
2846  |  wileyonlinelibrary.com/journal/mec Molecular Ecology. 2021;30:2846–2858.

1  |  INTRODUC TION

Adaptation to the local environment is reflected in an increase in mean 
population fitness in response to local selection pressures (Kawecki & 
Ebert, 2004; Williams, 1966a). This may be associated with a shift in rel-
ative allocation of resources to optimize the balance between compo-
nents of fitness, such as between reproduction and survival, or offspring 

size and number (Schluter et al., 1991; Smith & Fretwell, 1974; Williams, 
1966a,b). Adaptation may also be associated with the evolution of traits 
increasing the amount of resources available to individuals (their re-
source status or ‘condition’) in the local environment, which could super-
sede the effects of variation in relative allocation to different functions 
(Schluter et al., 1991; Van Noordwijk & Jong, 1986). Condition is likely 
to be a complex phenotype affected by many traits, including those 
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Abstract
Resources allocated to survival cannot be used to increase fecundity, but the extent 
to which this trade- off constrains adaptation depends on overall resource status. 
Adaptation to local environmental conditions may therefore entail the evolution of 
traits that increase the amount of resources available to individuals (their resource 
status or ‘condition’). We examined the relative contribution of trade- offs and in-
creased condition to adaptive evolution in a recombinant inbred line population of 
Arabidopsis thaliana planted at the native sites of the parental ecotypes in Italy and 
Sweden in 2 years. We estimated genetic correlations among fitness components 
based on genotypic means and explored their causes with QTL mapping. The local 
ecotype produced more seeds per fruit than did the non- local ecotype, reflected in 
stronger adaptive differentiation than was previously shown based on survival and 
fruit number only. Genetic correlations between survival and overall fecundity, and 
between number of fruits and number of seeds per fruit, were positive, and there 
was little evidence of a trade- off between seed size and number. Quantitative trait 
loci for these traits tended to map to the same regions of the genome and showed 
positive pleiotropic effects. The results indicate that adaptive differentiation between 
the two focal populations largely reflects the evolution of increased ability to acquire 
resources in the local environment, rather than shifts in the relative allocation to dif-
ferent life- history traits. Differentiation both in phenology and in tolerance to cold is 
likely to contribute to the advantage of the local genotype at the two sites.
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influencing the ability to tolerate local environmental stresses and those 
influencing the match between the timing of life- history transitions and 
seasonal changes in resource availability. Genetic variation in condition 
vs. relative allocation to different functions has distinct implications for 
local adaptation. Variation in condition could allow for increased alloca-
tion to one component of fitness without affecting allocation to other 
components resulting in no correlation between fitness components, or 
could be associated with increased allocation to multiple components 
and thus positive correlations between fitness components. By contrast, 
with variation only in relative allocation to different functions, trade- offs 
place a constraint on adaptive evolution and will be reflected as negative 
correlations between components of fitness. In reality, both processes 
are likely to be acting, and the extent to which fitness components are 
affected by pleiotropic loci, and the relative strength of positive and neg-
ative pleiotropic effects should determine whether negative, positive or 
no correlations are observed.

If fitness components are both heritable and correlated, this raises 
two questions about their genetic architecture. First, to what extent 
are fitness components affected by loci with pleiotropic effects on 
multiple components? The presence of loci affecting only single com-
ponents should reduce the strength of genetic correlations among 
fitness components. Second, if loci do show pleiotropy, are the di-
rections of allelic effects on affected traits consistent across all loci 
and with the signs of correlations among components of fitness? If 
there are genetic trade- offs among fitness components, we expect 
to observe antagonistic pleiotropic effects of individual quantitative 
trait loci (QTL), whereby an allele is associated with an increase in one 
component of fitness, but a decrease in one or more other compo-
nents (Falconer & Mackay, 1996; Hazel, 1943). On the other hand, if 
variation in condition is large, we expect positive pleiotropy, whereby 
alleles at QTL affecting resource status are associated with changes in 
two or more fitness components in the same direction, causing phe-
notypes to be positively correlated (Houle, 1991). A full understanding 
of local adaptation and life- history evolution therefore requires knowl-
edge of the genetic basis of overall fitness and the genetic basis of 
correlations between different components of fitness.

In plants, three trade- off relationships are likely to be especially 
relevant for overall fitness. First, resources invested in reproduc-
tion are not available for growth and defence, causing a trade- off 
between fecundity and survival. A trade- off between reproduction 
and subsequent survival has been documented in many iteroparous 
species (Edward & Chapman, 2011; Williams, 1966b). However, a 
trade- off between reproduction and survival can also be expected 
in semelparous organisms if traits increasing the chance of juvenile 
survival reduce resources available to reproduction. Thus, we expect 
a negative correlation between fecundity and survival.

Second, total seed production is a function of both the number of 
fruits produced and the number of seeds per fruit, and there may be 
a trade- off between these two components of fecundity. For practical 
reasons, studies of local adaptation in plants typically focus on either 
fruit production or estimates of total seed production as a measure of 
fecundity (e.g. Ågren et al., 2013; Fournier- Level et al., 2011; Hall et al., 
2010; Latta, 2009). To quantify components of fecundity, it is necessary 

to estimate both number of fruits and number of seeds per fruit, and 
substantial additional effort is required to collect and process data on 
two components compared with just one (e.g. Ågren & Schemske, 2012; 
Hall & Willis, 2006; Leinonen et al., 2011; Maddox & Antonovics, 1983; 
Verhoeven et al., 2004). If investment in fruit production is negatively 
correlated with investment in seed production per fruit, relying on esti-
mates of only one of these components of fecundity will overestimate 
variation in total fecundity. If investment in seed and fruit production 
are positively correlated, the opposite would be true.

Third, theory predicts a trade- off between investment in individ-
ual offspring and the total number of offspring (Lack, 1954; Lloyd, 
1987; Smith & Fretwell, 1974). In plants, this would be expressed as 
a negative correlation between seed size and number (Harper et al., 
1970; Leishman et al., 2000), and selection for larger seeds may thus 
constrain the evolution of increased fecundity. Negative correlations 
between seed size and total seed number have been documented 
across species (Šerá & Šerý, 2004) and within crop species (Sadras, 
2007). Meanwhile, studies within natural plant populations have 
found positive, negative and negligible correlations between seed 
size and number (Silvertown, 1989; Venable, 1992). In Arabidopsis 
thaliana, trade- offs between seed size and number of seeds per 
fruit have been observed for recombinant lines grown in controlled 
environments (Alonso- Blanco et al., 1999; Gnan et al., 2014), and 
both linkage mapping and mutant screens have found pleiotropic or 
closely linked QTL with antagonistic effects on seed size and num-
ber of seeds per fruit (Alonso- Blanco et al., 1999; Gnan et al., 2014; 
Van Daele et al., 2012). However, the extent to which these rela-
tionships translate into a negative correlation between seed size and 
overall fecundity is not known and should depend on the direction 
and magnitude of the correlation between the two components of 
fecundity: number of seeds per fruit and number of fruits.

Previous work on the genetics of correlations among fitness 
components and seed size in A. thaliana has largely been conducted 
in controlled conditions, and it is unclear whether results reflect the 
situation in natural environments (Alonso- Blanco et al., 1999; Gnan 
et al., 2014; Van Daele et al., 2012). On the one hand, trade- offs may 
be more likely to be expressed in less benign natural environments, 
where resource availability is lower and stress in the form of frost, 
drought and antagonistic biotic interactions is more common. On 
the other hand, in genetically variable populations, variation in abil-
ity to meet the challenges of harsh environmental conditions may 
still result in sufficient variation in plant condition to mask variation 
in allocation strategy. For example, studies of natural populations 
of species other than A. thaliana have found that the heritability of 
seed size, the direction of the correlation between seed size and 
number and the impact of variation in seed size on fitness depend 
critically on the environment in which they are grown (reviewed by 
Silvertown, 1989). To understand properly the relationship between 
trade- offs, variation in condition and local adaptation, we need to 
compare genotypes in the environments from which they originate.

In this study, we investigate the contribution of individual com-
ponents of fitness to estimates of local adaptation, and the ge-
netic basis of correlations among components of fitness. We use a 
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population of recombinant inbred lines (RILs) derived from a cross 
between two locally adapted ecotypes of A thaliana from close to the 
southern (Italy) and northern (Sweden) margins of the native range in 
Europe. Reciprocal transplants have shown that the two source pop-
ulations display strong adaptive differentiation expressed through 
higher survival and fruit production of the local ecotype (Ågren & 
Schemske, 2012; Ågren et al., 2013), and there is some evidence that 
the local ecotype also produces more seeds per fruit compared with 
the non- local ecotype (Ågren & Schemske, 2012). QTL mapping in 
the RIL population identified a total of 15 QTL for an estimate of 
overall fitness (number of fruits per seedling planted) at the sites 
of the two source populations (Ågren et al., 2013). However, this 
estimate of overall fitness did not include possible variation in seed 
production per fruit, and it is therefore not clear how inclusion of 
this fitness component would affect estimates of selection against 
the non- local ecotype, correlations between fecundity and survival, 
or the genetic basis of fecundity and overall fitness.

Here, we quantify seed output per fruit and mean seed size per 
fruit of the parental ecotypes and of almost 400 RILs planted at 
the sites of the source populations in two years. We combine these 
data with previously published data on survival and fruit production 
to ask the following questions: (1) Does the local ecotype produce 
more seeds per fruit than does the non- local ecotype, which would 
result in an even larger estimate of selection against the non- local 
ecotype than an estimate previously reported based on survival and 
fruit production only? (2) Are there correlations between fecundity 
and survival, between components of fecundity (number of fruits 
and number of seeds per fruit), and between offspring number and 
size, and are these negative or positive? (3) Are there pleiotropic ef-
fects of QTL for number of seeds per fruit and seed mass on other 
components of fitness, and are these effects positive or negative?

2  |  MATERIAL S AND METHODS

2.1  |  Data collection

We estimated seed traits for recombinant inbred lines (RIL) and pa-
rental ecotypes in reciprocal transplant experiments conducted at 
the native sites of the source populations in two years (2010– 2011 
and 2011– 2012, henceforth 2010 and 2011). These experiments 
have previously been described in detail by Ågren and Schemske 
(2012) and Ågren et al. (2013). Briefly, seeds of each ecotype and 
398 RILs were germinated on agar and transplanted to local soils 
in plug trays at the source sites of the parental ecotypes in autumn 
at the time of seedling establishment in the local population (early 
September in Sweden, early November in Italy). Plants were har-
vested at the time of fruit maturation in spring (late April in Italy, late 
June in Sweden). Previous studies quantified survival to reproduc-
tion, number of fruits per reproductive plant and number of fruits 
per seedling planted for the parental ecotypes and 398 RILs. We 
expanded these data by quantifying the number of seeds per fruit 
(henceforth ‘seeds/fruit’) and mean seed mass per fruit. In each site 

× year combination, we sampled a single mature fruit from between 
1 and 12 plants per RIL and between 23 and 100 parental plants; 
sample sizes varied because lines varied in how well they survived 
in different sites and years. For each fruit, we counted the number 
of seeds and determined total seed mass to the nearest 0.01 mg on 
an AT261 balance (Mettler Toledo, Columbus, USA). We calculated 
mean seed mass as the mass of all seeds in a fruit, divided by the 
total number of seeds. We estimated genetic values for each line in 
each site × year combination as the mean across all individuals of the 
same RIL or parental ecotype. Not all RILs produced at least one fruit 
that could be harvested, but we could estimate genetic values for 
seeds/fruit and seed mass in 395 (Italy in 2010), 398 (Italy in 2011), 
395 (Sweden in 2010) and 394 (Sweden in 2011) of the total of 398 
RILs. As such, there is unlikely to be substantial bias due to the RILs 
not included.

We combined data on seeds/fruit with previously published data 
to obtain estimates of overall fecundity and overall fitness that in-
clude information on seed number. In previous analyses of data from 
these experiments (Ågren & Schemske, 2012; Ågren et al., 2013, 
2017), fecundity was defined as number of fruits per reproductive 
plant (‘fruits/RP’) and overall fitness as number of fruits per seedling 
planted (‘fruits/seedling’). Here, we estimated the overall fecundity 
of reproductive plants (henceforth ‘seeds/RP’) by multiplying indi-
vidual fruits/RP by line- mean seeds/fruit. We chose to estimate fe-
cundity this way because we did not have data on seeds/fruit for all 
individuals for which data on fruits/RP were available. Moreover, it 
was impractical to sample more than one fruit per plant, precluding 
any estimate of within- plant variation in seeds/fruit. We quantified 
total fitness as the number of seeds per seedling planted (‘seeds/
seedling’; zero for plants that did not survive to reproduce).

We estimated broad- sense heritability (H2) as the proportion 
of total phenotypic variation among individuals that is explained 
by RIL genotype in each site– year combination. We used a mixed- 
effect ANOVA estimated using the package lme4 (Bates et al., 2015), 
with block as a fixed effect and RIL genotype as a random effect. 
To assess the uncertainty around these estimates, we performed 
parametric bootstrapping on model parameters using the function 
bootmer and estimated 95% confidence intervals as the 2.5% and 
97.5% quantiles of 1,000 bootstrap draws. We carried out data han-
dling and statistical analyses in RStudio 1.1.442 using r 3.6.3 (R Core 
Team, 2018; RStudio Team, 2016).

2.2  |  Fitness differences between ecotypes

To assess the influence of different fitness components on esti-
mates of adaptive differentiation, we quantified selection against 
the non- local ecotype by calculating selection coefficients based 
on individual components of fitness, and on estimates of overall fit-
ness. We calculated selection coefficients s = 1– wmin/wmax, where 
wmin is the fitness of the less fit ecotype and wmax that of the fitter 
ecotype. For cases where the non- local ecotype had higher fitness 
than the local ecotype, we multiplied the selection coefficient by 
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−1. We calculated selection coefficients based on two estimates of 
overall fitness: fruits/seedling and seeds/seedling, reflecting fitness 
estimates excluding and including information on seeds/fruit. We 
also calculated selection coefficients based on survival and on two 
components of fecundity (fruits/RP and seeds/fruit).

We estimated confidence intervals for selection coefficients by 
non- parametric bootstrapping. We drew 1,000 bootstrap resamples 
by sampling data with replacement from within experimental blocks 
(N = 30 blocks in each site x year combination). We calculated se-
lection coefficients for each bootstrap sample and estimated 95% 
confidence intervals for each coefficient as the 2.5% and 97.5% 
quantiles of these values. We tested the null hypothesis that there 
is no adaptive differentiation using two- tailed p- values, calculated 
as twice the proportion of bootstrap values overlapping zero. It is 
more difficult to determine whether selection coefficients for the 
two measures of overall fitness, fruits/seedling and seeds/seedling, 
differ from one another because both estimates include common 
data on fruit number and as such are not independent. Rather than 
performing a formal test, we simply asked whether the selection co-
efficient based on seeds/seedling was beyond the 95% confidence 
interval of that based on fruits/seedling. We compared differences 
between parental lines in mean seed mass in each site × year combi-
nation using Wilcoxon signed- rank tests.

2.3  |  Correlations between traits

For each site × year combination, we quantified the genetic corre-
lations between pairs of traits by calculating the Pearson correla-
tion coefficients, r, between RIL means. A genetic correlation is the 
correlation between genetic values, that is trait means across indi-
viduals of the same genotype. This is distinct from phenotypic cor-
relations, which incorporate both genetic values and environmental 
effects (Falconer & Mackay, 1996). We estimated 95% confidence 
intervals around point estimates of genetic correlations by drawing 
1,000 non- parametric bootstrap samples from vectors of RIL means, 
recalculating correlation coefficients and taking the 2.5% and 97.5% 
quantiles of the distribution of correlation coefficients across these 
resamples. We examined relationships between three pairs of traits: 
(1) survival and overall fecundity (seeds/RP), (2) the two components 
of fecundity (fruits/RP and seeds/fruit) and (3) offspring size (mean 
seed mass) and overall fecundity (seeds/RP). We compared seed 
mass with seeds/RP rather than seeds/fruit or fruits/RP because the 
former is a more complete estimate of fecundity, but to allow com-
parison with other studies, we also report the correlations between 
seed mass and seeds/fruit.

2.4  |  QTL mapping

We mapped QTL for fitness and its components using the r/qtl 
package in r (Broman et al., 2003; Broman & Šen 2009) using ad-
ditional visualization tools from the package arghqtl (Ellis, 2018). 

We mapped QTL for seed mass, seeds/fruit, seeds/RP and seeds/
seedling. Mapping results for survival, fruits/RP and fruits/seedling 
were previously reported by Ågren et al. (2013) based on 398 RILs. 
However, the number and positions of QTL detected can be affected 
by the number of RILs included because different subsets of lines 
contain different recombination events. To allow comparisons of 
QTL positions and examination of evidence of pleiotropic QTL ef-
fects, we therefore repeated QTL mapping for survival, fruits/RP 
and fruits/seedling including only those RILs with information on 
seed size and number in each site × year combination as described 
in ‘Data collection’.

We performed mapping based on RIL mean data for each site × 
year combination separately. We used the Haley– Knott regression 
using genotype probabilities of the genetic markers and pseudomark-
ers in gaps >2 cM (Haley & Knott, 1992). We performed a two- QTL 
scan of the genome with 10,000 permutations of the phenotypic 
data to determine 5% LOD significance thresholds for inclusion of 
QTL and epistatic interactions (Doerge & Churchill, 1996; Broman 
& Šen 2009). Based on these thresholds, we used r/qtl's automated 
stepwise model selection procedure to identify significant additive 
QTL and epistatic interactions. We applied a quantile normal trans-
formation to phenotypes before model selection. Finally, we fitted 
a multiple- QTL model to untransformed data to calculate, for each 
locus, the proportion of the total phenotypic variance among RILs 
explained (PVE) and the effect size (in units of the trait) of a substi-
tution of the Swedish homozygous genotype.

To investigate whether QTL showed pleiotropic effects on mul-
tiple traits, we examined whether QTL for different traits map (co- 
localize) to the same region. There are currently no clear guidelines 
on how to formally delineate QTL in linkage- mapping studies, so 
we rely on a set of heuristic rules used in previous studies (Ågren 
et al., 2013, 2017; Dittmar et al., 2014; Oakley et al., 2014; Postma 
& Ågren, 2018). We considered any pair of QTL to co- localize and 
represent the same QTL if the 95% Bayesian credible intervals for 
these estimates overlapped. Based on these criteria, we identified 
‘pleiotropic’ regions associated with multiple traits if they contained 
co- localizing QTL for two or more traits that were directly observed 
(fruits/RP, seeds/fruit, survival and seed mass). We excluded ‘poorly 
defined’ QTL whose credible intervals for QTL position were greater 
than one quarter of the length of the shortest chromosome (15.2 cM) 
from assessments of co- localization, because such QTL provide little 
information about position.

3  |  RESULTS

3.1  |  Number of seeds per fruit influences 
estimates of selection

Selection through seeds/fruit favoured the local genotype in both 
years in Italy and in one year in Sweden (Figure 1a,b). In Italy, the 
local ecotype produced significantly more seeds/fruit in both 2010 
(means: 36.1 vs. 24.0) and 2011 (means: 35.6 vs. 19.5). In Sweden, 
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the local ecotype produced significantly more seeds/fruit than the 
non- local ecotype in 2010 (means: 36.6 vs. 28.8) but not in 2011 
(means: 23.0 vs. 23.4). Selection through seeds/fruit in Sweden in 
2010 is a novel source of selection as none was previously detected 
for survival or fruits/RP in Sweden this year (Figure 1b; Ågren & 
Schemske, 2012). The only significant source of selection in Sweden 
2011 was via survival (Figure 1b; Ågren et al., 2013).

Differences in seeds/fruit affected estimates of differences in 
overall fitness. When information on seeds/fruit was included in 
estimates of overall fitness (i.e. fitness quantified as seeds/seedling 
rather than as fruits/seedling), estimates of selection favouring the 
local ecotype in Italy increased from 0.93 to 0.95 in 2010 and from 
0.79 to 0.89 in 2011 compared with when fecundity was based on 
fruit production only (Figure 1a). In Sweden, including information 

on seeds/fruit increased the estimated selection against the non- 
local ecotype in 2010 from 0.03 to 0.24 and reduced it from 0.42 to 
0.41 in 2011 (Figure 1b).

3.2  |  QTL for seeds/fruit contribute to differences 
in fecundity

We found QTL for seeds/fruit across all five chromosomes that to-
gether explained between 24.3% and 29.0% of the variance in mean 
seeds/fruit among RILs in each site– year combination (Figures 2 
and 3, Tables S1 and S2). For all QTL detected in Italy, the non- local 
Swedish allele was associated with fewer seeds per fruit (Figure 2). 
In Sweden, the local allele was associated with an increase in seeds/

F I G U R E  1  Selection against the non- local ecotype and genetic correlations among components of fitness, and between mean seed mass 
and fecundity in experiments established in 2010 and 2011 at sites in Italy and Sweden. (a, b) Selection against the non- local ecotype was 
estimated based on three components of fitness: survival to reproduction, number of fruits per reproductive plant (fruits/RP) and number of 
seeds per fruit (seeds/fr), and based on two estimates of total fitness: number of fruits per seedling planted (fruits/sdl) and number of seeds 
per seedling planted (seeds/sdl) at the Italian and Swedish sites. Squares show data from Ågren and Schemske (2012); circles show estimates 
involving new data. Error bars show 95% bootstrap confidence intervals. Positive selection coefficients indicate selection favouring the local 
ecotype, and negative values indicate selection favouring the non- local ecotype. (c,d) Genetic correlations between components of fitness 
and between mean seed mass (SdMass) and number of seeds per reproductive plant (seeds/RP) were quantified as the correlations among 
RIL means at the Italian and Swedish sites
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fruit in all four QTL detected in 2010 and in three out of five QTL in 
2011. For the other two QTL, the local allele was associated with a 
decrease in seeds/fruit (Figure 3). Swedish alleles at QTL for seeds/
fruit were thus associated with reduced seed output per fruit in Italy, 
whereas the direction of effects varied in Sweden. In addition, we 
detected two pairs of loci showing significant epistatic interactions 
for seeds/fruit in Sweden (Figure S1, Table S2). In 2010, RILs with 
the Italian genotype at both the QTL on chromosome 1, 22.7 cM 
(henceforth abbreviated to the format 1@22.7) and 5@70.6 pro-
duced fewer seeds/fruit compared to RILs with other combinations 
of genotypes at these loci. In 2011, RILs with Swedish genotypes at 
both 1@61.1 and 3@21.0 produced the fewest seeds/fruit of any 
genotype combination, and the most seeds/fruit was recorded for 
RILs that were Swedish at 1@61.1 and Italian at 3@21.0 (Figure S1).

Including information on seeds/fruit in estimates of overall fit-
ness affected the number of fitness QTL detected (Figures 2 and 
3, Tables S3 and S4). Most QTL for seeds/seedling corresponded to 
a nearby QTL for fruits/seedling and are likely to reflect the same 
QTL. However, in Italy, when fitness is quantified as seeds/seedling 

we detected four additional QTL that were not detected in the same 
year when fitness is defined as fruits/seedling, but did not detect 
one QTL that was previously found for fruits/seedling (Figure 2). In 
Sweden, the four QTL detected for number of seeds per seedling 
planted in 2010 and one of the QTL identified in 2011 were not de-
tected when fitness is quantified as fruits/seedling, whereas four 
QTL detected for fruits/seedling in 2010 or 2011 were not detected 
for seeds/seedling in the same year. When information on seed num-
ber is incorporated into estimates of overall fitness, several new fit-
ness QTL were detected, although this was partly offset by the loss 
of some QTL detected when fitness is estimated based on survival 
and fruit production only.

3.3  |  Limited differentiation in seed mass

Differences in seed mass between the two ecotypes depended 
on both site and year (Figure S2). In 2010, the Italian ecotype pro-
duced 18% larger seeds than did the Swedish ecotype at the Italian 

F I G U R E  2  QTL for fitness components, seed mass and estimates of total fitness in Italy. Lanes show QTL for number of fruits per 
reproductive plant (fruits/RP), number of seeds per fruit (seeds/fr), number of seeds per reproductive plant (seeds/RP), seed mass (Sd 
mass), survival, number of fruits per seedling planted (fruits/sdl) and number of seeds per seedling planted (seeds/sdl). Grey boxes indicate 
pleiotropic regions Q1 to Q11 spanning the range of point estimates of QTL for two or more traits that were directly observed (fruits/RP, 
seeds/fr, survival and seed mass) and that co- localized in at least one site × year combination. Arrows indicate most likely QTL position and 
direction of effect of the Swedish genotype on the phenotype (upward: increased; downward: decreased). Closed QTL symbols show QTL 
falling within pleiotropic regions. Vertical bars show the 95% Bayesian credible intervals for QTL position. Tracks to the left of chromosomes 
show marker positions in cM. Orange QTL indicate loci for fruits/seedling but not seeds/seedling. Pink QTL indicate loci for seeds/seedling 
but not fruits/seedling [Colour figure can be viewed at wileyonlinelibrary.com]
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site (W = 1,449.5; p = .003) and 3% larger seeds at the Swedish site 
(W = 5,130; p = .023). No significant difference in seed mass be-
tween the two parental ecotypes was recorded in the second year 
at either the Italian site (W = 753.5, p = .306) or the Swedish site 
(W = 720.5, p = .519). Both ecotypes produced larger seeds at the 
site in Sweden compared with that in Italy.

In Italy, we identified two QTL for seed mass in 2010 and five in 
2011 explaining 8.6% and 15.1% of the phenotypic variation among 
RILs, respectively (Figures 2 and 3, Table S5). The Swedish allele was 
associated with a decrease in seed mass both for QTL detected in 
2010 and for three of the five QTL detected in 2011. In Sweden, 
we detected five QTL for seed mass in 2010 and eight in 2011, ex-
plaining 26.0% and 29.0% of the phenotypic variation among RILs, 
respectively. The local Swedish alleles were associated with an in-
crease in seed mass at two of the five QTL detected in 2010 and 
at five of the eight QTL detected in 2011. We detected a signifi-
cant epistatic interaction for seed mass between one pair of loci in 
Sweden in 2011 (Figure S3, Table S2). Plants with the Swedish gen-
otype at 3@55.4 had smaller seeds, but only in the presence of the 
Italian genotype at  5@78.2 .

3.4  |  Positive correlations dominate among 
fitness components

Components of fitness were mostly positively correlated with one 
another. Genetic correlations between fruits/RP and seeds/fruit, as 
well as between survival and seeds/RP, were positive in both years in 
Italy and in Sweden in 2011 (r ≥ .37, p ≤ . 0001, df ≥ 392; Figure 1c,d 
and S4). In Sweden in 2010, the positive correlation between fruits/
RP and seeds/fruit was weaker but still significant (r = .16, p = .001, 
df = 393), while survival and seeds/RP were not significantly corre-
lated (r = .04, p = .381, df = 393).

Seed mass showed either negligible or negative correlations 
with fecundity (seeds/RP) and the fecundity component seeds/fruit 
(Figure 1c, d and S4). In Sweden in 2010, seed mass was negatively 
correlated with seeds/RP (r = −0.21, p ≤ . 0001, df = 393), whereas 
no significant correlation was detected between seed mass and 
overall fecundity in Sweden in 2011 (r = .03, p = .529, df = 392), nor 
in Italy in either year (| r | ≤ .06, p ≥ .253, df ≥ 393). Correlations 
between seed mass and seeds/fruit were very similar to those be-
tween seed mass and seeds/RP (Table S6), with a significant negative 

F I G U R E  3  QTL for fitness components, seed mass and estimates of total fitness in Sweden. Lanes show QTL for number of fruits per 
reproductive plant (fruits/RP), number of seeds per fruit (seeds/fr), number of seeds per reproductive plant (seeds/RP), seed mass (Sd 
mass), survival, number of fruits per seedling planted (fruits/sdl) and number of seeds per seedling planted (seeds/sdl). Grey boxes indicate 
pleiotropic regions Q1 to Q11 spanning the range of point estimates of QTL for two or more traits that were directly observed (fruits/RP, 
seeds/fr, survival and seed mass) and that co- localized in at least one site × year combination. Arrows indicate most likely QTL position and 
direction of effect of the Swedish genotype on the phenotype (upward: increased; downward: decreased). Closed QTL symbols show QTL 
falling within pleiotropic regions. Vertical bars show the 95% Bayesian credible intervals for QTL position. Tracks to the left of chromosomes 
show marker positions in cM. Orange QTL indicate loci for fruits/seedling but not seeds/seedling. Pink QTL indicate loci for seeds/seedling 
but not fruits/seedling [Colour figure can be viewed at wileyonlinelibrary.com]
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correlation in Sweden in 2010 (r = −.19, p = . 0002, df = 393), but 
no significant correlations in Sweden in 2011 or Italy in either year 
(| r | ≤ .06, p ≥ .266, df ≥ 392).

3.5  |  QTL show positive pleiotropy

QTL for components of fitness that could be resolved to within 
15.2 cM frequently co- localized with QTL for multiple components 
of fitness (Figures 2 and 3, Tables 1 and 2 and S7– S9). Specifically, 
they tended to map to one of eleven distinct regions of the linkage 
map (Q1- Q11, indicated in grey in Figures 2 and 3). Seven regions 
in Italy and three in Sweden harboured QTL for both survival and 
seeds/RP. Likewise, six regions in Italy and five in Sweden harboured 
QTL for both seeds/fruit and fruits/RP. In all but two of these cases, 
local alleles at the respective sites were associated with an increase 
in both fitness components. In Sweden in 2011, Q3 showed a signifi-
cant epistatic interaction with Q6 for both seeds/fruit and fruits/RP 
(Figures S1 and S5), as well as for both overall fecundity and overall 
fitness (Figures S6 and S7; see also Ågren et al., 2013). Plants with 
the Swedish genotype at Q3 had higher fecundity and fitness than 
plants with the Italian genotype at this locus, but only in the pres-
ence of the Italian genotype at Q6, whereas plants with the Swedish 
genotype at both loci had the lowest fitness of any of the genotypic 
combinations. Taken together, these observations indicate that re-
gions containing pleiotropic QTL tend to affect pairs of fitness com-
ponents in the same direction.

We found one notable exception to the preponderance of pos-
itive pleiotropic effects. In Sweden in 2010, the Swedish allele at 
Q4 was associated with an increase in seeds/fruit, but a decrease in 
fruits/RP (Figure 3, Tables S1 and S8). This antagonistic effect rep-
resents a trade- off between the two components of fecundity.

Three QTL for seed mass in Italy and seven in Sweden were also 
found in pleiotropic regions (Q1, Q7 and Q9 in Italy; and Q1, Q2, 
Q5, Q7, Q8, Q9 and Q11 in Sweden; Figures 2 and 3, Table S5). At 
one of these regions in Italy (Q7) and three regions in Sweden (Q8, 
Q9 and Q11) where QTL for seeds/RP were detected, local alleles 
were associated with an increase in both seed mass and fecundity. At 
two regions each in Italy (Q1, Q9) and Sweden (Q1, Q2), alleles were 

associated with effects in opposite directions on seed mass and 
seeds/RP. For a subset of these regions, overlap was also observed 
between positions of QTL for seed mass and seeds/fruit: local alleles 
were associated with an increase in both seed mass and seeds/fruit 
in two regions in Sweden (Q8 and Q11), and with effects in oppo-
site directions in two regions in Italy (Q1 and Q9) and one region in 
Sweden (Q2; Figure 3).

4  |  DISCUSSION

The present study demonstrates that genetic differences influencing 
the number of seeds per fruit can make an important contribution 
to adaptive differentiation and the genetic basis of fitness variation 
among natural populations of Arabidopsis thaliana. In a reciprocal 
transplant between an Italian population located close to the south-
ern margin of the European native range and a Swedish population 
located close to the northern range margin, the local ecotype pro-
duced more seeds per fruit than did the non- local ecotype, and in-
cluding information about seed number per fruit thus increased the 
estimated magnitude of the fitness advantage of the local ecotype 
compared with estimates based on differences in fruit production 
and survival alone. Genetic correlations between fecundity and sur-
vival, and between components of fecundity were generally posi-
tive, and there was little evidence of a trade- off between fecundity 
and seed size. The genetic correlations were reflected in widespread 
pleiotropic effects of QTL for fecundity and survival, with allelic ef-
fects typically in the same directions. Below, we discuss the results 
in relation to processes affecting adaptive differentiation and pleio-
tropic interactions among traits.

4.1  |  Adaptive differentiation for seed number 
per fruit

The contribution of variation in seeds/fruit to adaptive differentia-
tion varied between sites. In both years in Italy, the local ecotype 
produced more seeds/fruit than did the non- local ecotype and had 
a greater overall fitness advantage when fitness was estimated 

TA B L E  1  Number of QTL detected for each trait and the number of co- localizing QTL detected for pairs of traits in 2010 (below the 
diagonal) and 2011 (above the diagonal) in Italy

No. of QTL Fruits/plant Seeds/fruit Seeds/plant Seed mass Survival
Fruits/
seedling

Seeds/
seedling

No. of QTL 8 4 11 5 4 8 9

Fruits/plant 10 3 7 2 2 6 7

Seeds/fruit 4 3 5 2 3 2 4

Seeds/plant 7 5 3 3 3 8 9

Seed mass 2 1 0 2 1 1 2

Survival 6 5 2 5 3 3 3

Fruits/seedling 8 7 3 6 2 5 7

Seeds/seedling 9 8 4 7 2 6 8
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including information about seeds/fruit (Figure 1a). However, be-
cause selection through seeds/fruit was not as strong as selection 
through fruits/RP or survival (Figure 1a), and because seeds/fruit 
was positively correlated with fruits/RP (Figure 1c), much of the 
adaptive differentiation measured as seeds/seedling in Italy would 
have been captured by measuring fruits/seedling only. This is con-
sistent with observations from similar experiments using Arabidopsis 
lyrata (Leinonen et al., 2011) and Hordeum spontaneum (Verhoeven 
et al., 2004) that found that variation in fruit production makes a 
greater contribution to adaptive differentiation than does seeds/
fruit, but contrasts with those in Mimulus guttatus where the op-
posite pattern was documented (Hall & Willis, 2006). At the Italian 
site, the marked difference in flowering time of the two ecotypes 
coupled with strong selection for early flowering can explain much 
of the large local advantage in terms of fruit production (Ågren et al., 
2017). Compared with the non- local Swedish ecotype, the local 
ecotype began to flower about 1.5 months earlier, providing it with a 
correspondingly longer period of flowering, and this was associated 
with a markedly higher fruit production (5.3 and 3.2 times more in 
the two years of study; Ågren et al., 2013, 2017). Despite strong 
selection through seeds/fruit in Italy, differences in fruit production 
make a much larger contribution to local adaptation at this site.

In Sweden, by contrast, differences in seeds/fruit made a signif-
icant contribution to local adaptation, but this contribution varied 
among years. In 2010, seeds/fruit was the only fitness component 
for which the parental ecotypes differed (Figure 1b) and for which 
there was high heritability among the RILs (Figure S8). This was re-
flected in a significant overall advantage to the local ecotype that 
year (Figure 1b), as well as the detection of four QTL for overall fit-
ness that were detected only when this component was included in 
the estimate of overall fitness (Figure 3). In that experiment, plants 
experienced a mild winter and heavy damage from rodents (Ågren 
& Schemske, 2012). However, in the 2011 experiment, local adap-
tation was expressed only as a difference in survival, and no selec-
tion through seeds/fruit was detected. By comparison, no significant 
differences in fruits/RP between the two ecotypes were detected 
in either year, nor in four additional years studied by Ågren and 
Schemske (2012). This suggests that selection through fruits/RP in 
Sweden is weak and consistently weak across years, which at least 

partly can be attributed to the modest difference in flowering time 
between the two ecotypes at this site (3 and 9 days in the years of 
study; Ågren et al., 2017). These findings highlight that the relative 
importance of individual fitness components for local adaptation 
can fluctuate from year to year, and also the value of experiments 
conducted over multiple seasons.

Including information on seed production into estimates of 
overall fitness allowed us to detect several QTL that were not de-
tected when fitness was estimated based only on fruit production 
and survival (Figures 2 and 3). In four of the seven cases where a 
QTL was detected for seeds/seedling but not fruits/seedling, the 
QTL co- localized with both a QTL for fruits/RP and a QTL for seeds/
fruit in the same year. In one case, it co- localized only with a QTL 
for fruits/RP and in two cases only with a QTL for seeds/fruit. This 
indicates that QTL for seeds/seedling act through both seeds/fruit 
and fruits/RP and that the gain in power to detect additional QTL is 
due to a refinement of the phenotype that allows QTL close to the 
threshold of significance to be detected. In three of the four cases 
where QTL for overall fitness co- localized with QTL for both fruits/
RP and QTL for seeds/fruit, the direction of effect was the same at 
the two- component QTL, which should have facilitated the detec-
tion of the QTL for overall fitness. The exception to this pattern is 
the QTL for seeds/seedling at the end of chromosome 1 detected in 
Sweden in 2010 (75.4 cM; Figure 3), where the Swedish allele was 
associated with higher overall fitness and an increase in seeds/fruit, 
but a decrease in fruits/RP. This discrepancy in the direction of allelic 
effects of the component QTL indicates that this QTL for fitness was 
detected due to the strong effects via seeds/fruit. Despite this ex-
ample of a genetic trade- off between components of fecundity, the 
results suggest that many QTL for seeds/seedling affect fruit and 
seed production in the same direction.

Surprisingly, some QTL for fitness estimated as fruits/seedling 
were not detected when fitness was estimated as seeds/seed-
ling (Figures 2 and 3). One explanation for this could be that QTL 
have weakly negative pleiotropic effects on one or more combi-
nations of seeds/fruit, fruits/RP and survival. However, with the 
exception of Q4 in Sweden, wherever pleiotropy for seeds/fruit 
and fruits/RP was observed, the effects were positive (Figure 3), 
so this seems unlikely. Alternatively, our estimates of seeds/fruit 

TA B L E  2  Number of QTL detected for each trait and the number of co- localizing QTL detected for pairs of traits in 2010 (below the 
diagonal) and 2011 (above the diagonal) in Sweden

No. of QTL Fruits/plant Seeds/fruit Seeds/plant Seed mass Survival
Fruits/
seedling

Seeds/
seedling

No. of QTL 7 5 5 8 3 9 6

Fruits/plant 5 3 5 4 2 7 4

Seeds/fruit 4 2 4 2 2 3 4

Seeds/plant 3 3 1 3 3 5 5

Seed mass 5 3 1 2 3 6 3

Survival 0 0 0 0 0 3 3

Fruits/seedling 1 1 0 1 0 0 6

Seeds/seedling 3 3 3 2 0 0 0
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might be less precise than for fruits/RP, which would inflate the 
residual variance of our estimates of seeds/seedling. Although 
sample sizes for seeds/fruit and seed mass were much smaller 
than for survival and fruit production, this was not reflected in 
reduced heritability of seed traits (Figure S8), so this explanation 
also appears unlikely. A third explanation is that there are many 
loci affecting fitness, many of which have effects close to the 
threshold of statistical significance. This would be consistent with 
classical population– genetic theory, which posits that mutations 
with small effects on fitness dominate as populations get closer 
towards a local fitness optimum (Fisher, 1930; Kimura, 1983; Orr, 
1998). Such subtle effects would be sensitive to the precise way in 
which fitness is defined, as well as to fluctuations in environmen-
tal noise. Because linkage mapping is designed to detect relatively 
few loci of large effect (Beavis, 1998; Xu, 2003), this would cause 
some stochasticity in the loci detected and their map positions in-
dicated by the stepwise regression approach used in QTL mapping 
(Broman and Šen, 2009; Harrell, 2001). Consistent with this, the 
QTL that differed in models for fruits/seedling and seeds/seedling 
tended to have broader credible intervals around the estimates 
of their location (Figures 2 and 3) and show the weakest allelic 
effects (Tables S3, S4). The apparent disappearance of fitness QTL 
when information on seed number is included could thus reflect a 
highly polygenic nature of fitness.

4.2  |  Positive pleiotropic effects on multiple 
fitness components

Both genetic correlations in the RIL population and co- localization 
of QTL for multiple fitness components are consistent with positive 
pleiotropy between different components of fitness. Correlations 
between components of fecundity, and between fecundity and 
survival were positive, except in Sweden in 2010 when no sig-
nificant correlation was observed between fecundity and survival 
(Figure 1d). Moreover, QTL for these components of fitness tended 
to map to the same regions of the genome, and allelic effects were 
in the same direction in all cases, except for the fruits/RP and seeds/
fruit QTL at the end of chromosome 1 in Sweden (Figures 2 and 3). 
These regions did not correspond to those of two QTL with pleio-
tropic effects on fruit number and survival identified in a panel of 
natural accessions tested in outdoor common- garden experiments, 
although pleiotropic region Q1 overlapped with a SNP associated 
with fruit production in that study (Fournier- Level et al., 2011). We 
note that the scale of linkage disequilibrium in a RIL population 
makes it difficult to distinguish true pleiotropic effects of individual 
genes from multiple linked genes affecting different fitness com-
ponents within individual QTL. However, ongoing work using near- 
isogenic lines with varying recombination points across these QTL 
regions may help to resolve this question. Taken together, the overall 
positive genetic correlations among fitness components were thus 
reflected in positive pleiotropic effects of the underlying genetic loci 
in the present cross.

In addition, we found that the epistatic interaction detected in 
Sweden 2011 between Q3 and Q6 for seeds/fruit, fruits/RP and 
both measures of fitness was ‘positively’ pleiotropic; that is, the rank 
order of two- locus genotype fitness estimates was the same across 
phenotypes (Figures S1, S6, S7). Counter to what one would expect 
under local adaptation, plants with Swedish genotypes at both loci 
had lower fitness than plants with recombinant genotypes. This epi-
static interaction should contribute to the transgressive variation 
observed in fitness at the Swedish site (Ågren et al., 2013) and sug-
gests that not only additive effects but also epistatic interactions 
among local alleles may be maladaptive. Possible causes of such mal-
adaptive effects include higher genetic load in the Swedish popula-
tion, lagging adaptation and temporal variation in selection (Ågren 
et al., 2013).

The preponderance of positive genetic correlations and positive 
pleiotropy indicates that variation in overall condition, where the fit-
test genotypes have more resources overall to invest across fitness 
components, predominates over variation in relative allocation to 
different components of fitness in the RIL population (Houle, 1991; 
Van Noordwijk & Jong, 1986). The greater condition, and thus higher 
fitness, of local genotypes likely reflects adaptive differentiation via 
many traits. For example, the Swedish ecotype has higher freezing 
tolerance (Oakley et al., 2014) and a greater ability to optimize pho-
tosynthesis at cold, but non- freezing temperatures (Adams et al., 
2014; Cohu et al., 2013; Oakley et al., 2017). This should provide a 
fitness advantage at the Swedish site where plants are exposed to 
cold conditions for an extended period, but may be associated with 
a fitness cost in the milder climate at the Italian site (Oakley et al., 
2014). Consistent with this hypothesis, four of the seven QTL for 
freezing tolerance identified by Oakley et al. (2014) are located in 
pleiotropic regions identified here (Q4, Q5, Q9 and Q11). QTL af-
fecting these traits can thus be expected to have pleiotropic effects 
on overall fitness and its components.

QTL for phenological variation may also play a key role in 
stress tolerance and resource acquisition that would contribute to 
variation in condition. Previous work on the same populations has 
demonstrated strong selection to tune the timing of germination 
(Akiyama & Ågren, 2014; Postma & Ågren, 2016; Zacchello et al., 
2020) and flowering time to match the local climate (Ågren et al., 
2017). The timing of life- history traits can have cascading effects 
on later life- history stages (Beckerman et al., 2002; Donohue, 
2014; Hepworth et al., 2020; Lindström, 1999; Martinez- Berdeja 
et al., 2020; Postma & Ågren, 2016), meaning that direct effects 
on early traits can cause pleiotropic effects on multiple fitness 
components. Consistent with this, all pleiotropic regions bar Q1 
and Q2 identified here also harbour well- resolved QTL associated 
with flowering time at one or both sites (Ågren et al., 2017), and 
loci such as FT (Q3), FLC (Q9) and VIN3 (Q11) with effects on flow-
ering time documented in field experiments (e.g. Caicedo et al., 
2004; Hepworth et al., 2020; Korves et al., 2007; Taylor et al., 
2019). Furthermore, Q10 overlaps with the primary QTL explain-
ing variation in seed dormancy, which contains the candidate gene 
DOG1 (Postma & Ågren 2016). QTL affecting both physiological 
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and phenological traits can thus be expected to influence condi-
tion and therefore have pleiotropic effects on multiple compo-
nents of fitness.

The role of variation in condition in local adaptation is a broadly 
important topic in evolutionary biology. In a meta- analysis of local 
adaptation across 74 studies of plants, animals, fungi and protists, 
Hereford (2009) was not able to test explicitly for correlations be-
tween selection through components of fitness, but did demon-
strate that the advantage of local populations was greater when 
estimated based on overall fitness than when estimated based on 
survival or fecundity alone. Although not a formal test, this pat-
tern would be expected if selection acts to increase overall con-
dition, causing components of fitness to be positively correlated 
within populations. These observations indicate that adaptation 
frequently entails increased condition in the local environment 
and that while local adaptation is reflected as trade- offs in perfor-
mance across environments, it may often also be associated with 
positive genetic correlations among fitness components within a 
given environment in situations where there is genetic variation 
for overall fitness.

4.3  |  Limited evidence for a trade- off 
between offspring size and number

There was substantial overlap between the positions of seed mass 
QTL detected in the present study and those of QTL that have 
previously been identified as affecting seed size. On the one hand, 
Ren et al. (2019) found that the genetic architecture of seed mass 
in a panel of natural accessions was characterized by many loci of 
very small effect spread across the genome, and the single large- 
effect QTL they detected does not correspond to any locus found 
in this study. On the other hand, using a RIL population derived 
from a cross between the Ler and Cvi accessions, Alonso- Blanco 
et al. (1999) found QTL for seed mass in positions close to those 
of Q1, Q2 and Q8. Furthermore, Gnan et al. (2014) found QTL for 
seed size that co- localize with Q8, Q9, Q10 and Q11 in an inter-
cross population derived from 16 natural accessions. Finally, using 
a panel of knockout mutant lines, Van Daele et al. (2012) identified 
thirteen candidate genes affecting seed mass, seven of which are 
found within the pleiotropic regions affecting seed mass identified 
here (DWARF11 in Q1, GW2 in Q1, CKX1 in Q2, ANT in Q8, GASA4 
in Q9, CKX3 in Q11 and ARF2 in Q11). These genes are mostly 
transcription factors involved in cytokinin metabolism (Orozco- 
Arroyo et al., 2015). The overlap in genomic regions underlying 
seed traits between these studies and ours indicates that alleles 
influencing seed mass are segregating in A. thaliana populations 
beyond the cross examined here.

Even if QTL affecting seed mass are common, three observations 
indicate that selection on seed mass does not constrain the evolution 
of increased fecundity (seeds/RP). First, differences in seed mass be-
tween the parental ecotypes were small to modest. The greatest dif-
ference we observed was in Italy in 2010, where the local genotype 

had 18% larger seeds than the Swedish genotype (Figure S2). For 
comparison, Alonso- Blanco et al. (1999) found an 81% difference in 
seed mass between the Ler and Cvi accessions. However, we cannot 
exclude the possibility that variation in seed mass does contribute to 
differences in fitness via the earliest life- history stages, as has been 
shown under laboratory conditions for seedling survival (Krannitz 
et al., 1991) and early growth rate (El- Lithy et al., 2004) in A. thali-
ana. The present experiment was started with seedlings, precluding 
the detection of effects of seed size on germination rate and seed-
ling establishment, and reducing the chance of observing effects of 
these life - history stages on overall fitness.

Second, there was little evidence of a consistent genetically 
based trade- off between seed size and fecundity in the RIL popu-
lation. Although seed mass and seeds/RP were negatively geneti-
cally correlated in Sweden in 2010, no significant genetic correlation 
was detected in the other three site × year combinations (Figure 1c, 
d and S4). This was also true for correlations between seed mass 
and seeds/fruit. Previous studies have documented a negative 
correlation between seed size and seeds/fruit in mapping popula-
tions grown under controlled conditions and derived from crosses 
between other sets of A. thaliana accessions (Alonso- Blanco et al., 
1999; Gnan et al., 2014). The negative correlation found in Sweden 
in 2010 shows that there are circumstances under which a genetic 
trade- off between seed size and number, albeit weak, can be ex-
pressed in the cross examined here. As previously noted, the plants 
in that experiment experienced an especially mild winter and the dif-
ference in fitness between the two parental ecotypes was unusually 
small, so the expression of a trade- off may reflect reduced variation 
in condition compared with the other three site x year combinations. 
The results suggest that correlations between seed size and mea-
sures of fecundity may vary among crosses and highlight the impor-
tance of field studies in understanding how the sign and magnitude 
of correlations between fitness components affect local adaptation.

Third, if the correlation between fecundity and seed size con-
strains the evolution of increased fecundity, we would expect to see 
trade- offs reflected in the directions of allelic effects at pleiotro-
pic QTL affecting both seed mass and fecundity. In fact, although 
QTL for seed mass often co- localized with QTL for fecundity and 
seeds/fruit, pleiotropic effects on these two traits were as likely to 
be positive as antagonistic (Figures 2 and 3), which is consistent with 
the weak overall genetic correlation between the two traits. In con-
trast, only one of the ten seed mass QTL detected in the mapping 
population studied by Alonso- Blanco et al. (1999), and one of the 
seed mass QTL documented by Gnan et al. (2014) showed evidence 
of a pleiotropic effect on seeds/fruit, and in both cases, effects 
were antagonistic. Moreover, when single- gene knockout mutants 
showed pleiotropic effects on seed size and seeds/fruit, the effects 
were always antagonistic (Van Daele et al., 2012). In summary, the 
lack of consistent differences between ecotypes, the weak correla-
tions between seed size and fecundity and the limited evidence for 
widespread antagonistic pleiotropy for QTL affecting seed size and 
number do not support a role for variation in seed mass in local ad-
aptation between the two ecotypes.
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In conclusion, this study has examined how variation in num-
ber of seeds per fruit and other components of fitness contrib-
ute to overall adaptive differentiation in A. thaliana. Our results 
show that there is adaptive variation in seed production above 
and beyond that of variation in fruit number and that the advan-
tage to local genotypes can be underestimated if this is ignored. 
Moreover, we demonstrate consistent positive pleiotropy among 
components of fitness reflected in both genetic correlations and 
effects of underlying QTL, and very little evidence of a trade- off 
between offspring size and number. These findings indicate that 
the process of population divergence has been due in large part 
to the fixation of alleles that increase overall vigour or condition 
at each site.
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