
Introduction

Brassica rapa (2n = 20) has been proposed to orig-

inate from 2 independent centres in Asia and Eu-

rope (Zhao et al. 2005). It has been domesticated

in various forms: as leafy or root vegetables, fod-

der plants, and oilseed cultivars. Oilseed cultivars

(called turnip-rape) dominate in the European cen-

tre (Reiner et al. 1995) and the oil is either used for

human consumption or further processed as a re-

newable resource in the petrochemical industry.

A by-product of oil extraction is the meal that is a

valuable protein source for animal production.

While erucic acid is a valuable resource for the

non-food industry, this long-chain fatty acid is not

desired in oil for human consumption. To improve

edible oil quality, breeding for erucic-acid-free

cultivars was initiated in Canada in the early

1960s. By selecting zero-erucic-acid strains

within B. rapa germplasm, the first low-

erucic-acid cultivar was released soon after

(Downey 1964). To improve meal quality, low

glucosinolate (GSL) genes were introgressed from

B. napus into B. rapa during the late 1960’s

(Krzymanski 1970), which drastically increased

the economic value of the crop.

The improvement of seed quality in B. rapa im-

plies that its germplasm had to go twice through a

breeding bottleneck, possibly causing a reduction

in genetic diversity. Such a reduction has been ob-

served in Canadian oat cultivars (Fu et al. 2003),

French bread wheat (Roussel et al. 2004) and Ca-

nadian hard red spring wheat (Fu et al. 2005). Nev-

ertheless, no significant change was observed in

current and historical maize inbreds (Lu and

Bernardo 2001), European and Asian wheat acces-
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sions (Khlestkina et al. 2004), and British barley

cultivars (Koebner et al. 2003).

For B. rapa, to date no studies have been re-

ported on the effects of different breeding periods

on genetic diversity. However, studies on diver-

sity within and between cultivar groups have been

reported. Zhao et al. (2005), applying AFLP

marker, reported comparable genetic diversity be-

tween and within different B. rapa accession

groups (leafy vegetables, oilseed, root vegetables,

and fodder) collected world-wide. Das et al.

(1999), using AFLP and RAPD markers, detected

wide genetic diversity between different oilseed

morphotypes of B. rapa. Zhao and Becker (1998),

with the use of isozymes, observed a high genetic

diversity, and 70% of the total diversity was attrib-

uted to within-cultivar variation of winter and

spring types obtained from Europe, China and

Canada. Persson et al. (2001), using allozymes,

also reported 81% within-cultivar genetic diver-

sity in turnip B. rapa from Northern Europe.

The high genetic diversity within cultivars of

B. rapa is required to avoid inbreeding and to en-

able a high yield. As an obligate outcrossing crop,

B. rapa shows a severe inbreeding depression

(Dewan et al. 1998), and only cultivars with a high

diversity have a high expected heterozygosity.

Today, B. rapa is mainly grown as a spring oil-

seed crop in Canada, in some marginal regions in

Northern Europe, and in Asia (Gu et al. 2003;

Zhang et al. 2004). Traditionally, winter B. rapa

was also grown as an oilseed crop in Northern and

Central Europe, but the cultivation nearly ceased.

However, there is a renewed interest in cultivation

of winter B. rapa in Europe to produce biomass,

because of its high growth rate under low tempera-

tures during early spring (Ofori and Becker 2008).

To design breeding programs for the development

of winter B. rapa cultivars for biomass production,

it is very important to know more about the genetic

diversity of the European winter B. rapa gene

pool.

The gene pool of European winter oilseed

B. rapa is narrow (Zhao and Becker 1998). There

are many old cultivars with high erucic acid and

glucosinolate content, but they are genetically

rather similar (Ofori and Becker 2008). Only few

erucic-acid-free cultivars have been developed,

and for cultivars with zero erucic and low GSL

content (canola quality), there has been only one

breeding program to our knowledge. Therefore we

selected 3 cultivars for comparison, each repre-

senting one of the periods of winter B. rapa breed-

ing in Europe.

Out of the different marker technologies em-

ployed in Brassica crops (Snowdon and Friedt

2004), SSR markers have the advantage of being

robust, cost-effective and highly informative due

to their co-dominant expression. However, they

have hardly been used for diversity studies in

B. rapa, though employed in other Brassica spe-

cies, such as B. napus (Plieske and Struss 2001;

Zhou et al. 2006), B. oleracea (Tonguc and

Griffiths 2004), and B. nigra (Westman and

Kresovich 1999).

The objectives of this study were: (i) to geno-

type 3 open-pollinated B. rapa cultivars released

in different breeding periods, between 1954 and

2002, with SSR markers; (ii) to estimate the ge-

netic diversity within and between cultivars; and

(iii) to test the effect of crop improvement on

within-cultivar diversity.

Materials and methods

Plant materials

The European Brassica rapa winter oilseed

cultivars Largo, Rex and Steinacher, used in this

experiment, were released in 1954, 1984 and

2002, respectively (Table 1). Steinacher was ob-

tained from the genebank BAZ Braunschweig (ac-

cession BAZ 18101) and multiplied with about

800 plants under isolation in a cage with

pollinators. For the other 2 cultivars, breeders’

seed was used. Diploidy of each cultivar was con-

firmed by using Partec Flow Cytometry (Münster,

Germany), and each cultivar was represented by

32 individual plants.

208 A.Ofori et al.

Table 1. Characteristics of the studied Brassica rapa cultivars

Cultivar Breeder Country of origin Year of release Erucic acid content Glucosinolate content

Steinacher Saatzucht Steinach Germany 1954 high high

Rex Norddeutsche Pflanzenzucht Germany 1984 0 high

Largo SW Seed Sweden 2002 0 low



Genetic marker analysis

DNA was extracted from young leaflets of
2-week-old seedlings by using DNeasy Plant Mini
Kits (Hilden, Germany). In total, 16 primer pairs
were selected, basing on their amplification
strength, polymorphism, and resolution (Table 2).

The markers covered each of the B. rapa link-

age groups according to previous research done in

B. napus (Piquemal et al. 2005; Radoev and Ecke,

pers. comm.). BRAS and CB denoted primer pairs

developed by Celera AgGen with funding pro-

vided by a consortium of the seed companies

Advanta, Calgene, Caussade, Danisco, DLF,

Euralis, Koipesol, KWS, Limagrain, Monsanto

PGS, Pioneer Seminis, Serasem, SW seeds and

Syngenta. Primer pairs denoted as MR and MD

were developed at the Department of Crop Sci-

ences, University of Göttingen (Uzunova and

Ecke 1999; Rudolph 2001).

Polymerase chain reaction (PCR) was carried

out in a final volume of 25 �L, containing 5 �L of

DNA template, 2 �L of dNTPs, 2 �L of 10×PCR

buffer, 2 �L of MgCl2, 0.2 �L of Taq polymerase,

0.2 �L of each of the 2 primers, 0.2 �L of fluores-

cent-labelled M13 primers and 8.2 �L distilled

water. Amplifications were performed in a

thermocycler (Perkin Elmer 480) under the fol-

lowing conditions: 2 min at 95�C, followed by a

touchdown profile consisting of 10 cycles of 45

sec at 95�C, 1 min at 68�C, and 1 min at 72�C, then

27 cycles of 45 min at 95�C, 1 min at 47�C and 1

min at 72�C, and a final extension step at 75�C for

10 min.

Multiplexed PCR products were then separated

and visualized on an ABI-3100 capillary se-

quencer (Applied Biosystems), and fragment sizes

estimated with Gene Mapper v. 3.0 (Applied

Biosystems).

Data analysis

To partition genetic diversity, an analysis of mo-
lecular variance (AMOVA) was computed with
the software GenAlEx v. 6 (Peakall and Smouse
2006), and significance was determined with 9999
permutations.

A similarity matrix of the 96 genotypes based
on Dice’s (1945) similarity coefficient was used
for dendrogram construction with the unweighted
pair-group method with arithmetic averages
(UPGMA) and for principal coordinate analysis
(PCoA) by employing the computer program
NTSYS-pc v. 2.1 (Rohlf 2001). Bootstrap values
to ascertain the internal support of clusters were
calculated with the software WINBOOT (Yap and
Nelson 1996).
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Table 2. Numbers of different alleles observed at 16 SSR loci

in 3 open-pollinated Brassica rapa oilseed cultivars, each

representing a breeding period. Genotyping was done on 32

plants per cultivar

Linkage

group
Marker

Allele number within cultivars
Allele number
across cultivarsSteinacher

(1954 a)

Rex

(1984)

Largo

(2002)

1 CB1099 4 3 4 4

1 CB10206 4 5(1b) 5 6(1)

2 BRAS037 5 5 4 5

2 CB10416 4 3 3 4

3 MR197 2 2 2 2

4 CB10484 2(1) 3 4(1) 5(2)

5 CB10051 2 3 3(1) 4(1)

5 BRAS095 4 4(1) 3(1) 6(2)

7 CB10439 4 4 4 4

7 MD20 4 4 5 5

8 BRAS039 4(2) 2 2 4(2)

8 CB10448 4 5 4(1) 6(1)

9 BRAS020 3 3 2 3

9 CB10373 6(2) 4 4(1) 8(3)

10 CB10109 3 2 3 3

10 MR156 4(1) 5(1) 3 6(2)

Total 16 59(6) 57(3) 55(5) 75(14)
a year of release; b number of alleles that are unique to the respective cultivar



Basing on the estimated fragment sizes of each

marker and each genotype, the genetic diversity

parameters of mean number of alleles (An), Shan-

non information index (I) and expected

heterozygosity (He) were estimated for each

B. rapa cultivar with GenAlEx v. 6 (Peakall and

Smouse 2006). In addition, the pair-wise Dice’s

similarity coefficient was transformed to the dis-

similarity coefficient (= 1 – similarity coefficient)

for each B. rapa cultivar with the software

WINDIST (Yap and Nelson 1996). Confidence

levels for the above parameters were determined

on the basis of standard deviation of all pair-wise

combinations after adjustment for the actual popu-

lation size of 32.

Results

Distribution of alleles between cultivars

The number of detected alleles per SSR marker

across cultivars ranged from 2 to 8, summing up to

a total of 75 alleles (Table 2). In individual

cultivars, the number of alleles per primer pair

ranged from 2 to 6 with a total of 59 for Steinacher,

from 2 to 5 with a total of 57 for Rex, and from 2 to

5 with a total of 55 for Largo. Six alleles were

unique for Steinacher, 3 for Rex and 5 for Largo.

Genetic diversity within cultivars was high and

accounted for 83% of the total variation revealed

by AMOVA (Table 3), while between-cultivar

variation was moderate but still significant

(P = 0.001), accounting for the remaining 17%.

Genetic relationships

The first 2 principal coordinates explained 50.3%

of the total variation and separated the 96 geno-

types into 3 cultivars, with a slight overlap be-

tween Steinacher and Rex (Figure 1). In the

dendrogram (figure not shown), the 96 genotypes

were also grouped according to the 3 different

cultivars, with the exception of 2 Steinacher geno-

types. However, bootstrap values in support for in-

dividual cultivar groups were less than 1% in all

cases.

Genetic diversity between cultivars

Across individual cultivars, the total number of al-

leles decreased from 59 to 55, allele mean number

from 3.68 to 3.50, information index from 0.94 to

0.87, and expected heterozygosity from 0.53 to

0.48. A decrease in mean genetic distances across

individual cultivars was also detected by the

Dice’s similarity coefficient (Table 4). However,

these decreases were small and not significant

(� = 0.05) for any of the parameters.

Discussion

The determination of changes in the genetic diver-
sity of cultivars is important to understand the ef-
fect of plant breeding on crop genetic diversity.
An obvious limitation of our study is that only
3 cultivars were compared. However, the gene
pool of European winter oilseed B. rapa is narrow
(Zhao and Becker 1998; Zhao et al. 2005), and due
to the small present interest mainly old cultivars
are available, which are high in erucic acid and
glucosinolate content. Diallel crossing among
15 old European B. rapa cultivars from Germany,
Sweden, Czechoslovakia, and Bulgaria, showed a
low heterosis (only 8% increase on average), indi-
cating a great genetic similarity of the cultivars in-
vestigated (Ofori and Becker 2008).

There are very few erucic-acid-free winter
B. rapa cultivars registered. The available
germplasm for winter B. rapa of canola quality is
even more limited, because only SW seed (Swe-
den) has developed such cultivars. Therefore we

consider the 3 selected cultivars as a good repre-
sentation of the available winter B. rapa breeding
material, and we do not expect different results if a
study with a larger number of accessions was to be
performed.

The moderate genetic diversity of 17% be-
tween cultivars showed that cultivar origin (coun-
try and breeding company) had only a minor
impact on the outcome of our study. This is also
indicated by the partly overlapping cultivar cluster
derived from PCoA (Figure 1) and in the
dendrogram (figure not shown). In a study with
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Table 3. Results of AMOVA performed with 16 SSR loci in 3 open-pollinated

Brassica rapa oilseed cultivars, each representing a breeding period

Source of variation df SS MS Var. comp. % Fst P

Between cultivars 2 116.323 58.161 0.843 17% 0.167 0.001

Within cultivars 189 794.234 4.202 4.202 83%

Total 191 910.557 62.364 5.045



winter and spring types obtained from Europe,
China and Canada (Zhao and Becker 1998), only
30% of the genetic diversity was between cultivars
and for turnip B. rapa from Northern Europe
(Persson et al. 2001), 19% of the genetic diversity
was observed between cultivars.

Our results are supported by a field experiment
with the same 3 cultivars, where we compared
full-sib progenies produced within cultivars with
full-sib progenies between cultivars (Ofori and
Becker 2007). The biological yield of be-
tween-cultivar crosses was only 2.6% higher than
the yield of within-cultivar crosses. These results
support the marker data reported here; genetic dis-
tance between plants of 2 different cultivars is not
much larger than the average distance between
2 plants of the same cultivar.

We observed no significant (� = 0.05) decrease

in genetic diversity at the molecular level across

the 3 studied B. rapa winter cultivars, each repre-

senting a different stage of seed quality improve-

ment towards double low quality. Continuous

plant breeding activities are often expected to nar-

row down the genetic diversity of crop germplasm,

sometimes referred to as ‘genetic erosion’ (Harlan

1972). With the 2 major bottlenecks, when breed-

ing for low erucic acid content (Downey 1964)

was followed by the introgression of low GSL

genes from B. napus (Krzymanski 1970), it is sur-

prising that we observed only a slight decrease in

genetic diversity, indicating that allele diversity at

erucic acid and GSL loci has little effect on the av-

erage genetic diversity of B. rapa oilseed

cultivars.

Bottlenecks during breeding history may not

necessarily result in reduced diversity within

open-pollinated cultivars, because breeders proba-

bly select unconsciously for heterozygous allele

frequencies at loci expressing heterosis, maintain-

ing some level of diversity (Falconer and Mackay

1996). Also, new alleles were identified in the

cultivars Rex and Largo, which were not observed

in the older cultivar Steinacher.

With the above-mentioned limitations of this

study, our results do not support concerns about

major genetic erosion caused by quality breeding

in B. rapa.
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Figure 1.Association among 3 open pollinated B.rapa oilseed cultivars revealed by

principal coordinates analysis at 16 SSR loci. Genotyping was done on 32 plants per

cultivar.

Table 4. Mean genetic diversity parameters (± confidence interval of the mean) observed

at 16 SSR loci in 3 open-pollinated Brassica rapa oilseed cultivars, each representing

a breeding period

Diversity parameter Within cultivars Across cultivars

Steinacher (1954a) Rex (1984) Largo (2002)

Mean number of alleles (An) 3.68 (± 0.37 b) 3.56 (± 0.37) 3.5 (± 0.35) 4.68

Shannon information index (I) 0.94 (± 0.11) 0.91 (± 0.10) 0.87 (± 0.13) 1.14

Expected heterozygosity (He) 0.53 (± 0.05) 0.51 (± 0.05) 0.48 (± 0.07) 0.58

Dissimilarity index (1 – Dice) 0.45 (± 0.032) 0.42 (± 0.029) 0.42 (± 0.033)
a year of release; b 95% confidence interval
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