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ABSTRACT

Genetic variation for quantitative traits is often greater than that expected to be maintained by mutation
in the face of purifying natural selection. One possible explanation for this observed variation is the action
of heterogeneous natural selection in the wild. Here we report that selection on quantitative trait loci
(QTL) for fitness traits in the model plant species Arabidopsis thaliana differs among natural ecological
settings and genetic backgrounds. At one QTL, the allele that enhanced the viability of fall-germinating
seedlings in North Carolina reduced the fecundity of spring-germinating seedlings in Rhode Island. Several
other QTL experienced strong directional selection, but only in one site and seasonal cohort. Thus,
different loci were exposed to selection in different natural environments. Selection on allelic variation
also depended upon the genetic background. The allelic fitness effects of two QTL reversed direction
depending on the genotype at the other locus. Moreover, alternative alleles at each of these loci caused
reversals in the allelic fitness effects of a QTL closely linked to TFLI, a candidate developmental gene
displaying nucleotide sequence polymorphism consistent with balancing selection. Thus, both environmen-
tal heterogeneity and epistatic selection may maintain genetic variation for fitness in wild plant species.

XPLAINING the maintenance of quantitative ge-
netic variation in the wild is an important problem

in evolutionary biology. The level of standing genetic
variation is thought to depend upon the balance be-
tween purifying selection, which erodes genetic varia-
tion in fitness-related traits, and the introduction of new
alleles through mutation (Mousseau and Rorr 1987;
BarTON and TureLL1 1989). However, estimates of se-
lection and mutation rates in some species suggest that
observed levels of genetic variation are higher than can
be explained solely by mutation-selection balance (HOULE
1992; MACKAY et al. 1995; NUZHDIN et al. 1995; HOULE
et al. 1996). Possible additional mechanisms for main-
taining genetic variation include several forms of hetero-
geneous natural selection. For example, selection may
favor different genotypes in different environments, de-
pending in part on the frequency with which alternative
environments are encountered and dominance rela-
tions (LEVENE 1953; FELSENSTEIN 1976; GILLESPIE and
TUrELLI 1989; PROUT and SAVOLAINEN 1996). Similarly,
epistatic interactions among loci may maintain genetic
variation if the fitness effects of an allele at one locus
reverse depending on the allelic genotype at another
locus (Lerps and Mackay 2000). However, the impor-
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tance of such gene X environment and gene X gene
interactions in natural plant populations remains to be
determined.

The role of heterogeneous selection is of particular
interest for the colonizing annual plant Arabidopsis thali-
ana (L.) Heynh. (Brassicaceae). This genetic model spe-
cies exhibits variation in quantitative traits both within
and between natural populations (KUITTINEN ef al. 1997;
NORDBORG and BERGELSON 1999; DoORN et al. 2000; P1G-
riuvcci and MArLow 2001). In addition, studies of nucle-
otide sequence variation at specific loci reveal an excess
of low-frequency within-species polymorphism in this spe-
cies relative to the neutral expectation (PURUGGANAN
and SuppiTH 1998, 1999). Such excess polymorphism
may result from the inefficient elimination of mildly de-
leterious mutations in small inbreeding populations
(BUSTAMANTE et al. 2002), but may also be maintained
by active balancing selection (LEVENE 1953; STAHL et al.
1999). Several studies have detected intermediate-fre-
quency nucleotide polymorphism, which is also consis-
tent with heterogeneous selection at specific loci in Ara-
bidopsis (PURUGGANAN and SUDDITH 1998, 1999; AGUADE
2001; OLSEN et al. 2002), but reports of present-day
selection at these loci under field conditions are lacking.
Moreover, genome-wide patterns of natural selection
on allelic variation have not been measured directly in
natural environments.

The genetic tools and ecological information avail-
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able for A. thaliana make this species ideal for tests of
locus-specific selection in heterogeneous natural envi-
ronments (MITCHELL-OLDS 2001). A. thaliana is a largely
although not exclusively self-fertilizing colonizing an-
nual species (JoNEs 1971a; ABBOTT and GoMEs 1989),
naturalized over a broad latitudinal and climatic range.
Consequently, the genetic structure of this species is likely
to be shaped by rare outcrossing events among colonists,
followed by generations of self-fertilization to produce
recombinant inbred lineages (JoNEs 1971b). The re-
combinant inbred lines (RILs) recently developed for
QTL mapping and gene discovery in A. thaliana (LISTER
and DEAN 1993; A. ALONSO-BLANCO et al. 1998; WiLsoN
et al. 2001) are therefore a realistic approximation to
the natural genetic structure of wild populations. RILs
are ideal for field studies of selection because they ex-
press a wide range of phenotypic variation and because
siblings within a line are genetically identical and can
be replicated across environments (Mackay 2001).

The importance of heterogeneous selection in the wild
is also an especially interesting question for A. thaliana
because natural populations or “ecotypes” of this widely
distributed species experience very different climatic
and seasonal environments (NORDBORG and BERGEL-
soN 1999; PicLiucct and MarLow 2001). In particular,
A. thaliana ecotypes differ in germination timing (Napp-
ZINN 1985; MUNIR et al. 2001). Most North American
populations have been characterized as winter annuals
(BaskiN and BAskiN 1983; NORDBORG and BERGELSON
1999), in which all seedlings germinate in fall, overwin-
ter as rosettes, and flower and set seed in the spring.
Where winters are mild and summers harsh (i.e., sites
at southern latitudes), winter annual life histories are
selectively advantageous because plants attain a large
size at reproduction. However, some populations at
northern latitudes in North America flower and set seed
in the fall or germinate, flower, and set seed in the
spring (L. A. DORN, personal observation). These life
histories presumably evolve as a result of selection to
minimize over-winter mortality. Itis therefore important
to ask whether the strength or direction of natural selec-
tion differs among geographic regions or between spring
and fall germination cohorts within populations. In ad-
dition, the increasing evidence for epistatic interactions
among genes in developmental pathways in A. thaliana
(SimpsoN and DeaN 2002) suggests the importance of
testing whether selection on natural allelic variation
depends upon the genetic background.

Terminal flower 1 (TFLI), a critical gene in the develop-
mental pathway to flowering in A. thaliana, is a strong
a priori candidate for heterogeneous selection under
field conditions because it displays striking evidence
of balancing selection at the nucleotide level. Hudson-
Kreitman-Aguadé tests of selection demonstrate that the
TFLI promoter/5’ untranslated region (UTR) and cod-
ing regions have been subject to differing selective
forces (OLSEN et al. 2002). The polymorphisms in the

TFLI promoter/5" UTR define two distinct classes of al-
leles (haplogroups), distinguished by 20 nucleotide and
10 insertion/deletion polymorphisms, and present at
equal frequency in the 14 sampled A. thaliana ecotypes
(OLSEN et al. 2002). The presence of these two haplo-
groups results in a distribution of segregating sites that
differ significantly from expectations of the neutral
model of molecular evolution with low recombination
(OLSEN et al. 2002). Moreover, the allelic polymorphism
at TFLI is unique in that it is restricted solely to the
promoter/5" UTR sequence. To the 5’ side of this re-
gion, there is no evidence for significant haplogroup dif-
ferentiation at the proximal 7ps28 gene (M. D. PURUG-
GANAN, unpublished data). To the 3’ side, the haplogroup
dimorphism does not extend to the adjacent coding
region, which has very low levels of nucleotide variation
apparently associated with a recent selective sweep
(M. D. PURUGGANAN, unpublished data). The localiza-
tion of allelic polymorphism to the 7TFLI promoter re-
gion is consistent with the action of balancing selection
in this region.

Here we report evidence for heterogeneous selection
on quantitative trait loci (QTL) in A. thaliana under nat-
ural field conditions. We show that selection acts on dif-
ferent loci in different natural environments and that
alternative alleles are favored in different ecological set-
tings and genetic backgrounds. Moreover, although there
is no evidence for a significant main effect of 7FLI on
fitness, the fitness effects of the marker locus nearest TFL1
reverse, depending on variation elsewhere in the genome.
This result suggests the interesting hypothesis that varia-
tion at 7FLI is maintained by epistatic selection.

MATERIALS AND METHODS

Mapping population and experimental field settings: To
map quantitative trait loci for fitness components, we used
recombinant inbred lines of Arabidopsis thaliana (L.) Heynh.
(Brassicaceae) developed from a cross between the Landsberg
erecta (Ler) X Columbia (Col) accessions and advanced through
single-seed descent to the Fy (LISTER and DEAN 1993). Because
siblings within a line are genetically uniform, we were able to
compare QTL expression in the same set of genotypes across
experimental field plantings.

Seedlings of each RIL were planted in field sites in fall 1999
and spring 2000 in both Rhode Island and North Carolina to
simulate natural fall and spring germination cohorts. For all
plantings, seeds of the 98 RILs were initially sown into ran-
domly assigned cells in each of 30 98-celled flats and cold strati-
fied for 4 days (fall plantings) or 14 days (spring plantings).
Following cold stratification, seeds were germinated in the
greenhouses of Brown University and North Carolina State
University (NCSU). Germination began within a few days of
placing germination trays in the greenhouse, and the stratifi-
cation treatment effectively stimulated synchronous germina-
tion (i.e., seedlings germinated within 3—4 days of one another).
Slight variation was observed among RILs in the number of
emerging seedlings, but all RILs had >20 replicate plants.
After 2-3 weeks in the greenhouse, seedlings were trans-
planted in the order of sowing into 30 randomized blocks
(each corresponding to a 98-cell flat) in prepared field plots
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at Brown’s Haffenreffer grant, Bristol, Rhode Island (latitude
40°N 41'W) and NCSU’s Clayton agricultural test field, Clay-
ton, North Carolina (latitude 35°N 46'W). For the Rhode
Island fall germination cohort, seeds were sown in flats Octo-
ber 13-15, 1999 and transplanted November 4-6 into plowed
field blocks at Haffenreffer. Seedlings were spaced at 10-cm
intervals to prevent competitive interactions. The spring ger-
mination cohort was sown between March 3 and 5, 2000 and
transplanted into the field between April 5 and 7. In North
Carolina, the fall germination cohort was sown between Octo-
ber 27 and 29 and transplanted to the field between November
16 and 18. The spring germination cohort was sown between
February 8 and 10 and transplanted between March 7 and 9.
Blocks for the fall and spring plantings were arranged in a
checkerboard array in each site, such that neighboring blocks
alternated cohorts. All plants were harvested at senescence
and scored for fruit number. A subset of blocks was used in
North Carolina due to the large number of fruits to be counted
on plants in the fall germination cohort and the high mortality
resulting from transplant shock of plants in some blocks of
the spring cohort; totals of 14 and 16 blocks were used for
the fall and spring germination cohorts, respectively.

Estimates of selection: We estimated three fitness compo-
nents: over-winter survivorship, spring survivorship, and spring
fruit production. Both fall and spring survivorship were esti-
mated as the proportion of replicates within a genotype that
survived to reproduction (i.e., differentiation of a flowering
inflorescence). In A. thaliana, fruit production is highly corre-
lated with seed production and is thus a good estimate of
fecundity in this largely self-fertilizing species (WESTERMAN
and LAWRENCE 1970; MAURICIO et al. 1997). These three selec-
tion episodes determine the number of seeds produced by a
genotype and therefore its genetic representation in successive
generations. We could thus screen genome-wide for loci expe-
riencing selection in different natural environments. More-
over, Columbia and Landsberg ecotypes differ in their TFLI
promoter haplotype (OLSEN et al. 2002), providing the oppor-
tunity to test for evidence of heterogeneous selection at the
adjacent marker, pAtTS80, segregating in the Col X Ler RILs.

Analysis of variance for components of fitness: Random-
effects ANOVA was used to partition variance for a given
fitness component into sources originating from line (L) and
error according to the model, y = w + L + error, where p
is the overall mean. The mixed model, y = w + L + Se +
Si+ L XSe+ LXSi+ Se XSi+ LXSe X Si+ error, was
used to account for variation attributable to environment,
where Se is the seasonal growth environment (fall or spring),
Si is the geographic site (Rhode Island or North Carolina),
and both Se and Si are treated as fixed effects. The significance
of these variance components was tested using Proc Catmod
and GLM (SAS 1999) for survivorship and fruit number, re-
spectively. Proc Catmod is more suited than Proc GLM to
analyses of binomial data and was used to test the significance
of the line X season and line X site interactions for survivor-
ship in two separate models. However, Catmod could not
calculate the chi-square test statistic for the two- and three-
way interactions in analyses including the Rhode Island spring
cohort, presumably due to the absence of line variation (see
RESULTS below) in this cohort and resulting low cell counts.
Because ANOVA is typically robust to the assumption of nor-
mality, Proc GLM was used to determine the significance of
the three-way interaction for survivorship. The GLM results
were entirely consistent with the results of the two-way analyses
performed by Proc Catmod; GLM results are presented so
that the same statistical tests are used in one-way and higher-
order ANOVA.

We calculated across-season correlations (7) from the com-
ponents of variance as coviy/\/ (W, X Vi), where covys repre-

sents the covariance of fecundity or survivorship across the
two seasonal environments and Vj; and Vj, are the among-
line variance components within each of the two environments
(ROBERTSON 1959). Significant correlations across the fall and
spring seasonal environments within each geographic region
are of particular relevance, because genetic similarity of fitness
components across seasonal cohorts could constrain adaptive
evolution within each environment. Results from the two-way
ANOVA including line and season as main effects are used
to determine whether estimates of 1, differ significantly from
Zero or unity: across-season genetic correlations are signifi-
cantly different from 1 if the L X Se interaction terms are
significant and are significantly different from 0 if the among-
line variance is significant in the same analysis.

Linkage map construction: Although a large number of
polymorphic marker loci have been identified in the Ler X
Col RI lines, not all RILs have been genotyped at all loci. A
subset of marker loci (n = 225) was therefore used to construct
the linkage map. Markers genotyped in 80% or more of the
lines were selected to provide even coverage of the genome.
Genotypic data for these lines are publicly available from the
Nottingham Arabidopsis Stock Centre and were downloaded
from the website, http:/nasc.nott.ac.uk/. Maps were con-
structed using Mapmaker/Exp 3.0 (LANDER ef al. 1997); exact
methods are described in greater detail elsewhere (UNGERER
et al. 2002).

QTL mapping of fitness components: RIL means for fruit
production were nonnormally distributed in all experimental
cohorts. We therefore square-root transformed the phenotypic
values for individual replicates and mapped the RIL means
of the transformed data. We used composite interval mapping
(ZENG 1994) as implemented by QTL Cartographer software
(BASTEN et al. 1994, 1999) to test for the presence of significant
QTL. This procedure tests for a QTL between two adjacent
markers while statistically controlling for the effects of addi-
tional QTL segregating outside the test interval. Controls for
variation at other QTL (i.e., cofactors) were initially selected
using forward-backward stepwise regression. The likelihood-
ratio (LR) test statistic evaluates the hypothesis of a significant
QTL in the test interval. Within each experimental environ-
ment, the significance threshold of the LR for a QTL was de-
termined through permutation analyses (DOERGE and CHUR-
CHILL 1996). Additive effects of a given QTL were estimated
as the difference between the two homozygous classes divided
by two. QTL-by-environment interactions were tested using analy-
sis of variance (Fry et al. 1998). The ANOVA model included
season and marker loci nearest all QTL that were significant in
the genome-wide screen. When all possible two-way interactions
are tested, ANOVA effectively corrects for potential type I
error resulting from multiple tests. Maximum-likelihood tech-
niques are also available to test for QTL-by-environment inter-
actions, but these analyses were inappropriate for our data,
due to the large number of cofactors present within each en-
vironment for a given fitness component. We also used ANOVA
to test for epistatic selection, including the marker loci nearest
all significant fitness QTL from the composite interval map-
ping (CIM) analyses as main effects and all pairwise interac-
tions among those markers. In the same model, we included
PpALT80, the marker closest to TFLI1, in the ANOVA model as
an a priori candidate for epistatic selection on the basis of the
strong molecular signature of balancing selection at this locus.

Change in allele frequency resulting from selection at a given
QTL: Selection coefficients were calculated from the relative
fitness of different allelic classes at a QTL, such that wy =
1 — s, where wy, is the ratio of the allelic class with lower
relative to higher fitness (HEDRICK 1985; HARTL and CLARK
1989). The change in allele frequency across generations was
then calculated from the haploid model, —sq(1 — ¢)/(1 —
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TABLE 1

Restricted maximum-likelihood estimates of the among-line
variance component, Vg, for each fitness estimate in
each environment and the associated P value

Environment Wine Viwor P value
Rhode Island—fall survival 0.002 0.179 0.0319
Rhode Island—spring survival <0.001  0.035 0.3678
North Carolina—fall survival 0.005  0.193  0.0002
North Carolina—spring survival 0.001  0.155 0.0074
Rhode Island—fall fecundity 0.620 14.774 <0.0001
Rhode Island—spring fecundity 0.749 15.711 <0.0001
North Carolina—fall fecundity 8.293 153.008 0.0170
North Carolina—spring fecundity  0.603 10.312  0.0006

sq), where ¢ is the frequency of the allele with lower relative
fitness and s is the selection coefficient (HEDRICK 1985).

RESULTS AND DISCUSSION

Genetic variation in the expression of fitness compo-
nents across natural seasonal environments: We exam-
ined variation in the expression of fitness (i.e., survival
to reproduction and fruit production) in 98 RILs grown
in two seasonal environments (fall and spring) within each
of two geographic regions (Rhode Island and North
Carolina). RILs within cohorts differed significantly in
over-winter mortality, which ranged from 8 to 48% in
Rhode Island on average within an RIL and from 7 to
57% in North Carolina (apparently due to an atypical
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404+ 40-* 40 1

60 60 4 60
80§ 4 80 80 -
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140-
R1 fall fruit number

Ri spring fruit number

EDdpreo

NC spring viability
NC spring fruit number

RI fall over-winter survivorship

NC fall over-winter survivorship

TABLE 2
Three-way ANOVA for survivorship and fecundity

Mean Variance

Source d.f.  square Pvalue component
Survivorship
Line 97  0.2251 0.8380  <0.0001
Season 1 42.0234 <0.0001 —
Site 1 21.1876 <0.0001 —
Line X season 97 0.1741 0.4646 <0.0001
Line X site 97 0.2676 0.0143 0.0014
Season X site 1 109784 <0.0001 0.0039
Line X season X site 97  0.1710 0.0488 0.0007
Error 9092  0.1367 0.1371
Fecundity

Line 97 110.80  0.4598 0.0986
Season 1 25,244.00 <0.0001 —
Site 1 1,8394.89 0.0002 —
Line X season 97 96.10  0.3153 0.2701
Line X site 97 97.96  0.2826 0.4195
Season X site 1 88,304.00 <0.0001 80.3577
Line X season X site 97 87.13 <0.0001 0.4677
Error 5931 43.37 44.3242

December snowstorm; Table 1). RILs also differed sig-
nificantly in prereproductive mortality of the spring co-
hort in North Carolina, which ranged from 5 to 70%
of seedlings per RIL due to hot spring temperatures
that reached 27°-28° shortly after planting. In contrast,
prereproductive mortality was only 3% and did not dif-

Ficure 1.—QTL for fit-
ness components (survival
to reproduction and fecun-
dity) in natural seasonal en-
vironments and geographic
regions experienced by A.
thaliana. All QTL displayed
significant QTL X environ-
mentinteractions (P<<0.05),
with the exception of the
North Carolina QTL at CAT~
TS039 and KG31 for spring
survivorship and the Rhode
Island fall QTL for over-win-
ter survivorship (P> 0.10).
Because these traits deter-
mine genetic representation
in successive generations,
season- and site-specific ef-
fects indicate that selection
120 on individual QTL varies

across environments. Circles
l % on linkage groups denote the

1404
160 -

Chromosome 5

0 A9 0"+

20 20 ?

60 60 4

80 80 -

100~ 100

position of markers. Sym-
bols beside linkage groups
indicate the position of QTL
peaks in centimorgans, while
lines to either side of the QTL
symbols show the 2-L.OD sup-
port limits.




QTL Under Directional and Epistatic Selection 325
TABLE 3
Significant QTL for fecundity and survivorship
QTL map cM range of

position (cM) the 2-LOD Likelihood Additive Change in  Selection

Trait Chrom.”  (nearest marker) support limit ratio’ effect/o°  [r*] frequency’ coefficient
RI fall over-winter 4 33.83 (m518a) 33.51-39.51 14.4 041  0.10 0.019 0.041
survivorship 5 4.32 (05629) 0.01-12.32 16.1 0.35  0.10 0.021 0.042
RI fall fecundity 1 26.27 (mill3) 16.21-33.95 21.9 041  0.14 0.014 0.055
1 42.93 (g172806) 0.01-12.32 21.2 0.38  0.14 0.014 0.054
RI spring fecundity 1 78.80 (mi208) 78.73-83.09 14.5 0.40  0.08 0.003 0.012
4 45.98 (g4564a) 43.83-52.33 32.8 044  0.19 0.008 0.032
5 51.37 (mi219) 44.38-49.17 15.4 —0.33  0.08 0.004 0.015
5 95.34 (mi6l) 85.46-124.08 15.1 0.27  0.07 0.007 0.026
5 116.57 (h2al) 106.48-123.98 22.4 0.34  0.10 0.009 0.037
5 139.72 (g2368) 124.94-144.08 20.3 0.32  0.09 0.008 0.031
NC fall over-winter 1 129.42 (agpo4) 122.12-140.22 24.8 -0.40 0.15 0.027 0.039
survivorship 5 137.33 (g2368) 131.72-148.27 20.9 —-043  0.12 0.011 0.023
NC spring 1 20.64 (cds7) 14.93-30.95 14.4 —0.39  0.08 0.004 0.007
survivorship 1 54.33 (CATTS039)  49.98-58.74 21.7 0.47  0.14 0.010 0.020
5 21.20 (KG31) 18.68-26.12 29.9 —-0.48  0.20 0.015 0.032
NC spring fecundity 2 38.99 (0802rF) 32.35-49.77 14.2 0.38  0.12 0.011 0.049

RI, Rhode Island; NC, North Carolina.
“ Chromosomal location (linkage group) of a given QTL.

"The significance threshold for an experiment-wide error rate of a = 0.05 was <14.2 for all traits.

“Signs refer to the additive effect of the allele from Col relative to Ler parent; i.e., a positive value indicates an increase in
the average trait value among plants possessing the Col allele at a focal QTL.

‘Because selection distinguishes among phenotypes, we calculated the change in allele frequency at a single QTL without
controlling for the effects of QTL segregating elsewhere in the genome. As a result, the change in allele frequency at a specific
QTL does not necessarily reflect the variance explained by that QTL.

fer among lines in the Rhode Island spring seasonal
cohort (Table 1). In both Rhode Island and North Caro-
lina, plants in the fall cohort that survived the winter
flowered and senesced earlier in the spring season than
did those in the spring cohort, suggesting that physio-
logical factors rather than environmental severity im-
posed a limit on lifespan. Fruit production varied sig-
nificantly among RILs in all cohorts, with genotypic
means ranging from 11 to 115 fruit in Rhode Island
fall, 76 to 242 fruit in Rhode Island spring, 75 to 1428
fruit in North Carolina fall, and 3 to 63 fruit in North
Carolina spring cohorts (Table 1). Thus, strong natural
selection acted on the genetic variation present in these
lines for all three fitness components. Patterns of natural
selection differed substantially between sites and sea-
sonal cohorts. The relative fitness of individual RILs
differed significantly across sites and seasons, as indi-
cated by significant line X site X season interactions
for both survivorship and fecundity (Table 2). Across-
season genetic correlations were fairly small, as follows:
tee = 0.46 (line P = 0.02, line X season P = 0.03 from
two-way ANOVA) for fruit number in Rhode Island and
rge = 0.37 (line P = 0.31, line X season P < 0.0036) in
North Carolina. For survivorship, 7z = 0.27 (line P =
0.18, line X season P = 0.03) in Rhode Island and 7y =
0.20 (line P = 0.02, Line X season P = 0.05) in North
Carolina. Genetic correlations across seasons were sig-
nificantly <1 in both sites and not significantly different

from zero for fruit number in North Carolina and survi-
vorship in Rhode Island.

Heterogeneous natural selection across seasons and
geographic regions: CIM analyses detected one to six
QTL with significant effects on fitness for every selection
episode except for fruit production by the North Caro-
lina fall cohort (Figure 1, Table 3). PA¢TS80, the marker
closest to the TFLI promoter polymorphism, had no
main effect on fitness in any environment, in contrast
with the molecular evidence for balancing selection at
this locus. Thus, there was no evidence that geographi-
cal or seasonal variation in selection could maintain the
observed allelic variation at TFLI. However, consistent
with the small across-season genetic correlations and the
significant two- and three-way interactions, we observed
substantial environmental variation in selection at other
QTL. Nearly all of the observed QTL were site and season
specific, exhibiting significant QTL X environment in-
teractions (Figure 1, Table 3). Thus, natural selection
acted at different loci in different environments. Selec-
tion coefficients were on the order of 0.01-0.06, and the
estimated change in allele frequency in one generation
resulting from variation among genotypes in survivor-
ship and fecundity ranged from 0.003 to 0.02 at individ-
ual QTL (Table 3). Thus, strong directional selection
acted at specific loci in each site and season.

Heterogeneous natural selection can maintain quan-
titative genetic variation in the wild if it favors different
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alleles in different environments. We observed such het-
erogeneous selection for one QTL associated with
marker g2368 at the bottom of chromosome 5. At this
QTL, the Columbia allele reduces over-winter survivor-
ship in the North Carolina fall cohort, but enhances
fecundity in the Rhode Island spring cohort (Table 3).
This trade-off between fitness components in different
geographic regions may select for locally adapted popu-
lations and maintain allelic variation among northern
vs. southern ecotypes. Either pleiotropy or physical link-
age may account for the antagonistic fitness effects of
this QTL. However, either of these genetic mechanisms
is sufficient to impose an evolutionary constraint and a
performance trade-off in the short term. This geograph-
ically heterogeneous selection would maintain variation
among ecotypes, the level at which molecular polymor-
phism is usually assessed in A. thaliana (PURUGGANAN
and SuppiTH 1999; Acuapk 2001; OLSEN et al. 2002).

However, additional mechanisms are needed to explain
the maintenance of the quantitative genetic variation
observed within natural populations (JoNES 1971b;
DORN et al. 2000).

Seasonal heterogeneity in selection within sites may
be one contributing mechanism because temporal varia-
tion can slow the rate at which genetic variation is
eroded, even if it cannot permanently protect polymor-
phisms in the haploid case (FELSENSTEIN 1976). Allelic
effects did not reverse across seasonal environments
for fitness QTL detected within the geographic regions
examined here, but most QTL had environment-spe-
cific fitness effects. Thus, different loci were exposed to
selection in different ecological settings. Such condi-
tional neutrality for fitness can slow the erosion of ge-
netic variation within a population if the population
experiences selection in both environments, resulting
in higher levels of variation maintained by mutation-
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selection balance (Fry et al. 1996). However, most theo-
retical models examining the effects of environmental
heterogeneity on the maintenance of genetic variation
assume a diploid, randomly mating population. Bearing
in mind that the population genetics of A. thaliana vio-
late model assumptions, natural populations of Arabi-
dopsis with two seasonal germination cohorts do meet
the condition of temporally varying selective environ-
ments encountered in potentially similar frequency. If
seasonally heterogeneous selection contributes to main-
tenance of quantitative genetic variation, we should ex-
pect to find higher levels of standing variation in such
populations than in natural populations with a fixed
winter annual life history.

Epistatic selection and the maintenance of genetic
variation within populations: Genetic variation may also
be maintained within natural Arabidopsis populations
by epistatic interactions among loci. Just as selection at
specific loci may vary with environment (Fry ef al. 1998;
Lerrs and Mackay 2000) or between sexes (VIEIRA et
al. 2000; Mazer 2002), fitness effects of specific alleles
may vary with genetic background. When genetic back-
grounds are mixed by migration among populations,
epistasis for fitness can constrain fixation of allelic vari-
ants at specific loci, resulting in higher levels of standing
variation (WADE 2001).

Our experiment revealed epistatic selection as a sig-
nificant interaction between several QTL at markers
h2al, mi61, g4564a, and g2368 (Figure 2, A and B, Table
4) for fruit production in the Rhode Island spring co-
hort. Of particular interest, the Landsberg allele at
marker mi61 reversed in effect with genetic background,
conferring higher fitness than the Columbia allele in
the Columbia A2al background, but lower fitness than
the Columbia allele in the Landsberg h2al background
(Figure 2A). The advantage of the repulsion phase dis-
tinguishes these loci as independently significant QTL,
despite the overlap of their confidence intervals. We also
observed significant epistatic selection in the vicinity of
TFLI. The closest marker, pAtT80, displayed significant
epistatic interactions with both mi61 and h2al for spring
fruit production in Rhode Island (Table 4), reversing
in allelic effect depending upon the genotype at each of
these loci (Figure 2, C and D). This fitness reversal with
genetic background explains our inability to detect a
QTL for fitness in the region of pAtT80 in our initial
analysis using exclusively additive genetic models and
indicates that strong selection is nevertheless acting
near this marker. The observation that the direction of
selection at a QTL closely linked to TFLI reverses with
genetic background suggests the interesting hypothesis
that epistatic selection may help to maintain the observed
nonneutral polymorphism in the promoter of this gene.
This hypothesis deserves further investigation for TFL1
as well as other important developmental genes.

Evolutionary and molecular genetics of A. thaliana:
This study illustrates the power of genetic models such

TABLE 4

ANOVA for QTL X QTL epistasis of fruit production in
the Rhode Island spring cohort

Effect MS III Fvalue P value®
mi208 4.44 5.76 0.020
g4564a 6.93 8.97 0.004
mi219 1.43 1.85 0.179
mi6l 0.59 0.76 0.387
h2al 2.75 3.57 0.064
92368 0.34 0.44 0.511
PaiT80 0.14 0.19 0.667
mi208 X pAtT80 0.99 1.28 0.263
g4564a X pAIT80 0.15 0.19 0.665
mi219 X pAtT80 0.28 0.37 0.548
mi6l X pAtT80 5.49 7.11 0.009
h2al X pAtTS80 4.20 5.45 0.023
92368 X pAITS80 0.39 0.50 0.482
mi208 X g4564a 0.78 1.01 0.320
mi208 X mi219 0.87 1.13 0.292
mi208 X mi6l 0.22 0.28 0.597
mi208 X h2al 0.37 0.48 0.490
mi208 X g2368 0.99 1.29 0.261
g4564a X mi219 0.01 0.01 0.919
g4564a X mi6l 0.08 0.10 0.751
g1564a X h2al 2.67 3.46 0.068
g4564a X g2368 3.03 3.93 0.052
mi219 X mi61 0.16 0.21 0.650
mi219 X h2al 0.29 0.39 0.536
mi219 X g2368 0.60 0.78 0.381
mi6l X h2al 4.88 6.32 0.015
mi6l X g2368 1.73 2.25 0.139
h2al X g2368 1.88 2.43 0.124
Error 0.77

“ Significant two-way interactions (underlined) demonstrate
the presence of epistasis between loci. d.f. = 1, 58 for each
effect in the table.

as A. thaliana for examining evolutionary mechanisms
from the ecological to the molecular level. The observa-
tion that selection acts at different QTL across sites and
seasons suggests that different natural populations of
this colonizing species with similar initial genetic com-
positions will follow different evolutionary trajectories
in response to natural selection. Such heterogeneous
selection also suggests that individual traits, not surpris-
ingly, differ in their fitness effects across natural environ-
ments; the fitness effects of QTL underlying the expres-
sion of life-history and architectural traits in the Rhode
Island and North Carolina seasonal environments will
be presented elsewhere (C. WEINIG and ]. SCHMITT, un-
published results). Heterogeneous selection may also
favor different alleles at the same locus in different
sites, thus actively maintaining genetic variation among
populations.

The observation that alternative alleles are favored in
different genetic backgrounds under natural conditions
suggests that epistasis may be an additional mechanism
for maintenance of genetic variation both among and
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within populations. Epistatic interactions among QTL
for fitness components (SHOOK and JOHNSON 1999;
Lerps and Mackay 2000) and other important quantita-
tive traits (C. ALONSO-BLANCO et al. 1998, 1999; BoRrE-
viTz et al. 2002; UNGERER et al. 2002) have now been
observed within several model species, suggesting that
they may be relatively common. Epistasis between natu-
ral allelic variants at the developmental loci, FRI and
FLC, have also been detected (KOORNNEEF et al. 1994;
LEE et al. 1994). Such epistatic interactions may have
particular evolutionary impact in largely selffertilizing
species such as A. thaliana, in which novel variants may
be produced by recombination after rare outcrossing
events, and subsequent lineage selection among the
inbred descendants of these variants may act upon both
additive and epistatic variation (WrRiGHT 1931; Goop-
NIGHT 1995; WADE and GOODNIGHT 1998). The genetic
resources and molecular tools available for A. thaliana
provide an opportunity to test such hypotheses about
evolutionary mechanisms.
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