Genetic mapping of adaptation reveals ﬁtness
tradeoffs in Arabidopsis thaliana
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statistical criterion for detecting tradeoffs (11), a hurdle alleviated in part by long-term ﬁeld experiments.
Although adaptation is ubiquitous, genetic drift may, under
some conditions, counter or slow the rate of adaptation (7, 13,
17). The efﬁcacy of selection is inversely proportional to the effective-population size (18), and small populations may therefore
often lose beneﬁcial mutations and ﬁx deleterious mutations attributable to drift. Particularly low effective-population sizes are
expected in highly inbred species such as those with a high rate of
self-fertilization (19, 20). Moreover, reductions in effective-population size can occur during range expansions and at range
margins because of repeated bottlenecks and reduced gene ﬂow
among populations (21, 22). Thus, even natural populations that
are locally adapted may not possess the optimal phenotype, because they may lack the genetic variation necessary to achieve the
highest possible ﬁtness.
Using recombinant inbred lines (RILs), we examined the genetic basis of adaptive differentiation between two populations
of the highly self-fertilizing, model plant Arabidopsis thaliana,
one from Sweden and one from Italy. A recent study using reciprocal transplant experiments carried out over 5 y demonstrated that these populations are locally adapted (23). This
system combines a number of features that makes it uniquely
suited for studies of the genetic basis of adaptive divergence.
First, the two ecotypes grow under markedly different environmental conditions (23), having been collected from the northern
(Sweden) and southern (Italy) limits of the native range (24).
This provides an expectation that factors such as winter temperature and day length during growth and ﬂowering contribute
to differences in selection regime and adaptive differentiation.

O

rganisms inhabiting different environments are often locally
adapted, as demonstrated by experiments showing that local populations grown in their native sites outperform other
populations (1–3). Despite a large body of theory, the genetic
basis of local adaptation is poorly understood. Key unanswered
questions include the number and effect sizes of adaptive loci,
whether locally favored loci reduce ﬁtness elsewhere (i.e., ﬁtness
tradeoffs), and whether the adaptive potential of populations is
limited by insufﬁcient genetic variation (4–11). The Fisherian
view that adaptation is a function of many genes of small effect
(12) has been challenged on theoretical grounds (4, 6), and recent empirical work indicates that genes with both large and
small phenotypic effects contribute to differentiation in putatively adaptive traits (e.g., refs. 8 and 13). However, there are few
direct estimates of the number of loci underlying ﬁtness variation
in native environments (14).
Because natural environments are variable in both time and
space, temporally replicated experiments are particularly important for distinguishing whether adaptive alleles are conditionally neutral [i.e., favored locally but neutral elsewhere (7,
15)] or are favored in one environment but disfavored in the
other, reﬂecting an adaptive tradeoff (2, 7, 16). Evidence for
conditional neutrality is far more common than that for tradeoffs
(15), but this disparity may be attributable to the more rigorous
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Signiﬁcance
Adaptation to local environmental conditions is common, but
the genetic mechanisms of adaptation are poorly known. We
produced recombinant inbred lines (RILs) of the model plant
Arabidopsis thaliana by crossing populations that inhabit
drastically different climates in Sweden and Italy, grew the RILs
at the parental sites for 3 y, and genetically mapped quantitative trait loci (QTL) for ﬁtness. The results demonstrate that
surprisingly few QTL explain much of the adaptive divergence
between the two plant populations. Moreover, we ﬁnd strong
evidence for tradeoffs (i.e., adaptation to one environment
reduces performance elsewhere). The results shed light on
processes governing the evolution of biological diversity
and the potential for adaptive evolution in response to
environmental change.
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EVOLUTION

Organisms inhabiting different environments are often locally
adapted, and yet despite a considerable body of theory, the
genetic basis of local adaptation is poorly understood. Unanswered questions include the number and effect sizes of adaptive
loci, whether locally favored loci reduce ﬁtness elsewhere (i.e.,
ﬁtness tradeoffs), and whether a lack of genetic variation limits
adaptation. To address these questions, we mapped quantitative
trait loci (QTL) for total ﬁtness in 398 recombinant inbred lines
derived from a cross between locally adapted populations of the
highly selﬁng plant Arabidopsis thaliana from Sweden and Italy
and grown for 3 consecutive years at the parental sites (>40,000
plants monitored). We show that local adaptation is controlled by
relatively few genomic regions of small to modest effect. A third
of the 15 ﬁtness QTL we detected showed evidence of tradeoffs,
which contrasts with the minimal evidence for ﬁtness tradeoffs
found in previous studies. This difference may reﬂect the power
of our multiyear study to distinguish conditionally neutral QTL
from those that reﬂect ﬁtness tradeoffs. In Sweden, but not in
Italy, the local genotype underlying ﬁtness QTL was often maladaptive, suggesting that adaptation there is constrained by a lack of
adaptive genetic variation, attributable perhaps to genetic bottlenecks during postglacial colonization of Scandinavia or to recent
changes in selection regime caused by climate change. Our results
suggest that adaptation to markedly different environments can
be achieved through changes in relatively few genomic regions,
that ﬁtness tradeoffs are common, and that lack of genetic variation can limit adaptation.

Results
Fitness of Parents and RILs. The local parent had signiﬁcantly

higher ﬁtness (fruit production per planted seedling) at both sites
in all years (contrasts in ANOVA, P < 0.05; Fig. 1 and Table S1),
except for Sweden in 2010, when winter temperatures at ground
level were exceptionally warm (23) and when native voles nonselectively destroyed about half of the plants. In Italy, RIL mean
ﬁtness was intermediate to that of the parental lines, whereas in
Sweden, considerable transgressive variation was observed (Fig.
1). Fitness varied signiﬁcantly among RILs, and in the 3 y of
study, genotype (RIL) accounted for 18.1%, 9.9%, and 14.7% of
the variance in ﬁtness among individual plants in Italy and for
9.5%, 1.4%, and 5.8% of that in Sweden, respectively.
One potential limitation of QTL mapping studies in natural
populations is that the within-population variation in the trait of
interest may not be captured in a single cross between two lines.
To address this, we grew 18 replicates from each of eight independent lines per population at each site in 2012/2013. The
local population produced on average 9.2 times more fruits
compared with the nonlocal population at the Italy site (contrast
Italy vs. Sweden population in ANOVA model: t = 10.8, P <
0.0001) and 1.9 times more fruits at the Sweden site (t = 2.3, P =
0.03). Among-line variation in ﬁtness within populations was not
21078 | www.pnas.org/cgi/doi/10.1073/pnas.1316773110
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Second, the two populations are adapted to their local environments. This is important because only then can we attribute
ﬁtness differences to natural selection and evaluate whether high
ﬁtness of local alleles at quantitative trait loci (QTL) in the native environment is associated with reduced ﬁtness in a different
environment (tradeoff) or whether different QTL are important
for adaptation in different environments (conditional neutrality).
Third, a large RIL population derived from a cross between the
parental ecotypes is available for genetic-mapping studies. Finally, the relative short lifespan of A. thaliana makes it possible
to assess temporal variation in the relationship between genotype and ﬁtness.
A number of studies have used the genetic resources available
for A. thaliana to investigate the genetic basis of adaptation. For
example, Weinig et al. (25) planted RILs derived from A. thaliana
accessions with European ancestry (Columbia and Landsberg
erecta) and identiﬁed QTL associated with survival and fecundity
at two ﬁeld sites in North America. Similarly, a large-effect QTL
associated with seed dormancy and overall ﬁtness was identiﬁed
in a ﬁeld study in which a new set of RILs were planted in two
novel environments (26). Genome-wide association (GWA)
mapping using a wide diversity of A. thaliana accessions has
revealed a number of putative cases of adaptive differentiation
(27–29), and recent studies that incorporate GWA mapping have
identiﬁed correlations between environmental factors and genetic
polymorphisms, some of which were also associated with ﬁtness in
ﬁeld experiments (30, 31). Nevertheless, no study of the genetic
basis of adaptation in A. thaliana has been conducted on locally
adapted populations grown in their native environments; thus, it
is not currently possible to determine the adaptive signiﬁcance of
allelic variation or the prevalence of genetically based tradeoffs at
the loci underlying local adaptation.
To examine the genetic basis of adaptive differentiation, in 3
consecutive years, we planted seedlings of the two parents and of
398 genotyped RILs in experimental gardens at the parental sites
and mapped QTL for survival, fruit production of survivors, and
overall ﬁtness. In total, we grew 43,964 plants, and counted
565,070 fruits. We asked the following. (i) How many QTL are
involved in adaptation and what are their effect sizes? (ii) Do
locally favored QTL reduce ﬁtness elsewhere [i.e., are there ﬁtness tradeoffs]? (iii) Are some local alleles maladaptive, which
would suggest that adaptive evolution is constrained by lack of
genetic variation? (iv) Do QTL affect ﬁtness because of effects
on survival, fecundity, or both?
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Fig. 1. Distribution of RIL means for ﬁtness (mean number of fruits per
seedling planted) in ﬁeld experiments established in Italy (A, C, and E) and
Sweden (B, D, and F) in 2009, 2010, and 2011. Means for parental lines and
associated 95% conﬁdence intervals are indicated.

statistically signiﬁcant (P > 0.05) at either of the two sites, and
the range of line mean fruit production did not overlap between
the Italy and the Swedish populations (back-transformed least
square mean number of fruits: range, 36.5–60.9 vs. 3.8–6.1 fruits
per planted seedling in Italy; 4.6–9.3 vs. 11.2–14.4 fruits per
planted seedling in Sweden). This suggests that although the RIL
population is derived from a cross between only two genotypes, it
is likely to segregate for the genes underlying the major ﬁtness
differences between the two populations.
Number and Effect of QTL for Fitness. In the 3 y of study, we
identiﬁed nine, eight, and eight ﬁtness QTL in Italy, together
explaining on average 61% (range 55–66%) of the variance in
mean ﬁtness among RILs (Fig. 2 and Tables S2 and S3). In
Sweden ﬁve, one, and nine ﬁtness QTL were identiﬁed, together
explaining on average 28% (range 4–49%) of the variance in
mean ﬁtness among RILs (Fig. 2 and Tables S2 and S3). A total
of 13 distinct QTL were found in Italy and 12 in Sweden. For
both sites and all years taken together, 15 distinct QTL for ﬁtness
were identiﬁed (with nonoverlapping 95% Bayesian credible
intervals; Methods), of which 3 were observed only in Italy, 2 only
in Sweden, and 10 were shared across sites (Fig. 2 and Table S2).
The local genotype was favored for 92% of the ﬁtness QTL in
Italy (n = 13) but for only 58% of those in Sweden (n = 12; Fig. 2
and Table S2). For those QTL where the local allele was favored,
the mean effect sizes observed at the two sites were very similar,
1.2 fruits per plant (range 0.7–1.7) in Italy and 1.3 fruits per plant
(range 0.1–3.7) in Sweden (Table S2). However, the relative effect size (i.e., the ratio of the absolute effect to the difference in
mean fruit production of the two ecotypes) differed substantially
Ågren et al.
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Fig. 2. Fitness QTL detected in ﬁeld experiments in
Italy and Sweden in 2009, 2010, and 2011. Arrows
indicate QTL position and the effect of the Swedish
genotype (upward, ﬁtness increased; downward,
ﬁtness decreased). The vertical line gives the 95%
Bayesian credible interval. Of the 15 distinct QTL
identiﬁed, 11 were detected in more than one site ×
year combination [indicated with light gray (QTL
observed at just one site) and dark gray boxes (QTL
shared across sites)]. Boxes specify the range of
point estimates for distinct QTL detected more than
once. The six ﬁtness tradeoff QTL, where the local
genotype was favored at each site, are underlined.
LOD proﬁles are given in Fig. S2A.
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between sites, with a mean of 0.07 in Italy (range 0.04–0.12) and
0.46 in Sweden (range 0.02–1.14). The mean effect size (fruits per
plant) for those QTL in Sweden where the Swedish allele decreased ﬁtness (1.0) was only slightly smaller than that of QTL
where the Swedish allele was favored (1.3; Table S2). By comparison, the effect size of the single QTL in Italy where the local
allele decreased ﬁtness was the lowest of all QTL detected at this
site (0.66 fruits per plant; Table S2).
Epistatic Interactions. Epistatic interactions were observed only in
Sweden: two QTL pairs in 2009 and one pair in 2011 (Table S2).
In these cases, RILs with the Swedish genotype at one QTL and
the Italian genotype at the second QTL outperformed RILs with
local or nonlocal genotypes only (Fig. S1).
Fitness Tradeoffs. Mapping results for individual year × site combinations identiﬁed tradeoffs between sites for 6 ﬁtness QTL (Fig.
2 and Table S2), 5 of which were supported by an analysis of the
effects of the 15 distinct ﬁtness QTL across all 3 y (Fig. 3 and
Table S4). The mapping results indicated conditional neutrality
for three of the ﬁve ﬁtness QTL detected at only one of the sites
(2:1, 4:1, 5:3) and a negative effect of the local allele at QTL 3:1
in Italy (Fig. 2). Finally, for four shared ﬁtness QTL (1:1, 1:2, 5:2,
and 5:4), the Italian allele was favored at both sites (Fig. 2).
QTL for Survival and Fecundity. Fitness QTL inﬂuenced both the

proportion of plants surviving to reproduce and the fecundity of
reproducing plants. Eight ﬁtness QTL in Italy and 6 in Sweden
colocalized with QTL for survival in at least 1 y, whereas 12 of 13
distinct ﬁtness QTL in Italy and 9 of 12 ﬁtness QTL in Sweden
colocalized with QTL for fecundity (Figs. S2 and S3 and Tables
S2, S3, S5, and S6). In all cases where Swedish alleles showed
evidence of local maladaptation, the Swedish genotype was disfavored because of effects on fecundity (Table S2), whereas the
local genotype was favored at all survival QTL (Table S5). In
each of the 14 cases (QTL × site × year combinations) where
credible intervals of fecundity and survival QTL overlapped, the
direction of the effect on the two ﬁtness components was the
same (Fig. S3) (i.e., there was no evidence of conﬂicting selection
through survival and fecundity).
Discussion
We ﬁnd that surprisingly few QTL can explain much of the
adaptive divergence between two natural populations of the
model plant A. thaliana inhabiting markedly different climates,
that ﬁtness tradeoffs are common, and that lack of genetic variation can limit adaptation. A total of 15 distinct ﬁtness QTL
were detected, of which 10 were shared across sites, and taken
together, these explained a considerable proportion of the total
genetic variance in ﬁtness at each of the two sites.
Ågren et al.
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One potential weakness of the QTL mapping approach is the
inability to detect small effect QTL and the subsequent overestimation of the effects of the detected QTL [the Beavis effect
(32)]. We have several reasons to believe that these effects are
not severe in our study. First, the Beavis effect is expected to
diminish as the number of lines increases, with only modest
effects for mapping populations as large as those used here (33).
Second, using a RIL mapping population provides increased
precision in estimating the phenotype over an F2 population such
as used in Beavis’ simulation. Finally, multiple QTL modeling
implemented in the software R/qtl increases the ability to detect
small effect QTL (34). We detected QTL that explained as little
as 1.5% of the variance in RIL means. Still, the number of ﬁtness
QTL we identiﬁed must be considered a minimum estimate
because many small effect QTL were certainly not detected.
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Fig. 3. Least-square mean number of fruits (±2 SE) of the Italian (closed
symbol) and Swedish genotype (open symbol) at the six distinct ﬁtness QTL
(A–E) for which mapping results indicated a tradeoff between the Italian and
Swedish sites across the 2009, 2010, and 2011 experiments. Least-square
means were derived from an ANOVA including genotype at each of the 15
distinct QTL, site, year, and interactions as independent variables (Table S4).
The ﬁve ﬁtness QTL for which the ANOVA supported a tradeoff are indicated
with an asterisk.
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In addition to the statistical limitations of identifying QTL, the
design of our experiment, with individuals planted at the seedling
stage, should have reduced the effects of genes affecting seed
dormancy and the timing of germination. As a result, it is likely
that experiments initiated at the seed stage would identify additional QTL for ﬁtness (cf., refs. 26 and 35).
Both the results of QTL mapping conducted separately by year
and site, and the analysis of QTL effects across sites and years by
ANOVA, provide evidence of ﬁtness tradeoffs for 5 of the 15
ﬁtness QTL identiﬁed. That one-third of all ﬁtness QTL were
involved in tradeoffs in our study contrasts with the minimal
evidence of ﬁtness tradeoffs in earlier studies of the genetic basis
of local adaptation in plants (15, 36). Our mapping results indicated conditional neutrality for three of the ﬁve ﬁtness QTL
detected at only one of the sites (2:1, 4:1, 5:3; Fig. 2), but this
designation should be considered tentative because some of our
putative tradeoff QTL were only identiﬁed after 2 or more years
of study. Had our study been conducted in a single year, we
would have identiﬁed two (2009), none (2010), or four (2011)
ﬁtness tradeoffs, illustrating that the classiﬁcation of ﬁtness QTL
depends strongly on the duration of ﬁeld experiments. This
underscores the value of temporally replicated studies (11) such
as those presented here. Credible intervals around some of the
ﬁtness QTL were wide (Fig. 2), and further work is required to
determine whether tradeoffs at the level of QTL are also detectable at the level of individual genes.
Small effective-population size in highly selﬁng species such as
A. thaliana should increase the likelihood that deleterious
mutations of moderate to large effect are ﬁxed by drift (37, 38).
Consistent with this expectation, we ﬁnd many cases in Sweden
where the local allele was deleterious, and the mean effect size
(fruits per plant) for these QTL was only slightly smaller than
that of QTL where the Swedish allele was favored. In contrast,
only a single QTL was observed in Italy for which the local allele
was deleterious and its effect size was the smallest of all QTL
observed at this site. Both of our study populations are highly
selﬁng in the ﬁeld and laboratory, and although we have not
conducted quantitative studies of the mating system, we have no
reason to suspect that the populations differ in their degree of
self-fertilization. Thus, we do not believe that the greater frequency and effect sizes of deleterious alleles in Sweden are attributable to differences between populations in the degree
of self-pollination.
Instead a number of other factors, potentially acting in concert, could explain the higher incidence of deleterious alleles in
Sweden. First, selection against the nonlocal ecotype is much
weaker in Sweden (selection coefﬁcient; mean, 0.29) than in Italy
(mean, 0.80; Table S1), and selection on ﬁtness QTL was less
consistent across years in Sweden (Fig. 2 and Table S2). This
weaker selection in Sweden provides a greater opportunity for
the ﬁxation of maladaptive alleles through random genetic drift.
Second, reduced genetic variation in the northern part of the
range, consistent with population bottlenecks during postglacial
expansion (39), may have limited the adaptive potential of
Swedish populations relative to Italian populations. Finally, recent climatic warming in Sweden, as reﬂected in marked shifts in
tree lines to higher elevation (40), may have increased the relative ﬁtness of some southern alleles. Climatic warming should
reduce the ﬁtness difference between the southern and northern
genotype at the northern site but possibly increase the difference
at the southern site.
For those QTL where the local allele was favored, the mean
effect sizes observed at the two sites were very similar when estimated as the absolute number of fruits per plant (1.2 in Italy vs. 1.3
in Sweden). In contrast, the relative effect size, estimated as the
mean fruit number relative to the difference in mean fruit production between the two parental lines, was much larger in Sweden
than in Italy. Thus, in Italy both the absolute and relative effect
21080 | www.pnas.org/cgi/doi/10.1073/pnas.1316773110

sizes of ﬁtness QTL were rather small, whereas in Sweden, the
relative effect sizes of locally adaptive QTL were much higher.
In Sweden, many RILs outperformed the Swedish parental line
(Fig. 1). Both ﬁxation of deleterious mutations in the Swedish
parental line and epistatic interactions apparently contribute to
this transgressive variation. All three epistatic interactions observed in Sweden were negative (i.e., RILs with the Swedish genotype at one QTL and the Italian genotype at the second QTL
outperformed RILs with local or nonlocal genotypes only). These
negative epistatic interactions should contribute to the rightskewed distribution of the transgressive variation.
A comparison of map positions indicated that ﬁtness QTL
inﬂuenced ﬁtness because of effects on both survival to reproduction and fecundity of reproducing plants. Most ﬁtness
QTL colocalized with QTL for fecundity, and about half colocalized with QTL for survival in at least 1 y. In Sweden, all ﬁtness
QTL that showed evidence of local maladaptation were disfavored
because of effects on fecundity, whereas the local genotype was
favored at all survival QTL. This may reﬂect historically more
consistent selection on genes affecting survival at the Swedish site,
where the local genotype had higher survival than the nonlocal
genotype in all 3 y but higher fecundity in only 1 of 3 y (Table S1).
In no case was a tradeoff between effects on fecundity and survival
at a given site recorded.
Field observations suggest that differences in ﬂowering time
and cold tolerance contribute to adaptive differentiation of the
studied populations (23), and preliminary comparisons of QTL
for these traits and for ﬁtness in the ﬁeld support this hypothesis.
In the vernalization treatment of a recent QTL study of ﬂowering
using F2 plants produced from our parental populations, three
ﬂowering time QTL were identiﬁed (VF1, VF3, and VF6; ref.
41) that mapped to the same regions as ﬁtness QTL showing
tradeoffs between the Italy and Sweden sites (QTL 1:3, 3:3, and
5:5; Fig. 2), and at all three loci, the Swedish genotype was associated with later ﬂowering (41). Flowering time QTL VF1 maps
to the same region as the candidate gene MADS AFFECTING
FLOWERING 1 (MAF1), whereas VF3 does not have an obvious
candidate gene (41). Flowering time QTL VF6 maps to a region
with several ﬂowering time candidate genes, including VIN3,
VIP4, ELF5, and MAF2-5 (41), of which at least MAF2 exhibits
geographically widespread functional variation (42). FRIGIDA
(FRI) and FLOWERING LOCUS C (FLC), two genes that have
received considerable attention for their effects on ﬂowering (43,
44), and that show geographic variation across Europe consistent
with the action of selection (45, 46), did not contribute to ﬁtness
tradeoffs observed in our study. FRI does not inﬂuence ﬂowering
time differences between our parental populations (41); both
a large effect QTL for ﬂowering time identiﬁed in the F2 study
(VF4) (41) and ﬁtness QTL 5:2 map to the same region as FLC
does. However, the Italian genotype at QTL 5:2 was favored at
both sites (Fig. 2), indicating that although variation at FLC may
have inﬂuenced ﬁtness in this experiment, it was not involved in
a ﬁtness tradeoff.
Fitness QTL 4:2 maps to the same region as the transcription
factor CBF2, a major regulatory hub of a freezing tolerance gene
network in A. thaliana (47, 48). The ﬁtness QTL at this location
also shows a tradeoff between Sweden and Italy and maps to
a region with QTL for both survival and fecundity at both sites
(Table S2). This is consistent with the hypothesis that freezing
tolerance is associated with a cost that is expressed in warmer
climates but may also reﬂect relaxed selection for freezing tolerance at southern latitudes (49). Taken together, these results
support the hypothesis that ﬂowering time and freezing tolerance
contribute to the adaptive differentiation of these populations.
More generally, they exemplify how QTL mapping of ﬁtness can
guide attempts to identify genes underlying ﬁtness tradeoffs in
natural populations.
Ågren et al.

Methods
Source Populations. To maximize environmental differences contributing
to geographic adaptation, we chose populations near the northern and
southern limits of the native geographic range; one in north-central Sweden
(Rödåsen; 62°48′N, 18°12′E) and one in central Italy (Castelnuovo; 42°07′N,
12°29′E). Phylogeographic analysis indicates that the genetic makeup of the
study populations is typical of that found within each geographic region
(39). Both populations grow on steep, rocky slopes and are winter annuals;
seeds germinate in the autumn and overwinter as rosettes. Plants ﬂower
during March to April in Italy and May to June in Sweden (23). Seeds were
collected in the source populations in June 2002 in Sweden and in April 2003
in Italy.
RIL Construction. We produced RILs derived from a cross between an individual from the Swedish locality (♂) with an individual from Italy (♀). The F1
hybrid was selfed (S1), and 544 independent lines were generated by autonomous selﬁng and single seed descent for nine generations (S9). Seeds of
the RILs and associated genotype information will be deposited at the
Arabidopsis Biological Resource Center.
RIL Genotyping and Construction of the Linkage Map. We resequenced the two
parental lines using the Illumina GAII platform. Paired-end reads from each
sample were aligned to the A. thaliana reference sequence (the Arabidopsis
Information Resource version 9 of the genome annotation of the Columbia
reference), using the short-read alignment program Bowtie (50). We identiﬁed 141,437 single-nucleotide differences between the Italy and Sweden
parent. Of these, we selected 384 SNPs evenly spaced across all ﬁve nuclear
chromosomes of the Columbia physical map. These were genotyped using
the Illumina Golden Gate Assay on a set of 544 RILs. SNPs that were redundant had >5% missing data and/or appeared to be genotyping errors (as
determined in R/qtl; ref. 51) were removed. The remaining 348 SNPs were
mapped to ﬁve linkage groups using the maximum likelihood algorithm
with the Kosambi mapping function in JoinMap 4 (52) (see Table S7 for list of
markers used).
For the 348 SNP markers in the linkage map, we compared the centimorgan position of each marker with the physical map position in Columbia
(Table S7). For each chromosome, there is a region of low recombination
that corresponds to the centromere. In addition, a heterochromatic region
on chromosome 4 that was sequenced and published with the Columbia
genome in 2000 (53) is apparent as an inversion.
Overall, the cross shows some segregation distortion, in particular on
chromosome 4 where Italy alleles are overrepresented across the entire
chromosome (range 53–63%; Table S7). We analyzed the effect of segregation distortion by mapping the location of a single QTL with a set of 2,000
simulated populations, which either mimicked the maximal level of segregation distortion observed in our data or had equal proportions of alleles at
all loci. Neither the mean QTL position nor the error associated with the
estimate differed between the two simulations. The results of the simulations suggest that in mapping experiments like ours with many RILs, estimates of QTL positions are robust to this level of segregation distortion,
because there are still hundreds of observations of the rarer alleles.
Field Experiment. To identify QTL for ﬁtness and for components of ﬁtness
(survival, fecundity), in 3 consecutive years (2009 to 2011), we planted
seedlings of 398 randomly selected RILs and the two parents in experimental
gardens established in natural vegetation at the sites of the source populations. Across the 3 y, 404 RILs were included in the experiment; 390 RILs
were represented in all site × year combinations.
Seeds were planted in Petri dishes on agar, cold-stratiﬁed in the dark at
4 °C for 1 wk, and then moved to a growth room (22 °C/16 °C; 16-h day at
photosynthetically active radiation of 150 μE·m−2·s−1; 8-h dark) where the
seeds germinated. Nine days after germination, seedlings were transplanted
to randomized positions in plug trays comprised of 299 cells (cell size: 20
mm × 20 mm × 40 mm) ﬁlled with local soil in Italy and with an equal
mixture of local sand, gravel, and unfertilized peat in Sweden. In 2009,
20 seedlings of each RIL and 184 seedlings of each parent were transplanted. To reduce edge effects in this year, we excluded plants in the outer
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three rows of the array, giving a ﬁnal sample size of 12–20 (median 17) plants
per site × RIL combination and about 150 plants per site × parental line
combination (23). In 2010 and 2011, we established three rows of “border”
plants (all RILs contributed equally) that were not considered in subsequent
analyses. In these years, we transplanted 18 seedlings of each RIL and 180
seedlings of each parent to positions inside the border.
During transplantation, plug trays were kept in a greenhouse at about
18 °C/12 °C and 16-h day/8-h night. Within 6 d, when the seedlings were at
approximately the same stage of development as naturally germinating plants
in the source populations, the trays were transported to the ﬁeld sites where
they were sunk into the ground (on September 16, 2009; September 10, 2010;
and September 8, 2011 in Sweden and on November 7, 2009; October 30, 2010;
and November 7, 2011 in Italy). Plants were misted once directly after transplanting and plots were weeded several times during the experiment.
We scored survival to reproduction and number of fruits per reproducing
plant and quantiﬁed total ﬁtness as the number of fruits produced per
seedling planted. Within a week of the transplant to the ﬁeld, we recorded
the survival of transplanted seedlings. Seedling mortality during this ﬁrst
week was attributed to transplant shock, and these seedlings were excluded
from subsequent analyses. At fruit maturation, we recorded survival and the
number of fruits produced by reproducing plants. Fruit production is positively correlated with total seed production in both parental lines (23).
QTL Analysis. We analyzed QTLs for ﬁtness and its components: proportion of
seedlings surviving to reproduce and mean fecundity of reproducing plants.
For each RIL × site × year combination, we estimated ﬁtness as the leastsquare mean number of fruits per seedling planted from mixed-model
ANOVA that included RIL (random effect) and two variables controlling for
position effects (tray and row; both treated as ﬁxed effects). For each RIL, we
also calculated the proportion of plants surviving to reproduction and mean
fecundity (mean number of fruits per surviving plant). QTL mapping was
conducted for each of the six site × year combinations in R/qtl (54) using the
following settings: (i) Haley–Knott regression using genotype probabilities
of the genetic markers and pseudomarkers in gaps >2 cM; (ii) 10,000 permutations to calculate thresholds for incorporating additive QTL and epistatic interactions at experiment-wise α = 0.05; (iii) automated stepwise
model selection scanning for additive QTL and interactions (34); and (iv)
reﬁning the QTL positions and ﬁtting the model with ANOVA to calculate
the effect size and percentage variance explained for each QTL. Haley–Knott
regression was used because our marker density was high (average marker
spacing, ∼1 cM), and the proportion of missing data were low (∼1%). Because the automated stepwise procedure is sensitive to departures from
normality, we ﬁrst transformed the data by quantile normalization (51). We
then ﬁtted this model with the nonnormalized data to generate genotypic
effect sizes on the raw scale.
To identify ﬁtness QTL that were shared across years within sites, and
across sites over all years, we considered 95% Bayesian credible intervals and
point estimates of QTL. Within sites, QTL were considered distinct had they
been identiﬁed in the analysis of data from a single site × year combination.
QTL detected in different years and with nonoverlapping credible intervals
were also considered distinct unless their intervals overlapped that of a QTL
in a third site × year combination. By these criteria, we identiﬁed 13 ﬁtness
QTL in Italy and 12 ﬁtness QTL in Sweden (Fig. 2 and Table S2). Across sites,
QTL with overlapping conﬁdence intervals were considered shared with two
exceptions: the 95% Bayesian credible intervals of the QTL at 58.3 cM on
chromosome 2 and at 1.4 cM on chromosome 5 in Sweden 2011 each
overlapped with the credible intervals of two distinct QTL in Italy. In these
cases, the QTL with the most similar point estimates were considered the
same. These criteria yielded a total of 15 distinct QTL, of which 10 were
shared between sites.
Using 95% Bayesian credible intervals to identify shared QTL might be
problematic if by invoking this criterion, widely spaced QTL are considered
the same. However, we ﬁnd that the point estimates for shared QTL were
often very similar. Within sites, the maximum distance between point estimates for QTL considered to be the same based on overlapping 95% Bayesian
intervals ranged from 2.4 to 10.8 cM (median, 4.5 cM; n = 7) in Italy and from
0.9 to 18.8 cM (median, 5.8 cM; n = 3) in Sweden. Point estimates were
identical in 2 of 3 y for QTL 1:2 and 3:3 in Italy. Between sites, the closest
point estimates for QTL considered to be the same were always within 3.8
cM (median, 1.2 cM; range, 0–3.8 cM). QTL 5:1 was observed just once at
each site, but its point estimate was identical at the two sites. In 1 of the 3 y
that QTL 5:4 was observed in Italy, the point estimate was identical to that of
the single year it was observed in Sweden. Given these results, we suggest
that we have strong evidence for shared QTL among years and across sites.
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EVOLUTION

Using a unique population of RILs in a multiyear ﬁeld experiment, we have demonstrated that a limited number of QTL
are responsible for much of the adaptive differentiation between
the ecotypes examined and that tradeoffs, as well as epistatic interactions and genetic drift, contribute to differentiation among
natural populations of A. thaliana.

Using 1.5-logarithm of the odds (LOD) intervals rather than 95% Bayesian
credible intervals to identify distinct QTL yielded identical results, except that one
rather than two distinct QTL early on chromosome 5 was identiﬁed (Table S2),
resulting in a total of 14 distinct QTL of which 9 were shared between sites.
Analysis of QTL Effects with ANOVA. To further explore differences between
sites and years in QTL effects, for each of the 15 distinct QTL identiﬁed by 95%
Bayesian credible intervals, we ﬁrst identiﬁed marker loci closest to mean
map positions (weighted by LOD score) and then estimated the effects of QTL
genotype (Italy or Sweden), site, year, the three pairwise QTL × QTL interactions detected, and the interactions of QTL with site and year on leastsquare mean ﬁtness. Signiﬁcant QTL × site and/or QTL × site × year interactions were detected for all 15 QTL except 2 (QTL 1:3 and 5:4; Table S4), and
contrasts were used to compare QTL effects on ﬁtness for each site × year
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