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Abstract:

Understanding how genetic variation at individual loci contributes to adaptation of populations to
different local environments is an important topic in modern evolutionary biology. To date, most
evidence has pointed to conditionally neutral quantitative trait loci (QTL) showing fitness effects
only in some environments, while there has been less evidence for single-locus fitness trade-offs.
At QTL underlying local adaptation, alleles from the local population are expected to show a
fitness advantage. Cytoplasmic genomes also can have a role in local adaptation, but the role of
cytonuclear interactions in adaptive differentiation has remained largely unknown. We mapped
genomic regions underlying adaptive differentiation in multiple fitness components and
flowering time in diverged populations of a perennial plant Arabidopsis lyrata. Experimental
hybrids for this purpose were grown in natural field conditions of the parental populations in
Norway and North Carolina (NC), USA, and in the greenhouse. We found QTL where high
fitness and early flowering were associated with local alleles, indicating a role of different
selection pressures in phenotypic differentiation. At two QTL regions, a fitness component
showing local adaptation between the parental populations also showed signs of putative fitness
trade-offs. Beneficial dominance effects of conditionally neutral QTL for different fitness
components resulted in hybrid vigour at the Norwegian site in the F, hybrids. We also found that
cytoplasmic genomes contributed to local adaptation and hybrid vigour by interacting with
nuclear QTL, but these interactions did not show evidence for cytonuclear coadaptation (high
fitness of local alleles combined with the local cytoplasm).
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Introduction

Different selection pressures between environments can lead to evolution of local adaptation and
often result in phenotypic differentiation between the populations. Locally adapted populations
have higher fitness than nonlocal populations in reciprocal transplant experiments (Kawecki &
Ebert 2004). Correspondingly, individual loci involved in local adaptation should show higher
fitness for local alleles (Orr 1998). Other factors, such as different forms of selection, genomic
conflict situations or genetic drift, can also lead to phenotypic differentiation. In these cases,
however, the allelic effects on fitness do not consistently correspond to those of the parental
phenotypes. Furthermore, plant populations are not always locally adapted (Leimu & Fischer
2008). Genetic mapping studies in the natural habitats of the populations provide valuable
evidence for fitness effects of alleles from the studied populations and expression of related
phenotypic traits in biologically relevant environments (Anderson et al. 2011a). Only a few such
studies combining reciprocal transplant experiments with QTL mapping in the native
environments have been reported (Verhoeven et al. 2004; Gardner & Latta

2006; Hall et al. 2010; Lowry & Willis 2010; Anderson et al. this issue). This type of field
experiment allows evaluation of the role of different genomic regions in local adaptation.

A locally adapted phenotype can result from a combined effect of conditionally neutral loci,
where a fitness effect is only seen in some environments (Verhoeven et al. 2004; Gardner &
Latta 2006; Hall et al. 2010). Reduced fitness in nonlocal environments compared to the local
can also be caused by antagonistic pleiotropy, in which an allele yielding higher fitness in one
environment causes a fitness decrease in another environment, resulting in fitness trade-offs.
Evidence for single-locus trade-offs in plants has only rarely been documented

(Hall et al. 2010; Anderson et al. 2011a, this issue). In studies reported to date, local adaptation
is mostly governed by conditionally neutral loci that do not have fitness effects in all
environments. Recent association studies in A. thaliana have also found evidence for conditional
neutrality (Fournier-Level et al. 2011). In plants, the genetic basis of local adaptation is also
often tightly connected to flowering time (Verhoeven et al. 2008; Hall et al. 2010; Lowry &
Willis 2010).

Flowering time has been found to be under selection in many plants, according to a meta-
analysis by Munguia-Rosas et al. (2011). The genetic basis of flowering time should be
examined both in the field and in more benign and controlled conditions, as recent studies have
shown that different loci are involved in differences in flowering time in the field and in the
laboratory (Conner et al. 2003; Wilczek et al.2009; Anderson et al. 2011b). Studies in the field
are especially valuable, because the environmental cues experienced are more natural.

In addition to examining the genetic basis of local adaptation and phenological differences,
experimental hybrids can be used in examining whether they show hybrid vigour or alternatively
breakdown especially in later generations (Lynch & Walsh 1998; Barton

2001;Lowry et al. 2008). With QTL mapping, the loci contributing to hybrid fitness differences



between the parental populations can be found. When later-generation hybrids show hybrid
vigour, beneficial fitness effects can accumulate either from dominance effects at QTL for many
fitness components or from true overdominance. Hybrid breakdown can result not only from
epistatic effects between nuclear loci, but also from such effects between nuclear and
cytoplasmic genomes (Barton 2001; Levin 2003).

Cytoplasmic genomes can also have a role in local adaptation, as predicted by associations found
between local cytoplasm with higher fitness (Galloway & Fenster

2001; Campbell et al. 2008; Kimball et al. 2008; Sambatti et al. 2008; Leinonen et al. 2011).
Studies examining the role of interactions between QTL and cytoplasm are currently needed
(Budar & Roux 2011), as cytonuclear interactions that occur as a result of co-evolution of
nuclear and cytoplasmic genomes can potentially have a role in local adaptation

(Rand et al. 2004). Cytonuclear fitness effects have also been reported in animals (Ellison &
Burton 2006; Dowling et al. 2007; Arntzen et al. 2009). However, more detailed studies on the
role of cytonuclear interactions in the genetic basis of local adaptation have been lacking (Budar
& Roux 2011).

The genetic basis of adaptive traits in perennials has become a topic of interest recently
(Anderson et al. 2011a). Natural selection on perennial species may influence other or additional
life history traits than those found in annuals (Anderson et al. 2011b). Allopatric populations of a
perennial outcrossing plant Arabidopsis lyrata (Brassicaceae) provide a valuable system for this
purpose. Its distribution consists of disjunct populations of subspecies A. lyrata ssp. petraea in
Eurasia and ssp. lyrata in North America (Jalas & Suominen 1994; O’Kane & Al-Shehbaz
1997; Al-Shehbaz & O’Kane 2002). Since the last glacial maximum, the two subspecies have
recolonized the continents from distinct refugia (Koch & Matschinger

2007; Schmickl et al. 2010). Previous studies have revealed substantial phenotypic between-
population differentiation in many traits, life history differences and local adaptation in the field
(Kérkkainen et al. 2004; Riihimakiet al. 2005; Sandring et al. 2007; Leinonen et al. 20009,

2011; Sandring & Agren 2009; Turner et al. 2010; Vergeer & Kunin 2011). The availability of
the genome sequence of the closely related A. thaliana as well as that

of A. lyrata (Hu et al. 2011) enabled examining the genomic regions involved in local
adaptation. Local adaptation has been documented between populations of A. lyrata from
different continents grown in a reciprocal transplant experiment at the native sites of populations
from Norway and North Carolina, USA (NC) (Leinonen et al. 2011). In that study, the fitness of
the local population was higher than that of the nonlocal — both at the level of some of the
individual fitness components and hierarchical total fitness. Different fitness components were
important at the two sites, predicting that different loci might have been under selection during
adaptation in the two environments. The local population started flowering earlier than the
nonlocal population at both sites, indicating that adaptation to local conditions promoted
flowering. F, hybrids included in this study had higher fitness than either parental population at



the site in Norway, while in NC the F, hybrid fitness was intermediate. Further, the hybrids with
local cytoplasm had higher fitness, providing evidence for cytoplasmic adaptation.

Here, we apply a genome-wide approach to examine the genomic areas that have differentiated
as a result of local adaptation and flowering time differentiation, those that might explain hybrid
fitness differences between sites and those potentially interacting with cytoplasmic genomes. We
made predictions about additive QTL effects for QTL with conditional neutrality (Fig. 1A),
single-locus trade-offs (Fig. 1B) and cytonuclear coadaptation (Fig. 1C) in the two environments.
Specifically, we aim at answering the following questions: first, do the QTL responsible for
differences in fitness show evidence for advantage of the local alleles, especially in fitness
components showing local adaptation? We predicted that as a result of differential local
selection, local alleles should be associated with high fitness. Second, do these QTL show
conditional neutrality (as in Fig. 1A), or do we find evidence for fitness trade-offs at the level of
single QTL (Fig. 1B)? Third, are local alleles associated with early flowering in the field and
what is the genetic basis of flowering time in conditions where light or nutrients are not limiting?
Fourth, do QTL with dominance explain the relatively high F; fitness observed at the Norway
field site, and are mostly additive QTL involved in NC where hybrid fitness was intermediate?
Fifth, do cytonuclear interactions contribute to local adaptation and hybrid vigour and is there
evidence for cytonuclear coadaptation (Fig. 1C)?
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Figure 1. Predicted directions of additive effects at QTL for fitness involved in local adaptation
between diverged Arabidopsis lyrata populations ‘Sp’ from Norway and ‘Ma’ from NC, USA, in
case of (A) multiple QTL showing conditional neutrality, (B) single-QTL trade-offs and (C)
cytonuclear coadaptation. Direction of effect is shown for alleles from the Norwegian Sp
population at the two field sites in A and B and for alleles from the local population in C.

Methods

Plant material

Plants from two genetically diverged populations from different continents were studied. The
population representing A. lyrata ssp.petraea originated from an alpine valley in Spiterstulen



Norway (61°38'N, 8°24'E; 1106 m.a.s.l.) in Europe. The North American population

of A. lyrata ssp. lyrata was from Mayodan NC (36°25'N, 79°58'W; 225 m.a.s.l.) in USA. We
refer to these populations as ‘Sp’ and ‘Ma’, respectively. The growing season is markedly shorter
in the alpine environment, and annual mean temperature is lower in Norway than in NC. Annual
mean temperature at the Norwegian site is approximately 0.87 °C (Lom, Norway, 10-year
average; Norwegian Meteorological Institute) and 14.5 °C in NC (Greensboro, NC, 30-year
average; U.S. National Weather Service). Although mean annual precipitation in NC is 1092 mm
and only 461 mm at the Norway site, the growing season in NC is limited by intermittent
summer drought. Furthermore, photoperiod during the growing season is much shorter in NC
than in Norway.

To obtain F, progeny for QTL mapping, two plants from each of the two populations were
crossed reciprocally to get two unrelated families of F; plants. Two unrelated F; plants with
different cytoplasmic background were crossed reciprocally to obtain F, plants with different
cytoplasms. This crossing design enabled us also to examine cytonuclear interactions.

Reciprocal transplant experiment in the field

To study the genetic basis of local adaptation at the natural field sites of the populations,
reciprocal transplant experiments were established at the site of the Sp population in Norway in
Spiterstulen and in NC at Greensboro, near the original site of the Ma population. The F, seeds
were sown in pots with a 1:1 mix of planting soil and sand from the local area in Norway in a
greenhouse. In NC, seeds were sown in Fafard germinating mix under photoperiod LD16:8 (16 h
of light/8 h of dark) and kept at 4 °C for 1 week, after which they were gradually acclimated
from LD16:8 to a shorter photoperiod prior to planting. The juvenile growing conditions and
planting times at the two sites were chosen to increase outplanting success in each environment.
Four-week-old F, plants from both reciprocal progeny sets were planted in the field in the end of
June in Norway and in November in NC. A total of 479 F, plants were planted in Norway (Ne2sp-
cytoplasm = 239; NF2Ma-cytoplasm = 240) and 397 in NC (nFZSp—cytopIasm = 226; NE2Ma-cytoplasm = 171)- The
experiments at both sites also included plants from each parental population (Norway: ns, = 98;
Nma = 120; NC:ngp = 131; nua = 86; Leinonen et al. 2011).

Multiple fitness components (survival, flowering propensity, number of inflorescences, fruits and
seeds) as well as flowering start date were recorded to examine local adaptation and
differentiation in flowering time. This enabled us to examine the importance of different fitness
components in the studied environments. Survival was recorded both in the beginning and in the
end of the growing season, and flowering status (flowering or vegetative) was determined at the
end of each growing season to estimate flowering propensity. The total number of inflorescences
was counted, and 1-3 fruits were collected to estimate seed production. In Norway, all fruits in
each plant were counted. This was not possible in NC, where the plants produced a large number
of inflorescences, so the number of fruits was estimated by counting fruits from a sample of
inflorescence shoots. In the fourth and fifth year at the site in Norway, only the total number of



fruits per plant was recorded as a surrogate of reproductive success. To determine the flowering
start date, the date of opening of the first flower on each plant was recorded. Phenotypic data
were collected from 3 to 5 years depending on the trait in Norway. In NC, we obtained data from
one growing season, after which heavy mortality and new emerging seedlings prevented further
collection of data. Plant material, experimental set-up and phenotypic measurements in the field
have been described in detail by Leinonen et al. (2011). Vegetative size of the leaf rosette was
also measured, but its contribution on fitness and resource allocation will be examined elsewhere
(Remington et al. in prep.).

Experimental set-up in the greenhouse

To examine the genetic basis of flowering in benign greenhouse conditions, a total of

441 F, plants (Nr2sp-cytoplasm = 227; NEama-cytoplasm = 214) were grown in a greenhouse at the
Botanical Gardens at the University of Oulu, Finland. The experiment also included plants from
both parental populations and F; individuals (nsp = 39; nma = 40; ng1 = 33). The F, seeds were
sown on Petri dishes in LD8:16 photoperiod. The seedlings were transplanted in pots with a 1:1
mix of peat and gravel. To induce flowering, the 6-week-old seedlings were vernalized for

8 weeks at 4 °C in LD8:16. After vernalization, the plants were grown under natural photoperiod
approximately LD 22:2. Plants were watered and fertilized when needed. Flowering start date
was recorded at the day of opening of the first flower. The number of inflorescence shoots was
counted after 2 months from the end of vernalization. Experimental design and growing
conditions in the greenhouse have been described in more detail by Leppélad & Savolainen
(2011).

Genotyping

Leaf samples from the F, plants were collected for DNA extraction in 2005 at the end of the
experiment in the greenhouse, at the field site in Norway in June 2006 and in April to June 2006
at the field site in NC. The smallest plants had to be excluded from sampling, to prevent
unwanted effects of harvesting too many leaves. In 2007, some additional leaf samples were
collected to increase the amount of material from the Norway site, and dried in paper bags stored
in silica gel. DNA was extracted from most samples from Norway using Microlab®Star Liquid
handling workstation (Hamilton). The smallest samples from Norway and all samples from the
greenhouse and the NC field site were extracted using DNEasy 96 (Qiagen) or NucleoSpin
(Macherey-Nagel) plant Kits.

Genotyping was carried out with SNP markers that sparsely cover the genome using MALDI-
TOF mass spectrometry, at the Institute of Molecular Medicine in Finland. To improve coverage,
additional previously developed CAPS markers and microsatellites were also used for
genotyping. The F, from the Norway site were genotyped for 39 SNP, 8 CAPS and 11
microsatellites, the F, grown in the greenhouse for 53 SNPs or CAPS markers and 23
microsatellites and the F, from the North Carolina field site for 40 SNP, 9 CAPS and 10



microsatellites. The linkage map was constructed using JoinMap 3.0 (Van Ooijen & Voorrips
2001). The MapChart program was used for generating the linkage map and QTL locations
(Voorrips 2002). More detailed description of the markers, genotyping and linkage map
construction has been documented by Leppéld & Savolainen (2011).

QTL mapping and estimation of additive effects

To identify genomic regions involved in local adaptation and phenotypic differentiation in our
study populations in the different environments, we performed genome-wide interval mapping
scans. These analyses were carried out separately on each phenotypic trait from each of the three
environments. Both reciprocal progeny sets were analysed jointly, taking into account the effect
of cytoplasmic origin by including it as an additive covariate. We used 1000 permutations to
determine genome-wide LOD thresholds of P = 0.05 for each trait (Churchill & Doerge 1994).
Because of significant block effects on plant size at the NC field site, block means for vegetative
size were used as a covariate at that site. We used the scanone function in R/qtl package
(http://www.rgtl.org; Broman et al. 2003) in R 2.9.2 (R Development Core Team 2009) for these
analyses.

As the R/qtl software allows for different distributions for the phenotypic data, survival and
flowering propensity were mapped as binary traits with the EM algorithm

(Dempster et al. 1977; Broman & Sen 2009). Flowering start date and the number of
inflorescences, fruits and seeds were analysed using QTL models for normally distributed traits
with the Haley—Knott regression method (Haley & Knott 1992). Flowering start date at the site in
NC was scaled such that day zero was the date with the earliest recorded flowering, and square-
root-transformed. Survival over the first year and flowering propensity in the first summer could
not be mapped at the Norway field site, because all genotyped plants had survived and flowered.

To find QTL with cytonuclear interactions, we performed additional scans using scanone by
including cytoplasmic origin as both an additive and interactive covariate. The LOD score for
cytonuclear effects was obtained by subtracting LOD scores of the additive model from the
additive + interactive model. LOD thresholds for genome-wide P = 0.05 significance for
cytonuclear effects were calculated using the differences between the peak LOD scores for 1000
pairs of permuted data sets obtained under the additive vs. additive + interactive models, using
the same seed number for both sets of runs to obtain identical permutations under the two
models.

To test for significance of additive effects, we used a custom script with glm in R that partitions
QTL effects from outcross F, data into additive effects, dominance effects and differences
between the two heterozygous classes (Appendix S1, Supporting infomation). This was done to
test which QTL show significant additive effects (2a, the difference between homozygous
classes) and thus contribute to between-population differences. For QTL with genome-wide
significance, we performed single-locus tests at LOD peak locations for the same trait at the



other study sites or different years and for functionally related traits in the same environment
using the fitqtl function inR/qtl. If the QTL main effect was significant (genome-wide P < 0.05),
we tested for the significance and direction of the additive effect using the custom script.
Locations of genome-wide significant and putative QTL peaks were then examined to see
whether fitness differences are governed by QTL with conditional neutrality or single-QTL
trade-offs. To distinguish between these possibilities, we tested whether a QTL with genome-
wide significance in one environment showed (a) no significant or putative QTL in the other
environment in that region (conditional neutrality); (b) a significant or putative QTL of opposite
fitness effects in the other direction in that region (antagonistic pleiotropy); or (c) a significant or
putative QTL with fitness effects in the same direction in that region (non-antagonistic
pleiotropy). The threshold for the detection of QTL with genome-wide significance corresponded
to 2a = 0.5-0.65 phenotypic standard deviation depending on the informativeness of nearby
markers. Single-locus tests for effects on other functionally related traits at QTL locations,
however, allowed the detection of putative QTL with effects as small as 2a ~ 0.35 phenotypic
standard deviations, increasing our power to identify potential instances of pleiotropy.
Corresponding tests were performed on flowering start date. To calculate the percentage of
difference between the parental means explained by the additive effect (2a) at each QTL, inverse
transformation was applied in those cases where the QTL mapping had been performed with
transformed values.

We also tested the significance of dominance effects at each genome-wide significant QTL using
the same custom script. Single-locus tests were performed when appropriate, as above. In case of
QTL with cytonuclear interactions, we also tested whether the additive or dominance effect was
only significant in one reciprocal progeny set.

Finally, we calculated Bayesian 95% credible intervals for each QTL peak (bayesint function

in R/gtl). We interpreted significant overlap of QTL regions in cases where both peaks
overlapped with credible intervals of the other. In cases where overlap between QTL regions was
not apparent, we tested for significance of a shared QTL peak vs. two separate peaks using a
likelihood ratio test, comparing the peak summed LOD score for the two traits at a common QTL
location with the sum of the peak LOD scores for each trait separately. A significant chi-square
likelihood ratio test statistic (d.f. = 1) was interpreted as evidence that the two traits are
influenced by separate QTL (Jiang & Zeng 1995).

Results
Evidence for fitness advantage for local QTL alleles

In locally adapted populations, the plants with local QTL alleles at each field site are predicted to
have high fitness (Fig. 1). Our results showed that nearly all QTL with significant additive
effects supported this prediction at both field sites (Fig. 2). Effect sizes (2a) and the percentage
that they explain of the difference between parental means are presented in Fig. 3 and all LOD



profiles in Appendix S2 (Supporting information). In many cases, the fitness advantage persisted
over multiple years at the Norway site. Four QTL regions (LG1, lower part of LG2, LG4 and
LG8) showed fitness advantage of alleles from the local population in more than one fitness
component. In addition, there were five other QTL regions where local QTL alleles were
associated with high fitness in only one fitness component in the field (upper part of LG2, LG3,
LG5, LG6 and LG7).
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Figure 2. Additive QTL involved in local adaptation and differentiation in promotion of
flowering start in Sp (Norway) and Ma (NC, USA) populations ofA. lyrata in the three
environments (green = greenhouse; red = NC field; blue = Norway field). QTL peak locations



and approximate Bayesian 95% credible intervals are shown on the right side of each linkage
group. QTL with solid lines were genome-wide significant QTL (P < 0.05), and QTL with
dashed lines showed putative QTL effects at locations of the genome-wide significant QTL in
another environment, functionally related trait or same trait in a different year (P < 0.05). The
arrow shows the direction of the additive effects of alleles from the Norwegian Sp population. In
case of cytonuclear interaction, the cytoplasmic background in which the additive effect was
significant is indicated in brackets. *QTL for flowering start date that were detected with the
nonparametric analysis at the Norway site. Note that for traits related to flowering (including
flowering start), the arrow indicates whether flowering is promoted (an upward arrow) or
repressed (downward arrow) by the Sp alleles. Markers indicated with green were only
genotyped for the greenhouse experiment.
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Figure 3. Size of additive effects (2a + 2SE) at significantly additive QTL (see Fig. 2) involved
in local adaptation and differentiation in promotion of flowering start in Sp (Norway) and Ma
(NC USA) populations of A. lyrata in the three environments (green = greenhouse; red = NC
field; blue = Norway field). Positive: Sp alleles promote fitness and flowering; negative: Sp
alleles decrease fitness and repress flowering. Percentage explained by each QTL of difference
between parental population means is presented above each bar. ‘Sp’ and ‘Ma’ represent

F, plants with different cytoplasms in QTL where additive effect was significant with either
cytoplasmic background. Numbers after the trait names indicate year. Note the different scales
on the y-axis. Note that for traits related to flowering (including flowering start), the bar indicates
whether flowering is promoted (positive) or repressed (negative values) by the Sp alleles.



At some QTL, the direction of additive effect did not support the prediction of local fitness
advantage at the Norway site (Fig. 2). At the QTL in LG1, there was a putative peak in the
opposite direction in the number of fruits per inflorescence in the third year and in LG5 in the
first year. However, at the same location in LG1, a genome-wide significant QTL in the
predicted direction was found in the previous year. In the upper part of LG2 where a QTL in the
predicted direction was found in NC for seed number, there was a putative QTL with
corresponding effect in Norway in the first year. Alleles from the Sp population were associated
with lower propensity to flower and smaller inflorescence number at all additive QTL (in LG1,
LG2 and LG6) at both field sites for these fitness components (Fig. 2). In fact, these results
correspond to those observed between the parental populations by Leinonen et al. (2011) and
brought an advantage to the local population at the site in NC. The QTL for inflorescence
number in the greenhouse in LG2, LG4 and LG6 showed corresponding effects (Fig. 2).

Conditional neutrality and putative fitness trade-offs

Five QTL for fitness components (LG1, LG3, LG5, LG7 and LG8) showed significant additive
effects only in one environment, and thus, our results indicated that local adaptation in the
studied populations is to large extent governed by QTL with conditional neutrality (Fig. 2). Two
of these QTL (in LG1 and LG8) showed pleiotropic effects in the corresponding direction in
many fitness components at the study site in Norway.

There were two putative cases of fitness trade-offs at single QTL regions at the lower part of
LG2 and in LG4, where the number of fruits at both sites was increased by local alleles (Fig. 2).
Significance of overlap was verified using likelihood ratio tests (Table S1, Supporting
information). At the site in Norway, the plants with local QTL alleles in LG2 and LG4 also had
an advantage in survival. In NC, the plants with local Ma alleles at the QTL in LG2 also
produced more inflorescences and had higher flowering propensity. According to the additional
likelihood ratio tests, the QTL for flowering propensity overlapped significantly with the QTL
for fruit number in Norway (Table S1, Supporting information).

Genetic basis of flowering time differentiation

We found ten additive QTL governing differences in flowering start date (Fig. 2). At most of
these QTL, additive effects were either identified only in one environment, or the direction of
additive effect was in the same direction across environments (Fig. 2). In all cases at the northern
field site in Norway, the local QTL alleles were associated with early flowering (Fig. 2). At four
QTL (two in LG1 and one in LG3 and LG8, respectively), the Norwegian Sp alleles were
associated with early flowering in more than one environment. In LG1, the QTL for flowering
start in the first and second year differed significantly (Table S1, Supporting information).
Interestingly, at the QTL in LG7, the local alleles were associated with early flowering at both
sites (Fig. 2: note that an upward arrow corresponds to the Sp alleles promoting flowering — early



flowering start). Some QTL for flowering start in the field also overlapped with QTL for fitness
components, as for example in LG1, LG3 and LG8.

In the greenhouse, there were flowering start date QTL in both directions, which was predicted
as flowering start dates of the parental populations did not differ (Fig. S1, Supporting
information). The QTL in the upper part of LG1 was located higher on the chromosome than the
flowering start date QTL at the field sites, and the likelihood ratio tests supported distinct peaks
(Table S1, Supporting information). The QTL in LG2 overlapped with a QTL for flowering
propensity at the site in NC. In LG8, the location of the QTL for flowering start date in the
greenhouse was significantly distinct from the QTL found at the Norway site.

QTL with dominance

We found twelve QTL with dominance at the Norwegian field site and one at the site in NC

(Fig. 4). The F, progeny had relatively high fitness compared with the parents at the Norway site,
where most of the QTL with dominance were found (Leinonen et al. 2011). In Norway, there
was no significant additive effect at five of these QTL (in the middle and lower parts of LG1,
middle part of LG4, LG6 and lower part of LG7) and the QTL in NC (LG8). These QTL suggest
cases of overdominance for survival and several reproductive output traits.
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Figure 4. QTL with dominance effects involved in local adaptation and differentiation in Sp
(Norway) and Ma (NC, USA) populations of A. lyrata in the three environments

(green = greenhouse; red = NC field; blue = Norway field). QTL peak locations and approximate
Bayesian 95% credible intervals are shown on the right side of each linkage group. QTL with
solid lines were genome-wide significant QTL (P < 0.05), and QTL with dashed lines showed
putative QTL effects at locations of the genome-wide significant QTL in another environment,
functionally related trait or same trait in a different year (P < 0.05). Circles indicate QTL with
heterozygotes having higher (+d) or lower (—d) fitness than the mid-homozygote-value. In case
there was also a significant additive effect, the direction of the arrow shows the direction of
effects of alleles from the Norwegian Sp population. If the dominance effect depended on the
cytoplasm, cytoplasmic background is indicated in brackets. No QTL with dominance for the
number of inflorescences were detected in the greenhouse. Markers indicated with green were
only genotyped for the greenhouse experiment.

There were seven QTL with dominance (in the upper part of LG1, LG3, two at the upper part of
LG4, LG5, LG7 and LG8) that also showed significant additive effects (Fig. 4). As a result, at
most QTL with dominance, the heterozygotes either had higher fitness than the homozygotes or
they resembled the local homozygote class with high fitness and likely contributed to the
observed heterosis (Fig. 5). These QTL had relatively large effects especially on survival, which
suggests that dominance in these QTL was an important factor underlying high F, hybrid fitness
in Norway. Evidence for hybrid breakdown at the QTL level (lower fitness in heterozygotes than
in the homozygotes) was found at only three of the QTL with dominance (in LG3, LG4 and
LG5; Fig. 4), suggesting that negative effects of hybridization were few in our study.
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Figure 5. Genotypic means (£SE) at QTL involved in hybrid vigour in A. lyratain survival,
flowering propensity and number of inflorescences at the site in Norway. SS = Sp homozygotes;
MM = Ma homozygotes; MS and SM = heterozygotes. ‘S’ represents local alleles.

Cytonuclear interactions

Our QTL results provided evidence for contribution of both nuclear and cytoplasmic genomes to
local adaptation and hybrid fitness inA. lyrata at the field sites, but more so in Norway than at
NC (Figs 2 and 4). The size of additive effects and patterns of dominance depended on the
cytoplasmic background at several QTL in Norway (Fig. 6). Only two QTL (in LG3 for survival
and LG4 for the number of fruits in the fifth year) supported our prediction of cytonuclear
coadaptation: fitness advantage of local alleles was only seen when combined with the local
cytoplasm (Fig. 6). In contrast, the QTL alleles from the Sp population in LG1, LG5 and LG6 in
Norway were associated with low flowering propensity and fewer fruits and inflorescences,
respectively, when combined with the local cytoplasm (Fig. 6).
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Figure 6. Additive effects of local nuclear Sp alleles (2a + 2 SE) for additive QTL

in A. lyrata in the field in Norway, where the effect size depended on the cytoplasmic
background (dark grey = Sp Norway, light grey = Ma NC, USA). At four of these QTL, also
dominance was affected by the cytoplasmic background (effect plots below). SS = Sp



homozygotes; MM = Ma homozygotes; MS and SM = heterozygotes. See Fig. 1C for
predictions.

Cytonuclear interactions contributed also to patterns of hybrid fitness. In LG5, there was an
increase in the number of fruits per inflorescence by local alleles, but only when combined with
a nonlocal cytoplasm (Fig. 6), suggesting that a beneficial combination of nuclear and
cytoplasmic genomes from the two populations may have contributed to hybrid vigour at the
Norwegian site. At some QTL, the dominance effects depended on cytoplasmic background

(Fig. 4). At the QTL for survival in LG3, heterozygotes with local cytoplasm survived better than
the homozygotes, while heterozygotes with nonlocal cytoplasm had low survival (Fig. 6). At the
NC site, the only QTL with dominance, affecting the number of fruits per inflorescence, was
found in nonlocal cytoplasmic background in LG8 (Fig. 4).

Discussion
Genetic basis of local adaptation and flowering time

Our results support the role of conditionally neutral loci in local adaptation, as has been found
also in other studies (Verhoeven et al. 2004;Gardner & Latta 2006; Hall et al. 2010).
Conditionally neutral QTL can be predicted to underlie local adaptation, especially when the
importance of individual fitness components depends on the environment and when no
pleiotropy is involved. The locally adapted phenotype is then a result of a combination of
beneficial effects of alleles at different loci in each environment. This was expected in our study
case, because our study populations originate from different continents, and we have previously
documented fitness advantage of the local population at native sites of both populations
(Leinonen et al. 2011). Gene flow will not contribute to species-wide fixation of alleles that have
a geographically restricted fitness advantage but are otherwise neutral. As a result, locally
adapted phenotypes in separate environments can be obtained with selection on different
combinations of alleles at different loci. This may result from different traits being important for
fitness in different environments. Also, a particular phenotype such as early flowering can be
achieved through different genetic changes in different populations. It is important to note,
however, that our study included a different number of study years at the two field sites. It is
possible that at the conditionally neutral QTL we observed at the Norway site, fitness effects
could also have been found at the NC site after the first year, if additional data had been
available.

Loci with antagonistic pleiotropy can potentially be important in determining species’ ranges, as
the fitness benefit they confer in one environment can be maladaptive in another environment.
Single-locus trade-offs could arise as a result of contrasting selection pressures at the same
genomic region, either as a result of divergent selection on the same fitness component or as a
result of pleiotropic effects on different fitness components in the two environments.

(Hall et al. 2010; Lowry & Willis 2010; Anderson et al. this issue). We cannot easily distinguish



whether a QTL peak in fact consists of two separate but closely located QTL, as mapping
resolution is influenced by the number of recombinants (sample size), and places limitations on
resolution (reviewed by Slate 2005). Furthermore, QTL with antagonistic pleiotropy could
underlie fitness differences, but not be detected or verified due to limited power because they
must be detected in both environments. Some of the QTL we detected had relatively wide
credible intervals, and we tested for support for one vs. two distinct QTL peaks in those cases
where the overlap was not apparent. Because environmental variance tends to be great especially
in field conditions, it may become more difficult to detect QTL when trait values are small such
as those at the field site in Norway in our study. In case of an outcrossing species, within-
population variation may add additional variability possibly leading to smaller power to detect
QTL. However, we believe that our sample size was reasonable for detecting at least the QTL
with largest effects, such as those in the QTL in LG2 for the number of fruits per inflorescence in
Norway, for example, where the difference between homozygotes (2a) explained as much as
77% of the difference between the parental means (Fig. 3).

Here, we applied a genome-wide approach to study genetic basis of adaptation using QTL
mapping in a species with a strong signal of local adaptation based on previous studies
(Leinonen et al. 2009, 2011). The genetic basis of adaptation has been examined recently using
genome-wide association studies (GWAS), for example in A. thaliana (Fournier-

Level et al. 2011; Hancock et al. 2011). Association studies may be confounded by a strong
underlying population structure, even if methods have been developed to overcome this issue
(e.g. Yu et al. 2006; Zhao et al. 2007; Kang et al. 2008). This is because the distribution of
genetic polymorphisms affecting fitness is also highly structured by population. In species with
genetically diverged populations such as those in A. lyrata, association mapping could still be
applied at the level of individual populations (see Kuittinen et al. 2008). QTL mapping at a finer
scale could be applied to narrow down the QTL regions found in the present study. The
extensive information on the developmental biology and physiology of the relatedA. thaliana can
be further used to identify the loci responsible for phenotypic variation.

The development of useful genomic tools is progressing rapidly, but understanding phenotypes
and their fitness consequences still requires detailed phenotypic observations, preferably over
long time spans (Ingvarsson & Street 2011). Our study is the first to our knowledge to examine
the genetic basis of diverged locally adapted populations of perennial plants at their home sites
across a wide geographic scale. It is important to examine QTL in multiple environments,
because conditionally neutral loci underlying local adaptation will be only detected in some
environments. Several studies have also documented that different genomic areas govern
phenotypic differentiation in the field vs. in controlled conditions, for example in flowering time
(Wilczek et al. 2009; Anderson et al. 2011b). Further, fitness should be estimated at the level of
individual components, as different traits might be important depending on the environment
(Nagy 1997) and some QTL underlying local adaptation might be specific to some of the
components. In our study, we found that in some environments, the QTL for flowering time



overlapped with QTL for fitness. In perennials in particular, fitness should be measured over
multiple years, as was carried out at our field site in Norway to account for accumulating long-
term fitness effects of stress in nonlocal environments. Differentiation in allocation of resources
between vegetative size and sexual reproduction can also be involved in the studied populations.
This will be examined in detail at the QTL level by Remington et al. (in prep.) and was not
studied here.

Environment-dependent beneficial effects of hybridization

Hybridization often yields poorly performing individuals especially in later generations (Barton
2001). We found that the F, hybrids between the studied populations had relatively high fitness
as a result of a beneficial combination of traits (survival from the Sp parent, reproductive success
from the Ma parent; Leinonen et al. 2011). At the genetic level, much of the hybrid vigour was
also accounted by dominance at individual QTL at the Norwegian site. In principle, such
findings could be due to dominance at individual loci, or result from overdominance

(e.g. Charlesworth & Willis 2009). At QTL for survival, the heterozygotes resembled the local
parent with high fitness. The relatively large dominance effects at the QTL for survival largely
explain the surprisingly high fitness of the F, hybrids in Norway documented

by Leinonenet al. (2011). Furthermore, at QTL for flowering propensity and number of
inflorescences, the hybrids resembled the nonlocal Ma population that had higher trait values.
However, the heterozygotes performed better than the homozygotes at some of the QTL regions
(Fig. 4) and thus added to the beneficial fitness advantage gained from dominance at a QTL for
survival. The proportion of cases that represent true overdominance is likely to be low though,
because overdominant effects can result from linked dominant QTL of opposite direction, and
otherwise, overdominance seems to rather rare (Charlesworth & Willis 2009).

Interestingly, Leppéld & Savolainen (2011) have recently documented cytonuclear male sterility
in the same F, progeny grown in the greenhouse. In their study, there was a QTL for male
fertility restorer at the upper part of LG2, whereas in our study we found a QTL for which the
number of seeds was higher in plants with Ma alleles, but we did not detect a significant
cytonuclear interaction (Fig. 2).

Overall, our results show that the fitness components measured here indicate beneficial effects of
hybridization, but only at the Norway site. QTL with dominance were found especially for
binary traits such as flowering propensity or survival. If the allelic effects act multiplicatively (as
commonly assumed for these kinds of traits) and are thus represented by a logistic model, the
nominal effects will appear dominant when the mean frequency is >>50% even when the
underlying process is additive. At some QTL, partial dominance could be seen in the actual
percentages for genotype classes, but the effect of dominance was not significant in the logit-
transformed scale (data not shown).

The role of cytonuclear interactions in local adaptation



Many organellar genes have been moved to nucleus, and coordinated metabolism between the
genomes has resulted in co-evolution of organelles and nuclear genomes. This suggests potential
for coadaptation and epistasis between nuclear and cytoplasmic genomes (Rand et al. 2004).
Possible cases of cytonuclear co-evolution in plants can involve proteins in which separate
subunits of a protein complex are coded by both nuclear and organellar genes, such as the
important enzyme Rubisco (Miziorko & Lorimer 1983). Further, gene expression in organelles is
to large extent controlled by the nucleus (Nott et al. 2006; Woodson & Chory 2008).

A fitness advantage of the local cytoplasm has been documented in some studies, such as those
in the partridge pea (Galloway & Fenster 2001), sunflowers

(Sambatti et al. 2008), Ipomopsis hybrids (Campbell et al. 2008) and Arabidopsis

lyrata (Leinonen et al. 2011). Differentiation of the cytoplasmic genome has been found to have
an influence on ecologically important traits, such as water use efficiency in Arabidopsis
thaliana (McKay et al. 2008). We found that the fitness advantage of the alleles from the local
population was associated with the local cytoplasm at some but not all QTL in Norway, but no
such effects were seen at the site in NC. Based on the results in this study, the fitness advantages
of hybrids with the local cytoplasm documented in the study by Leinonen et al. (2011) have
likely resulted from adaptation in the cytoplasmic genomes, but we did not find strong evidence
for the role of cytonuclear coadaptation in our results. The cytoplasmic component in adaptation
may be beneficial in the current environment, but such cytoplasmic (or maternal) effects could
hinder the possibilities of successful dispersal by seeds to new areas (e.g. Galloway 2005).
Future studies could also aim at identifying the cytoplasmic factors conferring local adaptation.

Conclusions

Our QTL results show that local adaptation between diverged populations of Arabidopsis

lyrata involves mostly QTL with conditional neutrality, but possibly also single-locus trade-offs.
Association of local alleles with high fitness was found especially for those fitness components
that had also shown higher fitness of the local population at both study sites

(Leinonen et al. 2011). QTL for fitness components that did not show evidence for local allele
advantage showed pleiotropic beneficial fitness effects in another fitness component in some
cases and can be associated with differentiation in resource allocation (Remington et al. in
prep.). Some of the QTL for the timing of flowering overlapped with QTL for fitness. We found
that beneficial and relatively large dominance effects especially at QTL for survival at the
Norway site contributed to high F, fitness at that site. Our results also suggest that future studies
should examine the role of cytoplasmic genomes in local adaptation in more detail.

Acknowledgements

Funding was provided by the Population Genetic Graduate School (PHL), Biocenter Oulu, the
Bioscience and Environment Research Council of Finland and ERA-net Plant Genomics (OS).
We thank many students in the Savolainen and Remington research groups who participated in



collecting the phenotypic data and Soile Alatalo, Meeri Otsukka, Asta Airikainen and many
students for assistance in the laboratory. We also thank Charles Langley for providing seeds
from the Mayodan population for this experiment. At the Norwegian field site, we received
support and assistance from the Bakkom and Sulheim families. We thank two anonymous
reviewers for comments on our manuscript.

Author contributions

PHL and OS designed the experiments; PHL, JL and DLR collected the data; PHL, JL and DLR
analysed the data; PHL wrote the paper with others contribution; OS acquired funding; PHL
obtained a doctoral fellowship.

References

Al-Shehbaz 1A, O’Kane SL (2002) Taxonomy and phylogeny of Arabidopsis (Brassicaceae).
In: The Arabidopsis Book (eds Somerville C and Meyerowitz E), e0001. doi: 10.1199/tab.0001.
American Society of Plant Biologists, Rockville, Maryland.

Anderson JT, Willis JH, Mitchell-Olds T (2011a) Evolutionary genetics of plant
adaptation. Trends in Genetics, 27, 258-266.

Anderson JT, Lee C-R, Mitchell-Olds T (2011b) Life-history QTLs and natural selection on
flowering time in Boechera stricta, a perennial relative of Arabidopsis. Evolution, 65, 771-787.

Anderson JT, Lee C-R, Rushworth CA, Colautti RI, Mitchell-Olds T (2012) Genetic trade-offs
and conditional neutrality contribute to local adaptation. Molecular Ecology doi: 10.1111/j.1365-
294X.2012.05522 x.

Arntzen JW, Jehle R, Burke T, Wallis GP (2009) Asymmetric viability of reciprocal-cross
hybrids between crested and marbled newts (Triturus cristatus and T.
marmoratus). Evolution, 63, 1191-1202.

Barton NH (2001) The role of hybridization in evolution. Molecular Ecology, 10, 551-568.
Broman KW, Sen S (2009) A Guide to QTL Mapping with R/qtl. Springer, New York.

Broman KW, Wu H, Sen S, Churchill GA (2003) R/qgtl: QTL mapping in experimental
crosses. Bioinformatics, 19, 889-890.

Budar F, Roux F (2011) The role of organelle genomes in plant adaptation — Time to get to
work!Plant Signaling & Behavior, 6,635-6309.

Campbell DR, Waser NM, Aldridge G, Wu CA (2008) Lifetime fitness in two generations
of Ipomopsis hybrids. Evolution, 62,2616-2627.



Charlesworth D, Willis JH (2009) The genetics of inbreeding depression. Nature Reviews
Genetics, 10, 783-796.

Churchill GA, Doerge RW (1994) Empirical threshold values for quantitative trait
mapping. Genetics, 138, 963-971.

Conner JK, Franks R, Stewart C (2003) Expression of additive genetic variances and covariances
for wild radish floral traits: comparison between field and greenhouse
environments. Evolution, 57, 487-495.

Dempster AP, Laird NM, Rubin DB (1977) Maximum Likelihood from Incomplete Data via the
EM Algorithm. Journal of the Royal Statistical Society. Series B (Methodological), 39, 1-38.

Dowling DK, Friberg U, Hailer F, Arngvist G (2007) Intergenomic epistasis for fitness: within-
population interactions between cytoplasmic and nuclear genes in Drosophila
melanogaster. Genetics, 175, 235-244.

Ellison CK, Burton RS (2006) Disruption of mitochondrial function in interpopulation hybrids
of Tigriopus californicus. Evolution, 60,1382-1391.

Fournier-Level A, Korte A, Cooper MD et al. (2011) A map of local adaptation in Arabidopsis
thaliana. Science, 334, 86-89.

Galloway LF (2005) Maternal effects provide phenotypic adaptation to local environmental
conditions. New Phytologist, 166, 93-100.

Galloway LF, Fenster CB (2001) Nuclear and cytoplasmic contributions to intraspecific
divergence in an annual legume. Evolution,55, 488-497.

Gardner KM, Latta RG (2006) Identifying loci under selection across contrasting environments
in Avena barbata using quantitative trait locus mapping. Molecular Ecology, 15, 1321-1333.

Haley CS, Knott SA (1992) A simple regression method for mapping quantitative trait loci in
line crosses using molecular markers.Heredity, 69, 315-324.

Hall MC, Lowry DB, Willis JH (2010) Is local adaptation in Mimulus guttatus caused by trade-
offs at individual loci?Molecular Ecology,19, 2739-2753.

Hancock AM, Brachi B, Faure N et al. (2011) Adaptation to climate across the Arabidopsis
thaliana genome. Science, 334, 83-86.

Hu TT, Pattyn P, Bakker EG et al. (2011) The Arabidopsis lyrata genome sequence and the basis
of rapid genome size change.Nature Genetics, 43, 476-481.

Ingvarsson PK, Street NR (2011) Association genetics of complex traits in plants. New
Phytologist, 189, 909-922.



Jalas J, Suominen J (1994) Atlas florae europaea. Distribution of vascular plants in Europe. 10.
Cruciferae (Sisymbrium to Aubrieta). Helsinki University Printing House, Helsinki, Finland.

Jiang C-J, Zeng ZB (1995) Multiple trait analysis of genetic mapping for quantitative trait
loci. Genetics, 140, 1111-1127.

Kang HM, Zaitlen NA, Wade CM et al. (2008) Efficient control of population structure in model
organism association mapping.Genetics, 178, 1709-1723.

Karkkainen K, Lge G, Agren J (2004) Population structure in Arabidopsis lyrata: evidence for
divergent selection on trichome production. Evolution, 58, 2831-2836.

Kawecki TJ, Ebert D (2004) Conceptual issues in local adaptation. Ecology Letters, 7, 1225—
1241.

Kimball S, Campbell DR, Lessin C (2008) Differential performance of reciprocal hybrids in
multiple environments. Journal of Ecology, 96, 1306-1318.

Koch MA, Matschinger M (2007) Evolution and genetic differentiation among relatives
of Arabidopsis thaliana. Proceedings of the National Academy of Sciences USA, 104, 6272—
6277.

Kuittinen H, Niittyvuopio A, Rinne P, Savolainen O (2008) Natural variation in Arabidopsis
lyrata vernalization requirement conferred by a FRIGIDA indel polymorphism. Molecular
Biology and Evolution, 25, 319-329.

Leimu R, Fischer M (2008) A meta-analysis of local adaptation in plants. PLoS ONE, 3, e4010.

Leinonen PH, Sandring S, Quilot B et al. (2009) Local adaptation in European populations
of Arabidopsis lyrata (Brassicaceae).American Journal of Botany, 96, 1129-1137.

Leinonen PH, Remington DL, Savolainen O (2011) Local adaptation, phenotypic differentiation
and hybrid fitness in diverged natural populations of Arabidopsis lyrata. Evolution, 65, 90-107.

Leppala J, Savolainen O (2011) Nuclear-cytoplasmic interactions reduce male fertility in hybrids
of Arabidopsis lyrata subspecies.Evolution, 65, 2959-2972.

Levin DA (2003) The cytoplasmic factor in plant speciation. Systematic Botany, 28, 5-11.

Lowry DB, Willis JH (2010) A widespread chromosomal inversion polymorphism contributes to
a major life-history transition, local adaptation, and reproductive isolation. PLoS
Biology, 8, e1000500.

Lowry DB, Rockwood RC, Willis JH (2008) Ecological reproductive isolation of coast and
inland races of Mimulus guttatus. Evolution,62, 2196-2214.



Lynch M, Walsh B (1998) Genetics and Analysis of Quantitative Traits. Sinauer, Sunderland,
Massachusetts.

McKay JK, Richards JH, Nemali KS et al. (2008) Genetics of drought adaptation in Arabidopsis
thaliana Il. QTL analysis of a new mapping population, KAS-1 x TSU-1. Evolution, 62, 3014—
3026.

Miziorko HM, Lorimer GH (1983) Ribulose-1,5-biphosphate carboxylase-oxygenase. Annual
Review of Biochemistry, 52, 507-535.

Munguia-Rosas MA, Ollerton J, Parra-Tabla V, De-Nova JA (2011) Meta-analysis of phenotypic
selection on flowering phenology suggests that early-flowering plants are favoured. Ecology
Letters, 14, 511-521.

Nagy ES (1997) Selection for native characters in hybrids between two locally adapted plant
subspecies. Evolution, 51, 1469-1480.

Nott A, Jung H-S, Koussevitzky S, Chory J (2006) Plastid-to-nucleus retrograde
signaling. Annual Review of Plant Biology, 57,739-759.

O’Kane SL, Al-Shehbaz 1A (1997) A synopsis of Arabidopsis (Brassicaceae). Novon, 7, 323—
327.

Orr HA (1998) Testing natural selection vs. genetic drift in phenotypic evolution using
quantitative trait locus data. Genetics, 149,2099-2104.

R Development Core Team (2009) R: A Language and Environment for Statistical Computing. R
Foundation for Statistical Computing, Vienna, Austria. ISBN 3-90051-07-0,
URL http://www.R-project.org.

Rand DM, Haney RA, Fry AJ (2004) Cytonuclear coevolution: the genomics of
cooperation. Trends in Ecology and Evolution, 19,645-653.

Rithimédki MA, Podolsky H, Kuittinen H, Koelewijn H, Savolainen O (2005) Studying genetics
of adaptive variation in model organisms: flowering time variation in Arabidopsis
lyrata. Genetica, 123, 63-74.

Sambatti JBM, Ortiz-Barrientos D, Baack EJ, Rieseberg LH (2008) Ecological selection
maintains cytonuclear incompatibilities in hybridizing sunflowers. Ecology Letters, 11, 1082—
1091.

Sandring S, Agren J (2009) Pollinator-mediated selection on floral display and flowering time in
the perennial herb Arabidopsis lyrata. Evolution, 63, 1292-1300.



Sandring S, Riihimaki M-A, Savolainen O, Agren J (2007) Selection on flowering time and
floral display in an alpine and a lowland population of Arabidopsis lyrata. Journal of
Evolutionary Biology, 20, 558-567.

Schmickl R, Jargensen MH, Brysting AK, Koch MA (2010) The evolutionary history of the
Arabidopsis lyrata complex: a hybrid in the amphi-Beringean area closes a large distribution gap
and builds up a genetic barrier. BMC Evolutionary Biology, 10, 98.

Slate J (2005) Quantitative trait locus mapping in natural populations: progress, caveats and
future directions. Molecular Ecology, 14,363-379.

Turner TL, Bourne EC, von Wettberg EJ, Hu TT, Nuzhdin SV (2010) Population resequencing
reveals local adaptation of Arabidopsis lyrata to serpentine soils. Nature Genetics, 42, 260-263.

Van Ooijen JW, Voorrips E. 2001. JoinMap® 3.0, Software for The Calculation of Genetic
Linkage Maps. Plant Research International, Wageningen, the Netherlands.

Vergeer P, Kunin WE (2011) Life history variation in Arabidopsis lyrata across its range: effects
of climate, population size and herbivory. Oikos, 120, 979-990.

Verhoeven KJF, Vanhala TK, Biere A, Nevo E, van Damme JMM (2004) The genetic basis of
adaptive population differentiation: a quantitative trait locus analysis of fitness in two wild
barley populations from contrasting habitats. Evolution, 58, 270-283.

Verhoeven KJF, Poorter H, Nevo E, Biere A (2008) Habitat-specific natural selection at a
flowering-time QTL is a main driver of local adaptation in two wild barley
populations. Molecular Ecology, 17, 3416-3424.

Voorrips RE (2002) MapChart: software for the graphical presentation of linkage groups and
QTLs. The Journal of Heredity, 93,77-78.

Wilczek AM, Roe JL, Knapp MC et al. (2009) Effects of genetic perturbation on seasonal life-
history plasticity. Science, 323, 930-934.

Woodson JD, Chory J (2008) Coordination of gene expression between organellar and nuclear
genomes. Nature Reviews Genetics,9, 383-395.

Yu JM, Pressoir G, Briggs WH et al. (2006) A unified mixed-model method for association
mapping that accounts for multiple levels of relatedness. Nature Genetics, 38, 203-208.

Zhao KY, Aranzana MJ, Kim S et al. (2007) An Arabidopsis example of association mapping in
structured samples. PLoS Genetics, 3,e4.

P.H.L. studies adaptive evolution and its genetic basis in natural plant populations. J.L. is a
population geneticist with interests in genetics of speciation in plants. D.L.R. is interested in the



evolutionary genetics of complex traits in plants with an emphasis on life history patterns. O.S. is
interested in the genetics of local adaptation of both trees and Arabidopsis.

Data accessibility

Data and R-scripts deposited in the Dryad repository: doi: 10.5061/dryad.93p4q.
Supporting Information

Fig. S1.Phenotypic differences in the greenhouse.

Table S1.Results of statistical tests for QTL overlap.

Appendix S1.The R-script for estimating additive and dominance effects.

Appendix S2.Genome-wide LOD profiles for QTL analyses.



