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Heterosis and outbreeding depression in crosses between
natural populations of Arabidopsis thaliana
CG Oakley1, J Ågren2 and DW Schemske3

Understanding the causes and architecture of genetic differentiation between natural populations is of central importance in
evolutionary biology. Crosses between natural populations can result in heterosis if recessive or nearly recessive deleterious
mutations have become fixed within populations because of genetic drift. Divergence between populations can also result in
outbreeding depression because of genetic incompatibilities. The net fitness consequences of between-population crosses will be
a balance between heterosis and outbreeding depression. We estimated the magnitude of heterosis and outbreeding depression
in the highly selfing model plant Arabidopsis thaliana, by crossing replicate line pairs from two sets of natural populations
(C↔R, B↔S) separated by similar geographic distances (Italy↔Sweden). We examined the contribution of different modes of
gene action to overall differences in estimates of lifetime fitness and fitness components using joint scaling tests with parental,
reciprocal F1 and F2, and backcross lines. One of these population pairs (C↔R) was previously demonstrated to be locally
adapted, but locally maladaptive quantitative trait loci were also found, suggesting a role for genetic drift in shaping adaptive
variation. We found markedly different genetic architectures for fitness and fitness components in the two sets of populations. In
one (C↔R), there were consistently positive effects of dominance, indicating the masking of recessive or nearly recessive
deleterious mutations that had become fixed by genetic drift. The other set (B↔S) exhibited outbreeding depression because of
negative dominance effects. Additional studies are needed to explore the molecular genetic basis of heterosis and outbreeding
depression, and how their magnitudes vary across environments.
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INTRODUCTION

Understanding the genetic architecture of differentiation between
natural populations is a major goal of evolutionary biology. The
genetic basis of adaptive differentiation has been a central focus of
evolutionary genetics since the modern synthesis (reviewed in Orr and
Coyne, 1992). In finite populations, the number, mode of action and
effect size of new mutations available for adaptive evolution will be
influenced by the magnitude of genetic drift (reviewed in Frankham
and Weber, 2000). In addition to reducing adaptive genetic variation,
drift will also increase the chance fixation of deleterious alleles
(Kimura et al., 1963). One challenge to studying the effects of drift
on genetic variation related to fitness is that it is often difficult to
demonstrate drift as a causal mechanism. Indeed, few studies have
demonstrated a role of drift in the evolution of conspicuous
phenotypes (but see Husband and Barrett, 1992).
Perhaps the best available indicator of a historical role of genetic

drift in shaping genetic variation underlying fitness is heterosis (Crow,
1948; Lynch, 1991; Whitlock et al., 2000), the increased fitness of F1
progeny from crosses between populations relative to crosses within
populations. Alternatively for selfing taxa or inbred lines, heterosis can
be defined as the increased fitness of F1 progeny relative to the mean
of the parental lines. Such an increase in fitness is attributed to the
masking of deleterious recessive or nearly recessive alleles in the

heterozygous state. Historical fixation of these alleles within popula-
tions or lines can only be attributed to genetic drift.
Many if not most new mutations are deleterious (Halligan and

Keightley, 2009; but see Rutter et al., 2012), and small effective
population sizes should reduce the efficacy of selection in preventing
the fixation of deleterious mutations (Kimura et al., 1963). Many
mildly deleterious recessive or nearly recessive mutations are predicted
to become fixed when effective population sizes are modest and gene
flow is limited (Whitlock et al., 2000). Heterosis in F1 crosses between
natural populations is ubiquitous (for example, Fenster, 1991;
Armbruster et al., 1997; Edmands, 1999; Oakley and Winn, 2012).
The relative fitness of F1 progeny will, however, be a balance

between beneficial effects of dominance and other deleterious genetic
effects. Many different intrinsic factors may affect the relative fitness of
hybrids produced from crosses between widely diverged populations
or lines. Genetic incompatibilities such as Dobzhansky–Muller
incompatibilities are thought to be a common cause of outbreeding
depression in hybrids between species or widely diverged populations
(Lynch, 1991; Orr and Turelli, 2001). Such incompatibilities arise
because new mutations are ‘tested’ against the genetic background of
other loci present in the local population, and alleles without negative
effects may become fixed. Introducing these alleles into a different
genetic background by crossing can cause negative epistatic inter-
actions. The frequency of epistatic incompatibilities is predicted to
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increase with increasing genetic distance between the parents (Lynch,
1991; Orr and Turelli, 2001; Matute et al., 2010). Alternatively,
decreased fitness in crosses between widely diverged populations
could be due to chromosomal rearrangements (Lande, 1985;
Charlesworth, 1992; Kirkpatrick and Barton, 2006), or to under-
dominance and/or negative epistatic interactions between closely
linked loci (Schierup and Christiansen, 1996). These latter mechan-
isms could be particularly common in organisms that are capable of
close inbreeding, such as self-fertilizing plants (Charlesworth, 1992;
Schierup and Christiansen, 1996; Gimond et al., 2013).
General insight into the genetic architecture (that is, net effects of

different genetic modes of action) contributing to differentiation can
be achieved using line cross techniques (Mather and Jinks, 1982;
Lynch and Walsh, 1998). These approaches have been championed for
their utility in exploring the genetic architecture underlying fitness
differences in crosses between natural populations (Fenster et al., 1997;
Demuth and Wade, 2005, 2006, 2007; Demuth et al., 2014). The line
cross approach utilizes a set of crosses (minimally F1 and F2) between
two parental lines to decompose the differences in a trait of interest
into additive and non-additive genetic effects. Additional cross types
can be performed, including backcrosses and reciprocal crosses, to
partition different types of epistatic effects, and maternal and/or
cytoplasmic effects, respectively.
Joint scaling analysis of line crosses is a powerful method for

detecting genetic interactions (Mather and Jinks, 1982; Demuth and
Wade, 2005, 2006). The line cross approach is therefore particularly
well suited for investigating the modes of gene action underlying the
balance between increased fitness (that is, heterosis) and decreased
fitness (that is, outbreeding depression) of progeny derived from
crosses between vs within populations. This approach could also be
used to inform conservation genetic strategies, where predicting the
success of genetic rescue efforts is of critical importance (Frankham
et al., 2011). Line cross techniques have successfully been applied to
understanding the genetic architecture of fitness in crosses between
natural populations in a variety of taxa, including crustaceans
(Edmands, 1999), insects (Armbruster et al., 1997; Demuth and
Wade, 2007) and plants (Fenster and Galloway, 2000). Most of these
examples uncovered both beneficial dominance effects and negative
epistatic effects, at least in some environments.
It is commonly implied that hybrid incompatibilities arise because

different substitutions are fixed by natural selection in different
populations, but chance fixation because of genetic drift (cf.,
Bomblies et al., 2007), and a selfing mating system could also have
a role. Selfing could hasten initial fixation because of increased
homozygosity within populations, and decreased gene flow between
populations (Gimond et al., 2013). It has also been suggested that
selfing will increase the likelihood of outbreeding depression because it
suppresses recombination (Fenster et al., 1997). To our knowledge,
line cross analyses of crosses between natural populations of a selfing
species have not been reported.
The model plant species Arabidopsis thaliana (hereafter Arabidopsis)

offers many advantages for studying the genetics of broad-scale
population differentiation. Arabidopsis is a small, selfing annual with
a broad native range that encompasses much of Europe and parts of
Asia (Koornneef et al., 2004). Differentiation for neutral genetic
markers exhibits a pattern of isolation by distance over broad scales
(Beck et al., 2008), and reduced neutral genetic variation in northern
populations is consistent with genetic drift because of population
bottlenecks during range expansion following Pleistocene glaciations
(Beck et al., 2008). A pattern of reduced genetic variation in northern
compared with southern populations has also been reported within

Scandinavia (Lewandowska-Sabat et al., 2010; Long et al., 2013). Both
the selfing mating system of Arabidopsis and the demographic history
of populations from northern Scandinavia suggest a potential role for
genetic drift in shaping genetic variation underlying fitness.
Previous investigations of the genetic basis (mode of gene action)

and molecular genetic basis of heterosis in Arabidopsis (see, for
example, Kusterer et al., 2007a, b; Meyer et al., 2010, 2012) have
typically focused on a few laboratory accessions and/or traits not
directly related to fitness in natural populations. Kusterer et al. (2007b)
investigated the genetic basis of heterosis for biomass-related traits and
found strong positive effects of dominance. Despite the expected
positive correlation between biomass and fitness, another study using
the same laboratory accessions found heterosis for biomass, but
outbreeding depression for seed production (Barth et al., 2003). This
work thus contributes to our knowledge of the genetic basis of
heterosis underlying agriculturally important traits, but cannot (and
was not intended to) provide insight into the role of drift in shaping
patterns of deleterious mutations within and among natural popula-
tions, or into the genetic basis of outbreeding depression between
natural populations.
The genetic basis of outbreeding depression has also been investi-

gated using Arabidopsis. Bomblies et al. (2007) generated 4800
different F1 progenies from 280 unique accessions and found a 2%
incidence of hybrid necrosis in the rosette stage. Subsequent quanti-
tative trait loci (QTL) mapping using Col as one of the parental lines
indicated that the genetic basis of necrosis was due to negative epistatic
interactions involving 2–4 loci (Bomblies et al., 2007). Similar
interactions, mapped to approximately the same regions, were found
in a study of the genetic basis of necrosis in two different recombinant
inbred line mapping populations with Ler as a parental line (Alcázar
et al., 2009).
The net effect on fitness of dominance (increasing fitness) and

epistasis/underdominance (decreasing fitness) in crosses between
natural populations of Arabidopsis is unknown. A recent QTL analysis
of fitness in two natural populations of Arabidopsis from Italy and
Sweden identified several cases where the local genotype was mala-
daptive (1 out of 13, and 4 out of 12 QTL in Italy and Sweden,
respectively), consistent with the fixation of deleterious alleles because
of drift (Ågren et al., 2013).
Quantifying the effects of dominance on fitness in between-

population crosses can provide insight into the magnitude of genetic
drift because such deleterious mutations would not be driven to
fixation by selection. The potential role of drift in outbreeding
depression is less clear, but using multiple population pairs separated
by similar geographic distances (and having likely undergone similar
adaptive divergence to climatic factors) may provide additional insight.
If selection is responsible for fixation of alleles resulting in outbreeding
depression, we may expect crosses between these replicate population
pairs to exhibit similar levels of outbreeding depression. If, for
example, one population pair exhibits outbreeding depression, but
another population pair exhibits heterosis, it suggests that some other
mechanism may contribute to the fixation of alleles responsible for
genetic incompatibilities.
Here we use crosses between two sets (pairs) of natural populations

of Arabidopsis from Italy and Sweden to address the following
questions: (1) What is the extent of heterosis and/or outbreeding
depression in crosses between widely diverged populations? (2) Do
populations separated by similar geographic distance display similar
levels of heterosis and/or outbreeding depression? (3) Is heterosis
and/or outbreeding depression consistent across different components
of fitness?
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MATERIALS AND METHODS

Study system
We selected four natural populations from close to the northern and southern
(two each) margins of the native range as seed sources for this experiment. The
southern populations were from central Italy (Castelnuovo di Porto—hereafter
‘C’—42.1°N, 12.5°E; and Bolsena—hereafter ‘B’—42.7°N, 12.0°E) and the
northern populations were from northern Sweden (Rödåsen—hereafter ‘R’—
62.8°N, 18.2°E; and Skuleberget—hereafter ‘S’—63.1°N, 18.4°E). All four
populations occupy relatively intact habitats typical of the natural environments
preferred by Arabidopsis, and all have a winter annual life history; seeds
germinate in fall, plants overwinter as rosettes and flower in spring. Previous
work with populations C (Italy) and R (Sweden) over multiple years has shown
strong local adaptation between this population pair (Ågren and Schemske,
2012; Ågren et al., 2013). These populations were also previously used for QTL
mapping of fitness in the field (Ågren et al., 2013). Swedish populations R and S
are separated by about 30 km, Italian populations B and C are separated by
about 70 km, and the Italian and Swedish populations are both separated by
over 2400 km. These population sets are likely to replicate genetic distance and
differences in adaptation to climatic factors.

Growing conditions and crossing design
We collected seeds from four lines per population and grew plants in the
glasshouse for 1–2 generations to minimize environmental maternal effects.
Seeds produced from these plants were surface sterilized, sown on nutrient agar
in Petri dishes and cold stratified at 4 °C in the dark for 5 days to break
dormancy. Dishes were then moved into a growth chamber (constant 22 °C,
16-h days). Twelve-day-old seedlings were transplanted into potting soil in
5.1 cm square pots, and plants were grown for 3 weeks at the same conditions.
Plants were then vernalized for 8 weeks (4 °C, 10-h days) to promote
synchronous flowering (Grillo et al., 2013; CG Oakley, unpublished data).
After vernalization, plants were moved to a growth chamber under the
conditions described above until they flowered.
To characterize the genetic architecture underlying fitness and fitness

components, we performed line crosses to generate plants for the joint scaling
analyses. Two line pairs were chosen from each of two sets of populations.
Having additional population sets and line pairs would be desirable, but
because each line pair entails growing eight different cross types, and because
large sample sizes are needed to have adequate power to detect epistasis
(Demuth and Wade, 2006), this was logistically infeasible.
A first round of controlled hand pollinations was performed reciprocally

between two line pairs from C↔R (C1↔R1 and C2↔R2) and between two
line pairs from B↔ S (B1↔ S1 and B2↔ S2) to produce the initial F1 seed
(Supplementary Figure S1). Autogamously selfed seed was also collected from
parental lines (Supplementary Figure S1). For controlled pollinations, we first
emasculated recipient flowers before anthesis to prevent accidental self-
pollination. Emasculated controls that were not pollinated (n= 40) never
produced successful fruits. In addition, previous paternity analysis using
microsatellite markers on over 360 individuals from controlled crosses
determined that our rate of accidental self-fertilization is o1% (CG Oakley,
unpublished data).
A second round of crossing (Supplementary Figure S1) was conducted to

generate all seeds for the fitness assay and joint scaling analyses (Mather and
Jinks, 1982; Lynch and Walsh, 1998; Demuth and Wade, 2005) at the same
time, in the same maternal environment. Seeds of parental lines and F1 were
germinated and raised to flowering as above. For each line pair, we generated
parental (P1 and P2) and F2 and rF2 (F1 × F1 and rF1 × rF1, where F1 is derived
from P1 as the maternal plant and rF1 is derived from P2 as the maternal plant)
seed from emasculated controlled self-pollinations of the parental and the initial
F1 and rF1 lines, respectively (Supplementary Figure S1). We also generated F1
and rF1 seed by controlled crosses between the parental lines (Supplementary
Figure S1). We produced both directions of backcross (BC1) seed from crosses
with the parental lines as the maternal parents and pooled reciprocal F1 as the
paternal lines (Supplementary Table S1). Pooled reciprocal F1 as the paternal
parent for these crosses has no influence on the estimation of genetic effects we
are interested in here because using either F1 or rF1 has the same expected
genetic effects (Demuth and Wade, 2007).

The types of genetic effects that can be investigated in joint scaling analyses
depend on the number and exact types of crosses used for a particular design,
but in all cases what is estimated is the net effect(s) across the genome for
particular genetic effects (for example, additive, dominance and so on). As
such, it is not possible to distinguish true overdominance/underdominance
from the effects of multiple closely linked loci.

Estimating fitness components
Seeds from all cross types for all four line pairs were germinated simultaneously
following the protocol outlined above. For each of the line pairs, we sowed 40
seeds of each of the parental, F1 and rF1 lines. For both BC1 and F2, and rF2
lines, we sowed 160 seeds each. We sowed proportionally more seeds for
recombinant generations because we anticipated a need for increased power in
estimating their fitness components (for example, Erickson and Fenster, 2006).
At the time of transplant, the proportion of seeds germinating was recorded for
all line pair × cross type combinations.
Seedlings were transplanted into 2.4 cm square, 4.5 cm deep cells of 200 cell

flat inserts (P-200, Landmark Plastics, Akron, OH, USA) filled with a 1:1:1
Perlite:Vermiculite:Sure-Mix blend (MI Growers Products, Galesburg, MI,
USA). Seedlings were planted in a checkerboard manner, such that plants
were bordered on four sides by empty cells. In total, 1600 seedlings were
transplanted in fully randomized manner across 16 flats. For each of the line
pairs, we transplanted 20 seedlings of each of the parental, F1 and rF1 lines. For
both BC1 and F2, and rF2 lines, we transplanted 80 seedlings for each of the
four line pairs. Seedlings that died within 5 days were replaced. We grew the
plants in a growth chamber for 2 weeks and vernalized them for 8 weeks
following the standard protocols outlined above. In mid-January 2013, plants
were moved to a heated glasshouse with a maximum temperature of 26.7 °C
during the day and a minimum of 15.6 °C at night with 16 h day–1 supple-
mental lighting. Plants were sub-irrigated as needed, and fertilized every other
watering with ½ strength Hoagland’s solution. The glasshouse environment is
likely more uniform and less stressful than a natural environment, so the non-
additive effects on fitness we measured under these conditions should be due to
intrinsic genetic mechanisms expressed in a benign environment.
We measured several fitness components over the course of the experiment.

Over all line pairs and cross types, mean germination was 97.45% (range of
92.29–100%), and mean survival was 97.42% (range of 90–100%). As
germination and survival were uniformly high, we omit joint scaling results
for these components. We counted the number of fruits produced by each
plant and the number of seeds in one fruit per plant. A multiplicative estimate
of fitness was obtained as the product of these two components. In total,
163 502 fruits and 66 438 seeds were counted for the 1558 surviving plants.

Statistical analyses
Multiplicative fitness and its two components were analyzed with analysis of
variance (ANOVA) testing for the effects of population set (C↔R or B↔ S),
cross type (P1, P2, F1, rF1, F2, rF2, BC1P1, and BC1P2; Supplementary Table S1)
and their interaction, as well as the effect of line pair (1 or 2) nested within-
population set and the interaction of this term with cross type. All terms were
treated as fixed effects because our main goal was to examine the genetic
architecture of particular line pairs and the sample size needed for a given joint
scaling analysis made large random samples of line pairs per population set
infeasible.
For each line pair, we decomposed the total phenotypic variance for

multiplicative fitness and fitness components into additive and non-additive
components by joint scaling analyses (Mather and Jinks, 1982; Lynch and
Walsh, 1998; Demuth and Wade, 2005). As we detected significant variation in
the effect of cross type between line pairs within-population set (Table 1), we
performed separate joint scaling analyses for each of the four line pairs. Our
line crosses generated eight different cross types, each with different expected
contributions of additive, dominant, epistatic, maternal genetic and cytoplasmic
effects (Supplementary Table S1; see also Demuth et al., 2014). Maternal
additive effects (additive genetic effect of maternal genotype on progeny fitness,
independent of progeny genotype) are expected to yield similar consequences as
cytoplasmic effects, except that they would not be expressed in the F2 (maternal
parent was an F1). Conversely, maternal dominance effects (effect of dominance
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in maternal genotype on progeny fitness, independent of progeny genotype) are
only expected in the F2 generation (Supplementary Table S1).
Our methods closely follow Demuth et al. (2014), but we examined a wider

range of possible models to be sure that the order of introduction of terms in a
stepwise procedure did not influence the overall results. For each of the
line pairs, we fitted least-square regressions of the composite genetic effects
contributing to fitness differences among the eight cross types (Supplementary
Tables S2–S4). All models contained two parameters, a mean and an additive
effect. To determine the possible contribution of dominance, we constructed
additional models adding this term. All additional (that is, more complex)
models contained terms for mean, additive and dominance effects. To
determine potential combinatorial effects of different types of epistatic,
maternal genetic and cytoplasmic effects, we constructed models with each of
these terms singly and in all possible two- and three-way combinations
(Supplementary Tables S2–S4). Many more models are possible, but because
more complex models were not necessary to explain the data, we used models
with no 46 parameters (Supplementary Tables S2–S4). We assessed overall
model fit by the goodness of fit statistic (Χ2), hereafter GOF, for each
model, with seven degrees of freedom (¼number of cross types−number of
parameters in the model).
The best model was identified as the simplest (fewest parameters) that

sufficiently (nonsignificant GOF) explained the data. If more than one model of
equal simplicity was sufficient, we compared the GOF statistics. In these cases,
we considered a model to have a better fit if its GOF statistic was 3.84 less than
another model. This is similar to a likelihood ratio test with 1 degree of
freedom, except we compared two models with the same number of
parameters, so this is a very conservative (only a model that was unambiguously
a better fit is chosen) test. For each of the best models, significance of individual
parameters was assessed using one-sample t-tests with 7 degrees of freedom
(=number of cross types− 1). In a few cases, we were unable to unequivocally
choose the best model based on simplicity, sufficiency, and relative fit criteria,
so we chose among the equivalent models based on which had the highest
number of individually significant parameters (Supplementary Table S5; cf.,
Demuth et al., 2014).
For seed number per fruit, one of the four line pairs had two sufficient

models of equivalent simplicity with equal numbers of individually significant
parameters. In this case, we chose the ‘best’ model as the one with the slightly
lower GOF statistic (Supplementary Table S4). Both models share four of five
terms suggesting that despite slight differences in the two models, there is good
confidence in the importance of the four common terms. All calculations for
the joint scaling analyses were performed using custom Python scripts, an
example of which has been submitted with the data to Dryad.

RESULTS

We present results first for our estimate of multiplicative fitness,
followed by fitness components. For each dependent variable, we first
discuss the results of the overall ANOVA and general patterns of the
means, followed by presentation of the results of the joint scaling
analyses.

Fitness
The ANOVA for fitness indicated that there were significant differ-
ences in mean fitness between-population sets and among cross types,
but not among line pairs within a population set (Table 1, Figure 1).
Significant interactions with cross type indicate that the effect of cross
type differed not only between-population sets, but also between line
pairs from a given population set (Table 1, Figure 1).
For C↔R and B↔ S, there were large differences in mean fitness

between the two parental lines (Figure 1), with the Italian parental
lines (C1, C2, B1 and B2) producing between about 2000 and 2800
(~60–100%) more seeds per plant on average than the Swedish
parental lines (R1, R2, S1 and S2). Mean fitness of all cross types
(except the parental lines) of C1↔R1 and C2↔R2 were greater than
the additive expectation (Figures 1a and b), whereas all cross types of
B1↔ S1 and B2↔ S2 had lower fitness compared with the additive
expectation (Figures 1c and d). The significant interaction between
cross type and line pair nested within-population set can be largely
attributed to differences between B1↔S1 and B2↔S2 (Figures 1c and d).
Notably, in B2↔ S2, the F1 but not the rF1 had drastically reduced
fitness (Figure 1d). All individuals of this F1 exhibited a stunted
phenotype observed only in some crosses from B↔ S (Supplementary
Table S6), which could have contributed to the reduced fitness of this
cross type.
Joint scaling analyses revealed that the mode of gene action

underlying fitness differs considerably between the two population
pairs (Table 2). In both C1↔R1 and C2↔R2, mean fitness could be
explained by a combination of additive and beneficial dominance
effects (Table 2). For these pairs, there were positive effects of
dominance on fitness, that is, heterosis (dominance coefficient=+11
and +23% of the means, respectively, for C1↔R1, and C2↔R2).
The mode of gene action underlying fitness in B1↔ S1 and B2↔ S2

was more complex than in C1↔R1 and C2↔R2, and there were also
differences between B1↔ S1 and B2↔ S2. Like the previous popula-
tion set, there were large additive differences between the mean fitness
of the parental lines, with the Italian parental lines producing about
2500–2700 (~60–80%) more seeds per plant than the Swedish parental
lines (Table 2, Figure 1). Of the two line pairs from B↔ S, B2↔ S2
had the simpler model in terms of the number of genetic effects
detected, containing one additional term over the additive dominance
model, a maternal additive effect (Table 2). The maternal additive
effect estimate of − 1061.4 indicates that P2, or rF1 and BC1 with P2 as
the maternal parent produce on average 2122 more seeds per plant
than do P1, and F1 and BC1 lines with P1 as the maternal parent,
(Table 2, Figure 1d), all else being equal. Five parameters were
required to adequately explain the pattern observed in B1↔ S1.
In addition to additive, dominance and maternal additive effects,
both dominance × dominance (DD) epistasis and cytoplasmic effects
were observed (Table 2). The direction of the maternal additive
effect was reversed from that in B2↔ S2. One striking difference
between C↔R and B↔ S is that in both B1↔ S1 and B2↔ S2,
dominance had negative effects on fitness. In B1↔ S1, this negative
effect of dominance on fitness was in part recovered by DD epistasis
(dominance coefficient=− 43% of the mean for B2↔ S2, and
D+DD=− 8% of the mean for B1↔ S1).

Number of fruits
The analyses of number of fruits produced qualitatively similar results
to those for multiplicative fitness (Table 1, Figure 2), except that the
main effect of line pair nested within population was significant for
number of fruits. There were large additive differences between the
mean fitness of the parental lines; with the Italian parental lines

Table 1 Overall analysis of variance for fitness (= total number of

seeds) and fitness components for line crosses between Italian and

Swedish Arabidopsis thaliana

ANOVA effects Df Fitness Number of fruits Seed number

per fruit

Population set 1 16.85*** 28.53*** 172.74***

Line pair (Pop. set) 2 0.40 3.33* 4.56*

Cross type 7 33.59*** 60.24*** 3.79***

Cross type * Pop. set 7 8.07*** 6.62*** 5.79***

Cross type * Line pair (Pop. set) 14 4.73*** 4.21*** 5.85***

Abbreviation: ANOVA, analysis of variance.
Table entries are F values, all denominator Df=1520. *Po0.05, ***Po0.001.
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producing 56–125% more fruits per plant than the Swedish parental
lines over all line pairs (Table 3, Figure 2). As with fitness, all crosses
from C1↔R1 and C2↔R2 had greater mean number of fruits than
the additive expectation, whereas most cross types from B1↔ S1 and

B2↔ S2 produced fewer fruits than the additive expectation
(Figure 2).
Results for joint scaling analyses of number of fruits were also

similar to those for multiplicative fitness in that C1↔R1 and C2↔R2
were similar to each other, B1↔ S1 and B2↔ S2 were different from
C1↔R1 and C2↔R2, and B1↔ S1 and B2↔ S2 were also different
from each other (Tables 3 and 4, Figure 2). Line pairs C1↔R1 and
C2↔R2 both had relatively simple genetic architectures, with
beneficial effects of dominance (+16% and +13% increase over the
mean for C1↔R1 and C2↔R2, respectively). For line pairs B1↔ S1
and B2↔ S2, there were negative effects of dominance (−8 and − 32%
for B1↔ S1 and B2↔ S2, respectively). Qualitative differences
between the results for number of fruits and the results for fitness
include a weak cytoplasmic effect for C2↔R2, the absence of any DD
epistasis, a maternal dominance effect for B1↔ S1 and a strongly
negative additive× additive epistatic effect for B2↔ S2 (Tables 3 and 4).

Seed number per fruit
As with number of fruits, all ANOVA effects were significant for seed
number per fruit (Table 1). Unlike fitness and number of fruits, there
were only slight differences between the parental lines in all four of the
line pairs (Figure 3). All cross types for C1↔R1 and C2↔R2 were
close to the additive expectation, but many cross types from B1↔ S1
and B2↔ S2 (especially B2↔ S2) had substantially reduced mean seed
number per fruit compared with the additive expectation (Figure 3).
For the joint scaling analyses, only very weak additive, dominance

and cytoplasmic effects were detected in C1↔R1 and C2↔R2
(Table 5, Figure 3). Very different models were found for the two line
pairs from B↔ S. For B1↔ S1, results were similar to those for fitness
except for the absence of the cytoplasmic effect, and the addition of a
strongly negative additive × additive epistatic term for seed number
per fruit (Tables 4 and 5). For B2↔ S2 by contrast, no epistasis was

Figure 1 Line cross means for fitness (= total number of seeds) for each of four line pairs (a, C1↔R1; b, C2↔R2; c, B1↔S1; d, B2↔S2) of Arabidopsis
thaliana. C↔R=Castelnuevo, Italy and Rödåsen, Sweden; B↔S=Bolsena, Italy and Skuleberget, Sweden. In all cases, the P1 parent is from Italy and the
P2 parent is from Sweden. Four cross types (F1, rF1, F2, rF2) have an additive expectation halfway between the two parents; in some cases the points are
obscured (see Supplementary Table S7 for values). F1 and F2 have P1 as the maternal parent, rF1 and rF2 have P2 as the maternal parent. Half-filled circles
represent means of the different F1’s, the shading of the left half of the circle corresponds to the maternal parent. Error bars are 1 s.e., and in some cases
are smaller than the size of the symbol. The dashed line is the expectation for purely additive gene action.

Table 2 Joint scaling results for fitness (= total number of seeds) for

two line pairs from each population set of Arabidopsis thaliana
(C↔R=Castelnuovo, Italy and Rödåsen, Sweden; B↔S=Bolsena,

Italy and Skuleberget, Sweden)

Line pair Param. Est. t P-value Full model goodness of fit

C1↔R1 Χ2=6.83, P=0.234, df=5

Mean 4489.8 47.95 o0.0001

A 1006.0 11.46 o0.0001

D 501.8 2.77 0.028

C2↔R2 Χ2=9.19, P=0.102, df=5

Mean 4137.1 36.63 o0.0001

A 1375.4 14.03 o0.0001

D 934.5 4.39 0.003

B1↔S1 Χ2=4.72, P=0.094, df=2

Mean 4764.7 29.32 o0.0001

A 973.2 3.39 0.012

D −1774.3 −2.69 0.031

DD 1375.4 1.99 0.087

Ma 646.3 2.80 0.027

Cyt −390.5 −3.34 0.012

B2↔S2 Χ2=4.70, P=0.320, df=4

Mean 5461.5 33.61 o0.0001

A 2372.1 9.10 o0.0001

D −2347.0 −8.78 o0.0001

Ma −1061.4 −6.59 o0.0001

Individual parameters are as follows: additive (A), dominance (D), Epistatic (AA, AD and/or DD),
cytoplasmic (Cyt), maternal additive (Ma) and maternal dominance (Md).
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detected, and results were similar to those for fitness with the addition
of a maternal dominance term for seed number per fruit (Tables 4 and 5).
As with fitness and number of fruits, the effects of dominance in
B1↔ S1 and B2↔ S2 were negative (dominance coefficient=− 34%
of the mean for B2↔ S2, and D+DD=− 28% of the mean for
B1↔ S1).

DISCUSSION

The extent to which genetic drift has a role in shaping genetic
variation related to fitness is difficult to address empirically, but

estimates of heterosis in crosses between natural populations provide
one such avenue of investigation. As the relative fitness of crosses
between widely diverged populations is expected to be a balance
between the beneficial effects of dominance complementation and the
negative effects of genetic incompatibilities, joint scaling analyses of
line cross data are well suited to estimate the relative magnitudes of
these different genetic effects.
We found markedly different genetic architectures (that is, modes of

gene action) for fitness and fitness components for crosses between
two sets of populations separated by similar geographic distances. In
one population set (C↔R), there were consistently positive effects of
dominance, consistent with the masking of recessive or nearly
recessive mildly deleterious mutations fixed by genetic drift. The other
population set (B↔ S) exhibited outbreeding depression due largely to
underdominance (or pseudo-underdominance).

Genetic architecture of fitness and components in C↔R
The genetic architecture of fitness in both line pairs from C↔R was
relatively simple. The difference between the parental lines had a
largely additive genetic basis, although some dominance complemen-
tation (that is, heterosis) was also observed (Table 2). The estimates of
heterosis from these crosses (about 10–20%) are modest, and may be
considered trivial in an agricultural context, but do suggest that genetic
drift can have an influence on the distribution of genetic variation
influencing fitness within and among natural populations of this
species.
Results for fitness components for C↔R suggest that differences in

fitness were largely a result of differences in fruit production, and not
differences in seed production per fruit (Table 4). If heterosis was due
to many mildly deleterious alleles, it should be expressed relatively
evenly across different fitness components, because such alleles would
be unlikely to accumulate in one region of the genome. Observing
heterosis for number of fruits, but not seed number per fruit, could
therefore indicate the fixation of one or a few strongly deleterious
mutations underlying this fitness component. Alternatively, there may
simply be a greater number of loci underlying fruit number (through
effects on growth and branching, for example) than underlying seed

Figure 2 Line cross means for number of fruits for each of the four line pairs. (a, C1↔R1; b, C2↔R2; c, B1↔S1; d, B2↔S2). Letters, symbols and error
bars as in Figure 1. The dashed line is the expectation with purely additive gene action.

Table 3 Joint scaling results for number of fruits, abbreviations as in

Table 2

Line pair Param. Est. t P-value Full model goodness of fit

C1↔R1 Χ2=3.68, P=0.596, df=5

Mean 95.7 53.85 o0.0001

A 22.3 13.77 o0.0001

D 15.0 4.41 0.003

C2↔R2 Χ2=1.49, P=0.828, df=4

Mean 92.1 48.85 o0.0001

A 37.4 15.49 o0.0001

D 11.6 3.38 0.012

Cyt −3.9 −3.41 0.011

B1↔S1 Χ2=0.08, P=0.961, df=2

Mean 115.7 43.22 o0.0001

A 28.9 5.98 o0.0001

D −9.8 −2.03 0.082

Ma 12.0 3.00 0.020

Md −10.8 −3.74 0.007

Cyt −9.0 −4.00 0.005

B2↔S2 Χ2=6.67, P=0.083, df=3

Mean 138.8 20.52 o0.0001

A 40.5 7.87 o0.0001

D −44.7 −4.38 0.003

AA −23.1 −3.12 0.017

Ma −14.0 −3.97 0.005
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number per fruit. Correlations between number of fruits and seed
number per fruit for all individual plants, done separately by line pair,
are weak, ranging from − 0.14 in C1↔R1 to 0.25 in B2↔ S2,
suggesting that they have mostly independent genetic bases. Over-
dominance of one or few loci is an alternative hypothesis for the
genetic basis of heterosis (Crow, 1948), and although overdominance
is generally thought to be uncommon (for example, Charlesworth and

Willis, 2009), we acknowledge that we cannot with the present data
rule it out as a mechanism for the heterosis observed here.
Previous studies have reported heterosis in Arabidopsis, but in all

cases, the crosses involved laboratory accessions. In crosses between
laboratory accessions (Col-0 and C24), Barth et al. (2003) reported
considerably stronger heterosis (60–69%) for biomass and rosette
diameter than what we found here for fitness. Similarly, in a cross
between the same pair of lines, Kusterer et al. (2007b) found 49%
heterosis for biomass yield. Direct comparison of these results with
ours is difficult because heterosis between laboratory accessions may
reflect fixation of alleles during cultivation rather than the historical
effects of genetic drift in natural populations. Moreover, despite strong
heterosis for biomass traits in the Col-0 and C24 cross, F1 individuals
in one of these same studies (Barth et al., 2003) actually produced 19%
fewer seeds than the mean of the parents (that is, 19% outbreeding
depression for fitness).
Heterosis is commonly observed in crosses between natural

populations separated by wide genetic and/or geographic distances.
In wide crosses between populations of the pitcher plant mosquito
Wyeomyia smithii grown at low density, heterosis for fitness was of
similar magnitude to what we report here, although in a high-density
treatment much stronger heterosis was observed (Armbruster et al.,
1997). In wide crosses between natural populations of the annual plant
Chamaecrista fasciculata grown at different field sites in multiple years
(Fenster and Galloway, 2000), heterosis for fitness was of equal or
greater magnitude to what we report here, although statistical
significance varied among planting sites and between years. Common
to these examples is that reduced fitness (that is, outbreeding
depression) was often observed in recombinant generations despite
increased fitness in the F1. In our crosses from C1↔R1 and C2↔R2,
no such outbreeding depression was observed (Figure 1). This suggests
a role for genetic drift in fixing deleterious mutations, but despite wide
divergence, no genetic incompatibilities have arisen.

Table 4 Qualitative comparison of genetic architecture between

fitness, and fitness components for the four different line pairs

Trait and line pair A D AA AD DD Ma Md Cyt

Fitness
C1↔R1 ++ ++

C2↔R2 ++ ++

B1↔S1 ++ −− ++ ++ −

B2↔S2 ++ −− −−

Number of fruits
C1↔R1 ++ ++

C2↔R2 ++ ++ −

B1↔S1 ++ − ++ − −

B2↔S2 ++ −− −− −−

Seed number per fruit
C1↔R1 +ns − ns − ns

C2↔R2 − ns +ns

B1↔S1 − ns −− −− ++ns +

B2↔S2 + −− −− −

Abbreviations as in Table 2. Sign indicates the sign of the parameter estimate; doubled signs
indicate that the parameter estimate was large relative to the mean (410%). Nonsignificant
parameter estimates are indicated with ns.

Figure 3 Line cross means for seed number per fruit for each of the four line pairs. (a, C1↔R1; b, C2↔R2; c, B1↔S1; d, B2↔S2). Letters, symbols and
error bars as in Figure 1. The dashed line is the expectation with purely additive gene action.
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Genetic architecture of fitness and components in B↔ S
The genetic architecture of fitness in B1↔ S1 and B2↔ S2 was
relatively complex, and there were considerable differences between
the two line pairs from the same population set. In contrast to the line
pairs C1↔R1 and C2↔R2, both B1↔ S1 and B2↔ S2 displayed
large negative effects of dominance on fitness. For B2↔ S2, fitness was
reduced by an average of 44% in the F1 and rF1. We calculate
outbreeding depression as the relative fitness of the F1 compared with
the midparent for the sake of comparison with C1↔R1 and C2↔R2,
but note that the presence of maternal additive genetic effects,
cytoplasmic effects in both B1↔ S1 and B2↔ S2, and dominance-
by-dominance epistasis in B1↔ S1, complicate such a comparison.
For B1↔ S1, fitness of the F1 and rF1 were reduced by an average of
about 15% relative to the midparent. The opposite sign of the
dominance and the dominance-by-dominance epistatic term in this
line pair indicates that underdominant/pseudo-underdominant effects
were somewhat reduced by interacting underdominant/pseudo-
underdominant loci.
Results for number of fruits and seed number per fruit suggest that

both of these components contribute to the overall pattern for fitness,
but in somewhat different ways (Figures 1–3). Joint scaling results
indicate some differences in the contribution of different types of
epistasis and maternal dominance effects among fitness components
and fitness, but the effect of dominance is consistently negative in all
cases. Thus, the negative effects on fitness result from underdominant/
pseudo-underdominant effects on both number of fruits and seed
number per fruit. Weak correlations between number of fruits and
seed number per fruit suggest that these underdominant/pseudo-
underdominant effects have different causes. We are not aware of any
examples of generalized negative effects of dominance across many
loci (that is, the opposite of heterosis in the strictest sense), so we
interpret these results as underdominance/pseudo-underdominance.

As with any line cross design, however, we cannot distinguish between
true underdominance and the effects of multiple, tightly linked loci.
Although several other studies of intraspecific crosses have reported

outbreeding depression (Armbruster et al., 1997; Edmands, 1999;
Fenster and Galloway, 2000; Demuth and Wade, 2007), it is usually
attributable to epistasis and often manifest in the F2 or other
recombinant generations following some heterotic effects in the F1.
Strong outbreeding depression in the F1 of crosses between different
populations of selfing species of Caenorhaditis has recently been
reported (Gimond et al., 2013), but without a line cross design such
as used here, it is not possible to distinguish between underdomi-
nance/pseudo-underdominance and negative epistatic interactions
between unlinked loci.
In Arabidopsis, hybrid necrosis in the F1 generation has been

reported in about 2% of crosses between different accessions
(Bomblies et al., 2007). Genetic mapping of stunted growth and
necrotic phenotypes for a small subset of these crosses using laboratory
strains such as Col and Ler as one of the parents implicated epistasis
between a few loci involved in pathogen defense (Bomblies et al., 2007;
Alcázar et al., 2009). These stunted and necrotic phenotypes are likely
to have negative effects on fitness, such as we observed here, but
relative fitness (fruit and seed production) of the F1 has not been
quantified for most of the crosses reported in Bomblies et al. (2007).
Using a cross (Bla x Sha) previously identified as producing a necrotic
phenotype, Smith et al. (2011) generated transgenic lines containing
one or both of the Bla and Sha alleles for a single protein kinase
(OAK) gene in a Col background. They found that transgenic lines
carrying one or the other parental allele had similar fitness to Col, but
transgenic lines that were heterozygous for this gene had an 80%
reduction in fitness compared with Col. Fitness estimates for the
parental lines and their F1 were not presented, but these results suggest
that strongly underdominant effects on fitness could underlie F1
outbreeding depression in this cross.
We are not aware of other studies of intraspecific crosses between

natural populations separated by similar geographic distances that
display genetic architectures as different as what we found. Although it
is fairly common for the results of wide crosses to be somewhat
idiosyncratic based on the population pair chosen (Armbruster et al.,
1997; Fenster and Galloway, 2000; Demuth and Wade, 2007), the
magnitude of heterosis in the F1 is usually a matter of degree rather
than a difference in sign as we see between C1↔R1 and C2↔R2 and
B1↔ S1 and B2↔ S2. We found idiosyncratic differences in heterosis
vs outbreeding depression between two parallel population sets that
are separated by the same geographic distance, and that are likely to be
locally adapted to the same climatic conditions (Ågren and Schemske,
2012). This suggests a role for stochastic processes such as mutation
and drift in shaping not only patterns of fixation of deleterious
mutations, but potentially also outbreeding depression. Arabidopsis is
highly selfing, which increases the likelihood of genetic drift, and
ancestral populations of present day northern populations of Arabi-
dopsis likely experienced genetic bottlenecks during northern range
expansion following Pleistocene glaciation (Beck et al., 2008). Heterosis
in C1↔R1 and C2↔R2 is consistent with the action of genetic drift
in shaping genetic variation of selective importance. In previous work
on this set of populations, the presence of QTL for fitness where the
local allele is maladaptive (in C1↔R1), and the greater incidence of
maladaptive QTL in Sweden (Ågren et al., 2013), also suggest a role
for genetic drift in partially constraining adaptation. There is much
less direct evidence for the role of genetic drift in generating
outbreeding depression in B1↔ S1 and B2↔ S2. However, chromo-
somal inversions and/or tight linkage resulting in underdominant or

Table 5 Joint scaling results for seed number per fruit, abbreviations

as in Table 2

Line pair Param. Est. t P-value Full model goodness of fit

C1↔R1 Χ2=9.36, P=0.053, df=4

Mean 46.99 66.27 o0.0001

A 1.13 1.22 0.262

D −1.82 −1.37 0.213

Cyt −1.07 −2.29 0.056

C2↔R2 Χ2=9.71, P=0.084, df=5

Mean 45.79 59.92 o0.0001

A −1.36 −1.89 0.101

D 3.08 2.27 0.058

B1↔S1 Χ2=5.93, P=0.052, df=2

Mean 54.46 10.26 o0.0001

A −4.22 −2.18 0.066

D −36.11 −2.54 0.039

AA −12.90 −2.46 0.044

DD 20.99 2.19 0.065

Ma 3.55 2.76 0.028

B2↔S2 Χ2=6.86, P=0.076, df=3

Mean 46.99 44.53 o0.0001

A 5.94 3.29 0.013

D −16.01 −8.88 o0.0001

Ma −4.89 −4.26 0.004

Md −3.30 −2.75 0.029
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pseudo-underdominant effects on fitness are predicted to be more
likely to become fixed in selfing populations, or those experiencing
bottlenecks (Lande, 1985; Charlesworth, 1992; Schierup and
Christiansen, 1996). Moreover, we cannot rule out very local selective
pressures as a mechanism for outbreeding depression.
It is important to note that the magnitudes of both heterosis and

outbreeding depression are likely to depend on the environment in
which fitness is measured. For example, Fenster and Galloway (2000)
found that the magnitude of heterosis varied with planting site. In
addition, hybrid necrosis found in Arabidopsis was partially alleviated
at warm (23 °C) temperatures (Bomblies et al., 2007; Alcázar et al.,
2009; Smith et al., 2011). In wide crosses, it is difficult to identify a
single relevant environment in which to measure fitness, and it was
not feasible for us to replicate the experiment across four or even two
parental environments. Our approach was to grow all plants in a
single, relatively benign, environment to determine the magnitudes of
heterosis (and outbreeding depression) without the complications of
varied environments. Water and nutrients are not limiting in the
greenhouse, and the potential for competition is thus greatly reduced
compared with field conditions, as was any potential interactions with
herbivores or pathogens. Our estimates of heterosis and outbreeding
depression may therefore underestimate what may be expressed in the
native field environments. Future work will address the role of the
environment on the magnitude of heterosis and outbreeding depres-
sion in this system, and pursue a more detailed understanding of the
molecular genetic basis of these quantities.
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