
          

Heredity 81 (1998) 429–435 Received 10 December 1997, accepted 15 May 1998

Fitness of F1 hybrids between weedy
Brassica rapa and oilseed rape (B. napus)
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As part of an ongoing study of the hybridization biology of cultivated oilseed rape (Brassica
napus) and weedy B. rapa, we studied the fitness of hybrids between three weedy B. rapa
populations and three varieties of B. napus. Reciprocal pollinations were performed, and the
resulting offspring were scored for seed development, survival in the field, pod- and seed-set.
Seeds from heterospecific crosses developed within pods in lower proportions than seeds from
conspecific crosses. Hybrid offspring survived in the field as frequently as conspecific offspring,
and produced many more pods that contained fewer seeds. Combining the fitness components
into a multiplicative estimate, we found the hybrids to be intermediate to their parents, and
significantly more fit than B. rapa. Significant genotypic differences were detected between
offspring produced by different parental plants, populations and varieties for some of the
fitness components scored. Our results on hybrid fitness are discussed with respect to the
possibility that transgenes in oilseed rape may introgress spontaneously into weedy B. rapa.
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Introduction

In the breeding of crops, controlled introgression of
advantageous genes from related taxa into the crop
gene pool has been used successfully for many years.
Recently, biotechnology has overcome many of the
restrictions that sexual incompatibility imposes on
the availability of genes for introgression. Many crop
gene pools already contain, or will in the near
future, genes from distantly related organisms
(transgenes), and these genes may subsequently
spread to related weedy or wild plants via spontane-
ous hybridization and introgression. This has raised
concern among plant biologists and environmental-
ists (e.g. Ellstrand & Hoffman, 1990; Raybould &
Gray, 1993, 1994; Snow & Palma, 1997), fearing that
the incorporation of transgenes into wild plants may
have negative consequences on the environment.
Transfer of a gene or chromosomal segment from

one species to another involves its passage through a
number of individuals of consecutive hybrid and
backcross generations. Obviously, if the hybrid and
backcross individuals do not survive, introgression
will not take place. Less clear is the effect of a

partial fitness barrier, where some hybrids survive
but suffer from a reduced fitness. Theoretical results
show that neutral alleles may pass through a species
barrier even when the fitness of hybrids is rather
depressed, and that alleles with different selective
values pass through the barrier with different speeds
(Barton & Hewitt, 1985). In the case of transgenes,
the speed and dynamics of introgression will thus be
determined in part by the effect of the particular
transgene, and by the fitness of the different genera-
tions of hybrid and backcross plants.
Hybridization is impossible between most pairs of

species, as assumed by the biological species
concept, and where possible, the hybrids often suffer
from a low survival and reproduction (e.g. Stebbins,
1958; Barton & Hewitt, 1985). Nevertheless, inter-
specific hybrids are found in many taxa, especially so
in plants (reviewed by Arnold, 1997), and hybrids
may sometimes be as fit or more fit than their
parents (e.g. Arriola & Ellstrand, 1997; reviewed by
Arnold, 1997).
Even if hybrids are on average less fit, they may

be so variable that some still survive and reproduce,
and thereby act as an avenue for introgression. Part
of this variation in fitness (and hybridization ability)
may be genotypically determined, as reported for*Correspondence. E-mail: thureh@bot.ku.dk
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many crops and related species (e.g. beans: Mejia-
Jimenez et al., 1994; tomato: Sacks et al., 1997; Bras-
sica: Meng & Lu, 1993; see also Baranger et al.,
1995). To evaluate the possibility of introgression
between two species, it is thus important to consider
not only the average crossability and fitness, but also
how these attributes vary among different genotypes.
Oilseed rape (Brassica napus) is a likely candidate

for a crop species that could exchange genes with its
many weedy relatives. Among these, B. rapa (=B.
campestris) is generally considered the most compat-
ible (reviewed by Scheffler & Dale, 1994). Recent
studies have shown that hybrid seeds can be found
in frequencies up to 13% in weedy B. rapa popula-
tions (Jørgensen & Andersen, 1994; Landbo et al.,
1996), that hybrid seeds are produced by both
species in open-pollinated field trials (Jørgensen &
Andersen, 1994), and that F1 hybrids in field trials
also set seed, some of which are from backcrosses to
B. rapa (Jørgensen et al., 1996; Mikkelsen, 1996;
Mikkelsen et al., 1996).
To understand better the likelihood and dynamics

of hybridization and introgression from B. napus to
B. rapa, we hybridized the species and estimated
several components of fitness of the offspring. Here,
we present results for the first generation of hybrids
(F1), and a subsequent paper presents those for the
F2/first backcross generations. As we used three
different B. rapa populations and three B. napus
varieties for the crosses, we also examined the geno-
typic variation in fitness of hybrid offspring
produced by different parental plants, populations
and varieties.

Materials and methods

Plant material

Brassica rapa (abbreviated Br, diploid, 2n=20) is a
common weed in Denmark, growing in oilseed rape
fields, along roadsides, in fallow and other disturbed
areas. Brassica rapa is self-incompatible, and polli-
nated by insects. When ripe, the pods split open to
disperse the seeds. Oilseed rape, B. napus (abbrevi-
ated Bn, 2n=38) is grown intensively in Denmark,
mainly as a winter crop. Brassica napus has an inter-
mediate selfing rate (Becker et al., 1992), and the
flowers are pollinated by insects and wind. The
plants are bred to keep the pods closed upon
ripening.
The parental plants for the experiment came from

three weedy B. rapa populations: Br25, Br45 and
Br54, and three spring varieties of B. napus:
Drakkar, Topas and Westar (nontransgenic

material). To avoid including spontaneously formed
hybrids, the B. rapa parents were all checked by
morphology, isozyme profile and chromosome
number (for methods, see Jørgensen & Andersen,
1994).
From each B. rapa population we used 12 mater-

nal and six paternal plants, and from each B. napus
variety six maternal and six paternal plants. Mater-
nal and paternal plants were kept isolated to avoid
unintentional pollinations, and grown at 218°C for
16 h/15°C for 8 h.

Pollinations

Our crossing design was factorial at the level of
populations and varieties, including all 36 possible
combinations of these, but not at the level of indi-
viduals, where each maternal plant was pollinated
with only a subset of the paternal plants from each
population and variety.
Each B. rapa maternal plant received pollen from

two randomly chosen donors from each of the B.
rapa populations (one flower pollinated per donor)
and B. napus varieties (two flowers pollinated per
donor). Each B. napus maternal plant received
pollen from two randomly chosen donors from each
of the B. rapa populations and B. napus varieties
(one flower per donor). Eighteen flowers were thus
pollinated on each B. rapa plant and 12 on each B.
napus plant; 864 flowers were pollinated in total
(from 648 unique combinations of a maternal and a
paternal plant). Individual pollen donors were used
for an even number of pollinations in a given popu-
lation/variety combination.
Flowers on the maternal plants were emasculated

prior to anthesis, and pollinated by rubbing two to
three anthers onto the stigmas. All flowers that were
not pollinated were removed from the maternal
plants. At maturity, pods were harvested and the
seeds were sorted and counted as fully developed,
germinated within pod, or aborted (small and
shrunk). Fully developed seed were then used in a
field trial.

Field trial

Mature seeds were available from 357 maternal–
paternal plant combinations (after pooling of Br
(female) ÅBn (male) seeds from the same combina-
tions). For each combination, nine seeds were sown
into three 5Å5 cm sphagnum pots filled with
standard soil (three seeds per pot; if fewer seeds
were available, they were distributed over the pots).
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A total of 2700 seeds was sown into 1035 pots
(BrÅBr: 311; BrÅBn: 463; BnÅBr: 141; BnÅBn:
120). In May 1995, the pots were planted into the
field in a randomized design of three blocks, each
containing one of the three replicate pots. The pots
were evenly spaced in rows, with a density of 25
pots/m2. Because of dormancy of B. rapa seed and
dry weather, only a proportion of the sown seeds
were alive as plantlets at day 17, when counted
(BrÅBr: 0.17; BrÅBn: 0.31; BnÅBr: 0.52; BnÅBn:
0.70). At this date, the plants were thinned to one
per pot.
During the season, the field was weeded, irrigated,

and sprayed with insecticide a few times, but not
fertilized. Plants were again counted at harvest
(mid-August to mid-September). The numbers of
developed pods per plant were counted (if they
appeared to contain at least one developed seed).
Eight developed pods per plant were randomly
chosen and the numbers of fully developed seeds
within were counted.

Data analysis

For all the measured characters (see Table 1), differ-
ences between the crossing types (BrÅBr, BrÅBn,
BnÅBr and BnÅBn) were tested by a one-way
ANOVA (SAS, 1990).

The following fitness components of the offspring
were analysed in more detail: the proportion of fully
developed seeds in maternal pods, the proportion of
plantlets alive at day 17 that survived to harvest, the
number of pods per offspring plant, and the number
of seeds per pod. These components were further
combined into a fitness estimate: the proportion of
fully developed seeds (i.e. zygote survival) for a
maternal–paternal plant combination was multiplied
by the survival and fertility components for each of
the offspring plants derived from that combination.
Germination and initial survival (until day 17) were
not included in the fitness estimate to avoid the bias
that would then be introduced by the pronounced
dormancy of B. rapa (Landbo & Jørgensen, 1997).
The effect of the parental populations, varieties

and plants on the fitness of their hybrid offspring
was analysed by the following model:

Yijklmn= m+brpopi+bnpopj+typek+brparl(ik)+
bnparm(jk)+(brpopÅbnpop)ij+(brpopÅtype)ik+
(bnpopÅtype)jk+(brpopÅbnpopÅtype)ijk+e ijklmn,

where Yijklmn are the individual fitness observations of
the hybrid offspring, m the overall mean, brpopi the
effect of the ith parental B. rapa population (i=1, 2,
3; the effects of a given population as maternal and
paternal donor are combined), bnpopj the corre-
sponding effect of the jth B. napus variety (j=1, 2,

Table 1 Means of the characters scored on maternal plants and offspring for the different crossing types (with SE and
sample sizes in parentheses). Significant differences between crossing types are indicated by different letters (Tukey’s test),
where the ranking of letters corresponds to the ranking of means. Characters included in the multiplicative combination of
fitness components are indicated by asterisks

Br(fem.)ÅBr(male) BrÅBn BnÅBr BnÅBn

Proportion of pollinated 0.51 (0.03, 216)ab 0.56 (0.02, 432)a 0.44 (0.05, 108)ab 0.38 (0.05, 108)b

flowers developing into
pods on maternal plants

Number of fully developed 16.4 (0.7, 110)a 12.5 (0.4, 241)b 17.2 (0.8, 48)a 18.4 (1.1, 41)a

seeds per pod on maternal
plants

Proportion of fully 0.961 (0.006, 110)a 0.744 (0.016, 243)b 0.944 (0.014, 48)a 0.987 (0.005, 41)a

developed seeds*

Survival from day 17 0.84 (0.04, 106)a 0.94 (0.02, 233)a 0.91 (0.03, 102)a 0.89 (0.03, 102)a

to harvest*

Number of pods per 135 (21, 89)b 1025 (50, 218)a 961 (81, 93)a 454 (29, 91)a

offspring plant*

Number of seeds per pod 7.13 (0.48, 83)b 3.51 (0.13, 214)c 3.48 (0.34, 91)c 18.30 (0.63, 90)a

on offspring plants*

Combined fitness 917 (159, 106)c 2756 (182, 233)b 2767 (302, 102)b 7396 (644, 102)a

components

Bn, Brassica napus; Br, Brassica rapa; fem., female.
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3), typek the effect of the direction of the cross
(BrÅBn or BnÅBr), brparl(ik) the effect of the lth B.
rapa parental plant (l=1, . . . , 18; nested within
combinations of B. rapa populations and directions
as different plants were used as maternal and pater-
nal parents), bnparm(jk) the corresponding effect of
the mth B. napus parental plant (m=1, . . . , 12), and
e ijklmn the variation of individual observations around
means and effects.
For the analyses, data on counts and the combina-

tion of fitness components were log-transformed and
data on proportions transformed to the arcsine of
their square root, after preliminary analyses of the
normality and variance structure of the data. The
Type III sums of squares of Proc GLM, SAS Statisti-
cal Software for Windows (SAS, 1990), were used
for tests of the models. If main effects were found to
be significant, comparisons of means were
performed using Tukey’s test (SAS, 1990).

Results

The crossing type (Br(female) ÅBr(male), BrÅBn,
BnÅBr and BnÅBn) affected all the measured
characters on maternal plants and their offspring,
except survival from day 17 to harvest (Table 1).
BnÅBn crossings generally gave rise to offspring
with the highest fitness for single components and
their combination. Reciprocal differences between
BrÅBn and BnÅBr crossings were detected for the

number of seeds and their proportional development
on maternal plants. Hybrid offspring were signifi-
cantly fitter than B. rapa with respect to the number
of pods they set per plant, but less fit with respect to
their development from zygote to seed (BrÅBn
hybrids only) and the number of seeds they set per
pod (Table 1). For the combination of fitness
components, B. rapa offspring were the least fit,
hybrid offspring intermediate, and B. napus offspring
the most fit (Table 1).
Parental populations and varieties gave rise to

hybrid offspring that differed significantly in the
number of seeds that their pods contained (Table 2)
(further analysis of the significant brpopÅtype inter-
action showed that parental B. rapa populations only
differed significantly in the BnÅBr offspring, but
that the ranking of populations was the same in
BrÅBn offspring (Br25aBr45aBr54)). No effect of
parental populations or varieties was detected on
the combined estimate of fitness for the hybrids
(Table 2). This estimate, as analysed here, includes
both the ones that died (aborted as seed, or died in
the field), and the ones that survived and repro-
duced. If only the surviving plants are considered,
hybrid offspring from different B. rapa populations
differed significantly in their combined fitness
(brpop: MS=7.4, d.f. = 2, P=0.04). The ranking of
B. rapa populations was the same as for the number
of seeds per pod, Br25aBr45aBr54, both when
including and excluding dead hybrids.

Table 2 Effect of parental populations, varieties and plants on the fitness components of their hybrid (BrÅBn and
BnÅBr) offspring. Variables brpop and bnpop indicate the effects of parental Brassica rapa populations and B. napus
varieties, respectively, brpar and bnpar the corresponding effects of individual parental plants, and type the effect of
reciprocal crossing direction. Only results for components included in the combined fitness are shown

Number of
Proportion of Survival from pods Number of seeds Combined
fully developed day per offspring per pod on fitness

seeds 17 to harvest plant offspring plants components

MS d.f. MS d.f. MS d.f. MS d.f. MS d.f.

brpop 0.038 2 0.48 2 1.8 2 1.430 2*** 9.15 2
bnpop 0.066 2 0.19 2 3.4 2 1.435 2*** 6.46 2
type 0.516 1** 0.15 1 0.9 1 0.006 1 0.19 1
brpar (brpopÅtype) 0.247 47*** 0.48 47*** 2.5 46* 0.187 46* 4.82 46
bnpar (bnpopÅtype) 0.084 27 0.24 27 5.9 27*** 0.163 26 14.32 27***
brpopÅbnpop 0.060 4 0.36 4 0.3 4 0.017 4 1.88 4
brpopÅtype 0.053 2 0.59 2 0.3 2 0.627 2** 1.25 2
bnpopÅtype 0.015 2 0.26 2 3.6 2 0.002 2 7.18 2
brpopÅbnpopÅtype 0.054 3 0.07 3 1.0 3 0.049 3 3.82 3
error 0.075 199 0.21 512 1.7 220 0.123 216 5.54 244

*0.01sPs0.05; **0.001sPs0.01; ***Ps0.001.
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Individual B. rapa and B. napus parental plants
gave rise to hybrid offspring that differed in propor-
tional seed development, survival, numbers of pods
and seeds, and in their combined fitness estimate
(Table 2).

Discussion

Fitness components

The lower number of seeds per pod on maternal
plants and the lower proportional seed development
from Br(female) ÅBn(male) crosses than from the
reciprocal crosses are in accordance with results
from several other studies (seed number: reviewed
by Nishiyama et al., 1991 and Scheffler & Dale,
1994; proportional seed development: Röbbelen,
1966). They also match the common observation
that hybridization and seed-set are more successful
when the parent of the higher ploidy level (here B.
napus) serves as the seed parent, and when an allo-
diploid (B. napus) is pollinated by its diploid progen-
itor (Stebbins, 1958). In contrast, we have in another
study found exactly the opposite reciprocal effect,
that BrÅBn seeds develop in higher proportions
than BnÅBr seeds when B. rapa and B. napus
pollen are applied as mixtures (Hauser et al., 1997).
Under such conditions, conspecific and heterospe-
cific pollen and seed may compete for fertilization
and resources, respectively, which is not the case in
the present and most other hybridization experi-
ments where only single-species pollinations are
performed.
Competition between hybrid and conspecific seed

within pods may also affect the overall level of seed
development of hybrids; in our mixed-pollination
experiment (Hauser et al., 1997) we found the
proportional seed development of both BrÅBn and
BnÅBr hybrids to be significantly lower than in the
present experiment. The proportional seed develop-
ment, as an estimate of zygote survival to seed, is
therefore most likely overestimated in the present
experiment relative to field conditions, where pollen
is generally delivered as mixtures.
Whereas some hybrids had a lower fitness in the

seed stage, they survived well in the field, and grew
rather large (as indicated by the number of pods,
pers. obs.). Other studies have similarly found B.
napusÅB. rapa hybrids to grow well and have a high
biomass accumulation (MacKay, 1973; Linder &
Schmitt, 1995).
The large number of pods produced by hybrids in

our experiment compensated for the low number of
seeds they contained, so that the total number of

seeds produced per plant (product of the number of
pods and average number of seeds per pod) was
intermediate to that of the two parents (BrÅBr:
1085; BrÅBn: 3810; BnÅBr: 3389; BnÅBn: 8689).
This result is very different from those reported by
Jørgensen et al. (1996) and Mikkelsen (1996). In
open-pollinated field experiments they found that
hybrids (BnÅBr) produced significantly fewer seeds
per plant than weedy B. rapa. Different planting
densities and pollen compositions could possibly
explain these discrepancies. The density in our
experiment was lower, and as hybrids are rather
plastic in their branching, they became very big and
probably suppressed their neighbouring B. rapa
plants more than in the other studies. In our field
experiment, pollen originated from B. rapa, B. napus
and F1 hybrids, suggesting that many zygotes on B.
rapa were F1 hybrids or backcrosses that have a low
chance of developing into seeds (this study; Hauser
et al., 1998). In contrast, no B. napus plants were
included in the experiment of Mikkelsen (1996) and
the relative number of B. rapa plants was much
larger in both the other experiments, suggesting that
more zygotes on B. rapa were conspecific with a high
chance of development.
However, neither planting density nor pollen

composition seem to explain why the seed produc-
tion of B. rapa in our second generation of crossings
(Hauser et al., 1998) was much higher, 4779 seeds on
average per plant. Planting density and frequency of
B. rapa relative to B. napus was the same as in the
present study, but much higher proportions of
‘hybrid’ plants (F2 and backcrosses) were present,
suggesting that seed production of B. rapa should
actually be lower in that experiment.
Despite these discrepancies, the seed production

of F1 plants in our experiment was as high or nearly
as high as that reported for B. rapa in the other
three experiments (F1: 3389 (present experiment); B.
rapa: 4779 (Hauser et al., 1998); 3300 (Jørgensen et
al., 1996); or 2900 (Mikkelsen, 1996)).

Combination of fitness components

The relatively high fitness of hybrids that we esti-
mated from the combination of fitness components
was to a large degree determined by the high pod
production of these plants, as discussed above.
Other fitness components, that were not included

in this study, may influence the fitness realized by
hybrids in the wild. Pollen fertility is one of these,
and as is true of many hybrids (e.g. Stebbins, 1958),
there is a reduction in pollen fertility; pollen of F1

hybrids between B. rapa and B. napus is only c. 46%
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fertile, whereas pollen of the parents is c. 91% and
98% fertile, respectively (measured on the parents
for the second generation of crossings, Hauser et al.,
1998; see also Jørgensen & Andersen, 1994; Jørgen-
sen et al., 1996). Despite the lower proportional
pollen viability, the total numbers of viable pollen
grains produced by hybrid plants in our experiment
was probably much higher than that produced by B.
rapa, because hybrids produce many more flowers
(indicated by the number of pods, Table 1, pers.
obs.).
Other plant traits, like seed dormancy (discussed

by Landbo & Jørgensen, 1997) and different
environmental conditions, may influence fitness esti-
mates and the fitness realized by hybrids in nature.
Nevertheless, our results suggest that despite some
inherent fitness disadvantages to F1 hybrids, such as
lower zygote survival and pollen fertility, they may
sometimes and under some conditions be as fit or
nearly as fit as their parents, because of their vege-
tative vigour.
Certain genomic properties of B. rapa and

B. napus make it likely that their hybrids will be
relatively fit. Brassica napus (genomic composition:
AACC) is an amphidiploid derived from hybridiza-
tion between B. rapa (AA) and B. oleracea (CC)
some time in the past (U, 1935). In the B. napusÅB.
rapa hybrids (AAC) A genomes from the two
species are brought together, and depending on the
divergence between genes of the two genomes, we
may expect a contribution of a higher fitness from
heterosis (as found for biomass by MacKay, 1973) or
a reduced fitness from genetic incompatibility and,
for example, maladaptation. The interaction in the
F1 between the C genome (from B. oleracea) and the
A genome from weedy B. rapa could be expected to
contribute to a lower fitness, because these genomes
diverged earlier than the two A genomes. Neverthe-
less, the C genome of B. napus has already func-
tioned together with an A genome during the history
of oilseed rape, and it may have adapted to this
interaction (Song et al., 1995). From these consid-
erations, we may a priori expect F1 hybrids between
B. rapa and B. napus to be relatively fit compared to
other interspecific hybrids (for a review of fitness of
other hybrids, see Arnold, 1997).

Genotypic variation

As is commonly reported for agricultural plants and
their relatives (references in Introduction), we found
genotypic differences between populations, varieties
and individual plants for some of the fitness compo-
nents of their hybrid offspring (Table 2). These

differences could possibly be reflections of similar
genotypic differences between populations/varieties/
plants in the fitness of conspecific offspring, i.e. that
fitter individuals give rise both to relatively fit
conspecific and heterospecific offspring. Such a
trend was not apparent in our material, however. In
the conspecific offspring, only the number of seeds
per pod was significantly affected by parental B. rapa
populations (unpubl. obs.), but the ranking of popu-
lations was different from that for the seed-set of
hybrid offspring.
In the analysis of the combined estimate of fitness,

genotypic differences between parental B. rapa
populations only appeared if we ignored hybrids that
died (fitness of zero). This suggests that even if F1

zygotes from different populations on average
produce similar numbers of seeds in their lifetime,
those that actually do survive and produce the most
seeds are likely to originate from certain popula-
tions. These may then preferentially pass their genes
on to the next generation. Interestingly, the popula-
tion with the highest estimated fitness, Br25, is also
the population in which we have so far detected the
most spontaneous hybrid seeds (Landbo et al., 1996).

Implications

Our results show that there is no strong hybrid-
ization barrier between oilseed rape and weedy B.
rapa, and that the F1 hybrids under some conditions
may be as fit, or nearly as fit as their weedy parent.
Spontaneous introgression of genes from oilseed
rape to B. rapa thus seems to be rather likely, and
may already have occurred for a long time, although
unnoticed. Adding transgenes to the gene pool of
oilseed rape is likely to result in their transfer to B.
rapa. Further experiments and modelling are in
progress to evaluate the effects of hybrid fitness on
the transmission probability and speed of transgenes.
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