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Summary

The role of natural selection in the maintenance of genetic
variation in wild populations remains a major problem in

evolution. The influence of disruptive natural selection on
genetic variation is especially interesting because it might

lead to the evolution of assortative mating or dominance
[1, 2]. In theory, variation can persist at a gene under disrup-

tive natural selection, but the process is little studied and
there are few examples [3, 4]. We report a stable polymor-

phism in the bony armor of threespine stickleback main-
tained with a deficit of heterozygotes at themajor underlying

gene,Ectodysplasin (Eda) [5]. The deficit vanishes at the em-

bryo life stage only to re-emerge in adults, indicating that
disruptive natural selection, rather than nonrandom mating,

is the cause. Themechanismenabling long-termpersistence
of the polymorphism is unknown, but disruptive selection is

predicted to be frequency dependent, favoring homozygous
genotypes when they become rare. Further research on the

ecological and evolutionary processes affecting individual
genes will ultimately lead to a better understanding of the

causes of genetic variation in populations.

Results and Discussion

Adaptive processes maintaining genetic polymorphisms in-
clude heterozygote advantage, gene flow between locally
adapted populations, and frequency-dependent natural selec-
tion, but they are difficult to distinguish in genomic data and
their relative importance in nature is unclear [3, 4].We explored
this problem in a threespine stickleback population highly var-
iable in bony armor plates and polymorphic at themajor under-
lying gene. Kennedy Lake is a large, highly oligotrophic, and
young lake (12,000 years) on Vancouver Island, Canada,
whose stickleback were sampled previously in 1965 [6]. Armor
plate number is strongly bimodal (Figure 1A). Completely
plated individuals (‘‘complete morph’’) are more common
than individuals with few plates (‘‘low morph’’), and intermedi-
ate individuals (‘‘partial morph’’) are rare. The frequency of
armor morphs has changed little between samples taken
*Correspondence: schluter@zoology.ubc.ca
over 45 years in 1965, 2004, 2006, 2008, and 2010 (Figure 1B).
The frequency of the partial morph has declined since the 1965
collection, and the frequency of the complete morph has risen
slightly (Figure 1B; contingency test of frequency differences
among years: c2 = 22.1, df = 8, p = 0.005). Mean generation
time is most likely between 1 and 3 years, based on other pop-
ulations [7, 8]. Kennedy Lake is inaccessible to highly armored
stickleback from the Pacific Ocean (four cascades on the
outlet river prevent upstream passage), ruling out gene flow
between divergent marine and lake populations as a cause
of the polymorphism.
Natural selection most likely plays a role in the polymor-

phism. Lateral plates have a defensive role, increasing survival
after attack by piscivorous fish [9, 10]. Plates are also costly,
reducing the growth rate of individual fish raised in fresh water
[11, 12]. Low-plated and completely plated morphs differ in
head morphology and in stable isotopes of carbon, d13C, in
muscle (Table S1 available online), possibly indicating a diet
and/or habitat difference. Plate polymorphisms with appre-
ciable frequencies of both low and complete morphs are un-
common in lake-resident stickleback populations of the region
[13–15] but may occur more frequently in Europe [16–18].
Ectodysplasin (Eda) is the major gene responsible for varia-

tion in lateral-plate number in threespine stickleback [5, 13, 18,
19]. We confirmed that the plate polymorphism is strongly
associated with Eda in Kennedy Lake (Goodman-Kruskal cor-
relation [20]: g = 0.86 6 0.03 SE; see the Supplemental Exper-
imental Procedures). The majority of heterozygotes, EdaC/L,
are completely plated, with the C (complete) allele dominant
over the L (low) allele (dominance coefficient = 0.87 6 0.04
SE). Eda is pleiotropic and is linked to other genes that may
also affect phenotype [5]. Thus, the polymorphism may be
affected by selection on other traits, including head
morphology (Table S1), neuromast pattern along the lateral
line [21], and schooling behavior [22].
Remarkably, we found a persistent deficit of Eda heterozy-

gotes in adult fish in each year (Figure 1C), as indicated by large
positiveWright’sFIS coefficients (2006:FIS = 0.44 [95%CI: 0.19,
0.67]; 2008: FIS = 0.36 [0.19, 0.52]; 2010: FIS = 0.30 [0.15, 0.45];
combined: FIS = 0.35 [0.25, 0.45]). Accordingly, adult genotype
frequencies deviated fromHardy-Weinberg expectation (2006:
c2 = 10.37, p = 0.001; 2008: c2 = 16.31, p < 0.0001; 2010: c2 =
14.57,p=0.0001;df=1). Theheterozygotedeficitwasnotasso-
ciated with a genome-wide signature of population structure
[23]. None of seven unlinked, putatively neutral microsatellite
loci deviated significantly from Hardy-Weinberg expectation
or from linkage equilibrium after correction for false discovery
rate (Supplemental Experimental Procedures). Individual-
based population assignment [24] with these loci strongly sup-
ported a single genetic cluster (Pr[K = 1] = 0.99). Moreover, the
differences inmicrosatellite allele frequencies between the low
and complete lateral-plate morphs explained less than 1% of
the total allelic variation (FST = 0.008), similar to estimates of
FST between stickleback populations experiencing high levels
of gene flow [25]. These findings indicate that armor pheno-
types belong to a single, panmictic population.
Heterozygote deficiency vanished in embryos collected

from nests, indicating that assortativemating by Eda genotype
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Figure 1. Lateral-Plate and Eda Genotype Frequencies

(A) The bimodal frequency distribution of the number of lateral plates in

adult stickleback collected in 2006 (plate numbers were counted on the

left side of the fish). Lateral-plate morph is indicated by shading: complete

(black), partial (gray), and low (white).

(B) Morph frequencies in adult samples from 1965 (n = 35), 2004 (n = 329),

2006 (n = 63), 2008 (n = 135), and 2010 (n = 169). Shading indicates span

of 95% confidence intervals (CIs) for proportions in 2010, to indicate levels

of uncertainty.

(C) Eda genotype frequencies in adults collected in 2006, 2008, and 2010.

Bars indicate Hardy-Weinberg expectations calculated from the average

genotype frequencies over the three years. Sample sizes are as in (B).

See also Table S1.
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Figure 2. Estimated Fitness of Eda Genotypes Relative to EdaL/L

Estimates are based on the genotype frequencies observed in 341 embryos

and 135 adults sampled during the breeding season of June 2008, and 303

embryos and 169 adults sampled in June 2010. Points and error bars indi-

cate the mean relative fitness6 SE estimated from 10,000 bootstrap resam-

ples. See also Figure S1.

Current Biology Vol 24 No 11
1290
is not the cause of the low frequency of adult heterozygotes.
We genotyped the Eda locus of embryos in three to six eggs
from each of 71 and 68 stickleback clutches collected during
breeding seasons in June 2008 and June 2010. If the
heterozygote deficiency in adults reflects assortative mating,
then their embryos should show a similar deficit of Eda hetero-
zygotes. Instead, embryos showed no deficiency of heterozy-
gotes (2008: FIS = 0.061 [95% CI: –0.07, 0.20]; 2010: FIS = –0.05
[–0.19, 0.08]) (Figure S1) and no significant deviation from
Hardy-Weinberg expectations at Eda (2008: c2 = 0.287, p =
0.592; 2010: c2 = 0.258, p = 0.612; df = 1). Adults exhibited
significantly greater heterozygote deficiency than did embryos
collected at the same time and place (FIS 2008: difference of
0.30 [95% CI: 0.08, 0.51]; 2010, difference of 0.35 [0.15,
0.55]). Assortative mating between stickleback populations
differing in lateral-plate number is well known [26], but assor-
tative mating between armor morphs within populations has
not been described.
Absence of heterozygote deficiency in embryos implies that

the deficit in adults is regenerated each year by persistent
disruptive natural selection. We estimated selection from the
observed changes in genotype frequencies between life
stages, from embryo to adult and from adult back to embryo,
assuming randommating (Figures 2 and S1). Estimated selec-
tion coefficients are large, with the fitness of heterozygotes
being only 20%–30% of the fitness of the most fit homozy-
gote (product of selection and dominance coefficients 2008:
hs = –0.81 [95% CI: –0.53, –0.96]; 2010: hs = –0.67 [–0.25,
–0.86]; Figure 2). Selection against heterozygotes was indi-
cated in both viability (from embryo to adult) and reproductive
success (adult to embryo) (Figure S1), but the pattern is stron-
gest when the two stages are combined (Figure 2). Estimated
selection between adult and embryo stages is presumed to
arise from differences in reproductive success via sexual,
fecundity, or gametic selection. Intrinsic differences in survival
of embryos prior to hatching is unlikely to contribute because
lateral-plate morphs from Kennedy Lake differ little in hatching
rate in the lab [12]. Embryo Eda frequencies varied significantly
between sampling dates, but selection against heterozygotes
was consistently observed (Figure S1).
Relative fitness was highest for the low EdaL/L genotype

(Figure 2), which appears to have a growth advantage: low-
plated adults from this study had slightly higher mean



Polymorphism Maintained with Disruptive Selection
1291
standard length than did completely plated individuals (Table
S1), consistent with a lab study [12]. A higher net fitness of
the EdaL/L genotype is expected at equilibrium (Figure 2), given
that the L allele is at a lower frequency than the C allele in the
population. This higher fitness balances the disadvantage
experienced by the L allele via random mating, which puts a
higher fraction of all L allele copies into low-fitness heterozy-
gotes than C allele copies simply because it is more rare.

There are few other examples from nature of stable genetic
polymorphisms with heterozygote disadvantage. In stickle-
back, Ectodysplasin polymorphisms in other populations
result from gene flow or represent transient states [13, 18,
27], although disruptive selection on Eda has been detected
in at least one other study [17]. Such cases of heterozygote
disadvantage are interesting for three reasons. First, despite
the paucity of examples, disruptive selection on polymorphic
loci is predicted to arise under many ecological conditions,
such as when genotypes compete for food or enemy free
space [28].

Second, population genetic theory indicates that it is diffi-
cult to maintain a stable polymorphism with heterozygote
disadvantage unless selection is frequency dependent, favor-
ing each homozygote when it becomes rare; otherwise, the
rarer allele is driven rapidly to extinction [29]. Niche differen-
tiation between genotypes may give rise to frequency-depen-
dent selection, and morphological and dietary differences
between morphs suggest the presence of ecological differ-
ences (Table S1), though this is not by itself sufficient
evidence. Interactions with predators might give rise to fre-
quency dependent selection, and other mechanisms are
also possible [30].

Third, important evolutionary consequences can arise from
such a polymorphism [1, 2, 29]. One possibility is the evolu-
tionary modification of dominance, yielding heterozygotes
whose fitness resembles that of one of the homozygote geno-
types. Another possible consequence is the evolution of
assortative mating, reducing the number of maladaptive het-
erozygotes produced. There are theoretical obstacles to
both outcomes [31], and it is not simple to predict which is
most likely. No assortative mating by Eda genotype was
discovered here. It is tempting to consider whether the reduc-
tion in the frequency of the partial morph in Kennedy Lake
from 1965 to the present, and an increase in the complete
morph (Figure 1A), reflects an evolved change of dominance
on lateral plates, but other explanations are possible. It is
also conceivable that intermediate stages toward the evolu-
tion of assortative mating or dominance might incidentally
give an unconditional advantage to one allele over the other
and produce a third outcome, the elimination of the polymor-
phism. This might help to explain why most stickleback pop-
ulations in the region are virtually fixed for either the low or the
complete Eda genotype [14].

Eda thus provides a new opportunity to investigate poly-
morphism maintained in the face of low heterozygote fitness
and its evolutionary outcomes. Our findings advance growing
evidence for the role of selection in the maintenance of
ecologically important genetic polymorphisms [3, 4, 32, 33]
in wild populations and in particular point to the role of fre-
quency-dependent selection maintaining variation within a
single population. Our increasing ability to identify processes
affecting evolutionary dynamics at individual genes will
ultimately lead to a better understanding of the maintenance
of genetic variation, still regarded as an unsolved problem
[4, 34].
Experimental Procedures

Collections

Wecollected adult threespine stickleback inminnow traps and dip nets near

the southern tip of the Clayoqout arm of Kennedy Lake on May 11, July 9,

and Aug 17, 2004; June 11, 2006; June 12, 2008; and June 11, 2010. Fish

were given a lethal dose of tricaine methanesulfonate (MS-222) before pres-

ervation. Formalin-preserved specimens from a sample collected on Aug 2,

1965, by G. Haythorne and D. Hagen were obtained from the Beaty Museum

at the University of British Columbia (UBC 65-0506). Isotopic analysis and

morphological measurements were conducted on the 2004 collection.

Embryos were collected by snorkeling in 2008 and 2010. Detailed descrip-

tions of sampling, storage and morphological measurements are found in

the Supplemental Experimental Procedures. All procedures and experi-

mental protocols were approved by the University of British Columbia

Animal Care Committee and were in accordance with the Canadian Council

on Animal Care.

Genotyping

A diagnostic indel locus (isolated from the locus Stn381 within intron six of

the Eda gene [5]) was used to identify the genotype of lateral-plate morphs.

Seven microsatellite loci, isolated and characterized by the Stanford

Genome Research Center, were selected for genetic analyses: Stn301

(GenBank accession number BV678111, unpublished), Stn65 (G72254

[35]), Stn216 (BV102494 [36]), Stn250 (BV678075, unpublished), Stn387

(BV678140 [37]), Stn388 (BV678141 [37]), and Stn51 (G72248 [35]). A detailed

description of genotyping methods is found in the Supplemental Experi-

mental Procedures.

Relative Fitness and Selection Coefficients

Relative fitness for each Eda genotype during viability selection was calcu-

lated as the change in the observed frequency of a genotype from embryo to

adult (frequency in adult divided by frequency in embryo), relative to the

homozygous low EdaL/L genotype, which was set to 1. Relative fitness dur-

ing the reproductive phase of the life cycle was calculated by setting the

relative reproductive success of EdaL/L genotypes in adults to 1 and then

solving for the fitness values of adult EdaC/L and EdaC/C genotypes gener-

ating observed embryo allele frequencies in nests sampled from the wild.

Calculations of relative reproductive fitness used Eda genotype frequencies

observed in randomly sampled adults and assume no assortative mating.

Reproductive selection may result from differences in mate preference,

viability, or fecundity among adults differing in Eda genotypes.

Relative fitness of each genotype across one generation (net selection)

was calculated as the product of the relative fitness from viability and repro-

ductive phases, again relative to the homozygous low EdaL/L genotype (set

to 1). Selection coefficients s were calculated as 1 minus the relative fitness

of EdaC/C homozygote, whereas 1 minus the relative fitness of the EdaC/L

heterozygote is hs [38].

Statistical Analyses

Statistical analyses were conducted using R 3.0.1 (R Foundation for

Statistical Computing; http://www.r-project.org). Approximate likelihood-

based 95% CIs for morph proportions were calculated using the glm func-

tion. Heterozygote deficiency was quantified using Wright’s coefficient of

inbreeding (FIS),

FIS =12
H

2pq
;

where H is the frequency of the heterozygotes, and p and q represent allele

frequencies [38]. CIs for FIS in adult samples from 2006, 2008, and 2010

were calculated using 10,000 bootstrap resamples. CIs for embryo geno-

type frequencies and FIS were estimated from a bootstrap distribution

generated from 10,000 resamples of whole clutches, rather than individual

embryos. The 95% CIs for the selection coefficients associated with the

homozygote EdaC/C and heterozygote EdaC/L genotypes (s, and hs respec-

tively) for viability, reproductive selection, and net selection were estimated

from bootstrap resamples of genotypes of embryo whole clutches and

adults.

Tests of genetic diversity and Hardy-Weinberg equilibrium were carried

out with GENEPOP v.4.0 [39]. Genetic differentiation in allele frequencies

between low and complete morphs was tested in ARLEQUIN (v3.5). The

most likely number of populations (from K = 1 to K = 3) was assessed with

STRUCTURE [24].

http://www.r-project.org
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Supplemental Information

Supplemental Information includes one figure, one table, and Supplemental

Experimental Procedures and can be found with this article online at http://

dx.doi.org/10.1016/j.cub.2014.04.026.
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