested, the highest genetic
diversity was found in the B. oleracea cytodeme, with
an average genetic distance of 0.59 obtained with the SSR
markers and 0.32 with the AFLP markers, followed by
B. rapa (0.33 with SSR and 0.25 with AFLP markers) and
B. napus (0.24 with SSR and 0.13 with AFLP markers).

Although the genetic variation among the 49 acces-
sions of Brassica could be detected more sensitively with
the SSR than with the AFLP markers, a high degree of
correlation (r=0.963, P<0.01) was found between the
genetic distances obtained with the SSR and AFLP
markers. Therefore, the polymorphic SSR and AFLP
bands were combined to analyze the genetic structure.
Clustering analysis was performed among the 49
accessions using NTSYS software and the results are
shown in Figure 1. Bootstrap values above 50%, which
were calculated with 1000 replications, are shown on the
branches. At a genetic distance of 0.51, the accessions
of the B. oleracea cytodeme were classified into three
subgroups, whereas the accessions of B. napus and
B. rapa were clustered separately into individual groups
with high-bootstrap values. All the cultivated types of
B. oleracea were clustered into group C-I together with the
wild-types B. incana, B. bourgeaui, B. montana, B. oleracea
ssp. oleracea and B. cretica. Group C-II was comprised of
the accessions of B. rupestris, B. macrocarpa, B. villosa and
B. insularis, whereas B. hilarionis was categorized as
group C-III (Figure 1).

The findings of the cluster analysis were supported by
the analysis of ancestry among the 49 accessions of
Brassica (Figure 2). Owing to the maximal log likelihood
obtained, the number of populations (K) was fixed at
three by running the STRUCTURE software for 10000
iterations after a burn-in of 1000 iterations. It was found
that all accessions of B. rapa had a common ancestry, and
that the accessions of the B. oleracea cytodeme could be
classified into two different populations, with the
exception of B. hilarionis, which shared a few components
with the ancestry of B. rapa (Figure 2). The cultivated
types of B. oleracea had the same ancestry as the wild
types in group C-I, whereas the wild types in group
C-II shared a different ancestry, although some wild
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accessions apparently had mixed ancestry. It was interest-
ing that the ancestry of natural rapeseed corresponded to
that of B. rapa and group C-I, which supports the view
that rapeseed originated from B. rapa and B. oleracea.

Comparison of the C subgenome in natural B. napus with

the B. oleracea cytodeme

Given that an allopolyploid contains the entire set of
chromosomes from each parental species and shows
stable disomic chromosome pairing behavior (Chen
2007), the progenitors of an allopolyploid can be
deduced by comparing the genotype of the natural
allopolyploid with that of virtual allopolyploid lines
synthesized from all variants of the parental species. The
genotype of a virtual line can be derived from those of its
parental lines, which are determined using DNA
molecular markers.

We investigated the genetic relationships between the
C subgenome of natural rapeseed and the genomes of the
B. oleracea cytodeme. A set of 156 virtual allopolyploid
lines was synthesized from 4 B. rapa accessions and 39
accessions of the B. oleracea cytodeme, which represented
natural variants of the parental species. The genetic
structure of all virtual lines and their parents was
analyzed by principal component analysis, together with
that of 6 accessions of rapeseed that represented natural
variants of rapeseed, and the results are shown in
Figure 3. The total variation explained by the first and
second principal components was 483 and 27.0%,
respectively. The virtual and natural B. napus lines were
grouped in the middle of the figure, whereas the
accessions of B. rapa and the B. oleracea cytodeme were
clustered separately in the upper left and lower right
corners, respectively. With respect to genetic diversity
within the parental species of the B. oleracea cytodeme,
the accessions from group C-I (indicated in Figure 1)
were clustered closely together, whereas the other wild
types were more separated. With respect to the genetic
diversity of rapeseed, all six natural accessions from the
three distinct gene pools of rapeseed (European winter,
Chinese semi-winter and European spring rapeseed)
were clustered closely with the virtual lines derived from
the accessions in group C-1.

The substantial contribution of the B. oleracea cytodeme
to the genetic diversity of the virtual rapeseed lines was
supported by the results of the F-test. When the virtual
lines were categorized according to the four B. rapa
parental lines, no significant differences were found
among them (F393, =1.10, P =0.35), whereas significant

Il 1] v \

Figure 2 Ancestry of 49 accessions of Brassica estimated with the STRUCTURE ver. 2.2 software. The number of ancestries of Brassica was
fixed at three because of the maximal log likelihood obtained by running STRUCTURE for 10 000 iterations after a burn in of 1000 iterations.
The ancestries of the Brassica species are indicated by bars with three different colors. The code and classification of the accessions are shown
in Figure 1, and the roman numerals I, II, III, IV and V correspond to groups C-I, C-II, C-III, A and AC, respectively.
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differences were detected among the virtual lines when
they were categorized according to the subgroups of the
B. oleracea parent (F3 933 =567.8, P<0.001). This indicates
that there is great potential for broadening the genetic
diversity of rapeseed using the B. oleracea cytodeme.
Table 1 shows the average genetic distances between
natural rapeseed and the B. oleracea cytodeme or virtual
rapeseed lines. A high and significant correlation was
found for the genetic distance between natural rapeseed
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Figure 3 Associations among natural rapeseed, virtual rapeseed
and parental lines as revealed by principal component analysis. The
classification of the accessions is shown in Figure 1. Open triangles,
closed triangles in light grey and closed triangles in dark grey
represent the B. oleracea accessions from groups C-I, C-II and C-III,
respectively; open circles, closed circles in light grey and closed
circles in dark grey represent the virtual rapeseed lines derived
from accessions of groups C-I, C-II and C-III, respectively; open
squares represents accessions of B. rapa; and open stars represent
accessions of natural B. napus.
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and the B. oleracea cytodeme or the virtual rapeseed lines
(r=0.96, P <0.001). It was obvious that natural rapeseed
was closer to the virtual rapeseed lines, especially the
lines derived from group C-I, than to the B. oleracea
cytodeme. These results indicate that the different types
in group C-I or their progeny may be the ancestral
donors of the C subgenome in rapeseed.

Discussion

Virtual allopolyploid lines

In the present study, the strategy of virtual allopolyploi-
dy was used successfully to investigate the ancestral
donors of the C subgenome in rapeseed. Our findings
support the previous findings that the origin of rapeseed
occurs on more than one occasion (Song and Osborn,
1992; Allender and King, 2010), and that the C
subgenome of rapeseed is related to cultivated B. oleracea
(Olsson, 1954; Naughton, 1976; Song and Osborn, 1992;
Goémez-Campo and Prakash, 1999) or B. montana (Song
and Osborn, 1992). In addition, our data suggest that the
potential progenitors of the C subgenome of rapeseed
can be extended to include other wild types, such as
B. incana, B. bourgeaui, B. oleracea ssp. oleracea and B. cretica.
Our findings with respect to rapeseed support the
suitability of this strategy to identify the progenitors of
an allopolyploid.

The success of the strategy of using virtual lines to
investigate the progenitors of allopolyploids is due to the
following two factors: (1) in theory, any natural variants
of parental species can be used to construct a virtual
allopolyploid line without performing interspecific cross-
ing; and (2) the majority of genotypes can be deduced
reciprocally between the natural allopolyploid and the
progenitors, and between the virtual allopolyploid and
its parental lines. Compared with other strategies to
explore the evolution of allopolyploidy, for example,

Table 1 Genetic distances of natural rapeseed with the B. oleracea cytodeme and with the virtual rapeseed lines. The classification of the

accessions of B. oleracea cytodeme is shown in Figure

Name B. oleracea cytodeme Genetic distance of natural rapeseed with (Mean £s.d.)
Type Classification No. of accessions Virtual rapeseed B. oleracea cytodeme
B. bourgeaui wild C-1 3 0.410£0.016™ 0.562 £0.0197
B. oleracea var. gongylodes cultivated C-I 2 0.413+0.012°° 0.554+0.010%
B. oleracea var. capitata cultivated C-1 1 0.414 £0.019% 0.581+0.018°
B. montana wild C-I 2 0.419£0.017°> 0.563 +0.024°"
B. oleracea var. gemmifera cultivated C-1 2 0.422 +0.011° 0.571 % 0.006°>
B. oleracea var. sabauda cultivated C1 1 0.427 £0.011°% 0.572+0.013"
B. incana wild CI 4 0.428 +0.019°% 0.574+0.013"
B. oleracea var. acephala cultivated C-I 2 0.428 +0.013%% 0.588 +0.011°¢
B. oleracea ssp. oleracea wild C-1 4 0.430 +0.011%¢ 0.584+0.010%
B. oleracea var. italica cultivated CI 3 0.433+0.0174 0.600+0.014¢
B. oleracea var. alboglabra cultivated C-1 3 0.436 £0.027¢ 0.600 + 0.032¢
B. cretica wild CI 1 0451 £0.016' 0.622+0.013°
Mean CI 0.427 0.583
B. macrocarpa wild C-II 1 0.483 +0.0238 0.728 +0.022¢
B. rupestris wild C-II 3 0.500 £ 0.024" 0.730 + 0.026
B. insularis wild C-II 3 0.514 +0.023' 0.740 + 0.031°8
B. villosa wild C-II 3 0.516 £0.026' 0.756 + 0.0268
Mean C-II 0.503 i 0.738
B. hilarionis wild C-III 1 0.531£0.027 0.793 + 0.029"

SGenetic distances with the same letter do not differ significantly at the level of 0.05, detected by multiple comparisons of shortest significant

ranges.
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DNA sequence analyses (Petersen et al., 2006; Albach,
2007) and the use of cytoplasmic molecular markers
(Song and Osborn, 1992; Allender and King, 2010), the
strategy used in this study has several advantages. For
example, it saves both time and money, and all variants
of the parental species can be compared extensively with
the natural allopolyploid at the DNA level without the
need for interspecific hybridization.

None of the virtual allopolyploid lines generated in
this study were found to match perfectly with natural
B. napus. Similar findings have been reported for natural
B. napus and synthetic allopolyploids (Becker et al., 1995;
Seyis et al., 2003). A possible explanation is that the
allopolyploid has evolved post-polyploidization. Synthe-
sized allopolyploids of Brassica have been found to show
rapid genetic alteration and phenotypic instability
relative to their parental species, especially during early
generations (Song et al., 1995; Prakash et al., 1999; Gaeta
et al., 2007), and natural and artificial selection might
increase the genetic differences between an allopolyploid
and its parental species (Song et al., 1988). Moreover,
we only used a small number of B. rapa lines from two
gene pools (Qian et al., 2003; Zhao et al., 2005), because
we were focusing on the C subgenome of B. napus.
This resulted in a limited variation in the A subgenome
of the virtual allopolyploids, and therefore might have
prevented the finding of a perfect match between natural
B. napus and a synthetic line.

Widening the genetic variance of allopolyploid crops
Currently, there is a tension between the great demands
on agricultural productivity to meet the increase in the
human population and the fact that agricultural inputs,
such as fertilizers, need to be reduced in order to
preserve the environment. However, traditional plant-
breeding processes threaten the genetic base on which
breeding depends, because new varieties are usually
derived from crosses among genetically-related modern
varieties, and primitive ancestors, which are genetically
more variable, but less productive, are excluded (Tanks-
ley and McCouch, 1997). These ancestors are important
sources for crop improvement because they can provide
beneficial alleles or genes (Xiao et al., 1996; Fridman et al.,
2004; He et al., 2006), and widen the genetic base (Seyis
et al., 2003; Reif et al., 2005; Qian et al., 2006).

In this study, natural accessions of rapeseed from three
divergent gene pools (Diers and Osborn, 1994; Becker
et al., 1995; Qian et al., 2006) clustered together when
compared with virtual rapeseed lines and parental
species in principal component analysis. This indicates
that the amount of variation in natural rapeseed is small
compared with that in the parental species, and that
there is great potential to widen the genetic base of
natural rapeseed by using the parental species. The
B. oleracea cytodeme could be of particular importance
because it was shown to contribute strongly to the
genetic diversity of the virtual rapeseed lines. Our data
suggest that it might be more effective to broaden the
diversity of the C subgenome of rapeseed using wild
types of B. oleracea, such as B. macrocarpa, B. rupestris,
B. villosa, B. insularis and B. hilarionis, which are genetically
distant from the C subgenome of natural rapeseed, rather
than by using members of group C-IL.
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