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Debate surrounding the integration of phenotypic plasticity within the neo-Darwinian paradigm has recently intensified, but is

largely dominated by conceptual abstractions. Advances in our capacities to identify candidate genes, and quantify their levels of

expression, now facilitate the study of natural variation in inherently plastic traits, and may lead to a more concrete understanding

of plasticity’s role in adaptive evolution. We present data from parapatric threespine stickleback (Gasterosteus aculeatus) demes

inhabiting geologically recent, freshwater and saltwater zones of a large estuary. Reaction norms for survival confirm adaptation

to local salinity conditions. Analysis of osmoregulatory candidate gene expression within an ecological quantitative genetics

framework suggests putative mechanisms underlying adaptive variation, and provides insights into the role of ancestral trait

plasticity in this divergence. A sodium–potassium ATPase (ATP1A1) is identified as a candidate gene for freshwater adaptation.

In addition to heritable variation for gene expression, we infer significant correlation between measures of expression and

individual fitness. Overall results indicate a loss of plasticity in the freshwater deme. We discuss how this is consistent with

adaptation facilitated by ancestral plasticity as a heuristic example that may prove useful for future, explicit tests of the genetic

assimilation hypothesis.
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The study of intraspecific, adaptive divergence has yielded many

valuable insights into the rate and processes underlying evolu-

tionary changes; however, most empirical work appears to be

biased toward morphological divergence (Hoffmann et al. 1995;

Sinervo and Svensson 2002; Russell and Bauer 2005). Yet it has

been suggested that more inherently plastic traits, such as be-

havior or physiology, may be among the first to diverge and

evolve during the process of adaptation to novel environments

(Mayr 1963; Skúlason et al. 1993; Rogers et al. 2002). This is

not to say that morphological traits cannot be plastic. Indeed,

examples of morphological phenotypic variance in response to

environmental effects abound (West-Eberhard 2003). Moreover,

it has been demonstrated that selection acting directly on such

trait plasticity can ultimately yield adaptive divergence, even dis-

tinct ecotypes (de Jong 2005). Nevertheless, a distinction is often

drawn between inherently “labile” traits for which expression
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can change throughout the lifetime of an individual, and traits

whose expression may be modified only during a critical devel-

opmental period, beyond which they are fixed (Alpert and Simms

2002; Gabriel 2006; Crispo 2008). Regardless of whether it is

labile or developmental in nature, there is an emerging view that

phenotypic plasticity likely plays a significant role in evolution

(West-Eberhard 2003, 2005; Pigliucci et al. 2006; Pigliucci 2007).

This is in stark contrast, however, to Wright’s (1931) notion that

“individual adaptability” [sic; plasticity] is “a factor in evolu-

tion tending to dampen the effects of selection.” Indeed, modern

interpretations have framed scenarios in which plasticity might

shield genotypes from selection, and thus, delay evolution (de

Jong 2005; Crispo 2008). Alternatively, a strong case for the

importance of plasticity in evolutionary transitions can be made

when adaptation to a new niche involves changes in both highly

plastic and nonplastic traits (Price et al. 2003; Lande 2009). Some

authors have even borrowed from Wright’s legacy in arguing how

plasticity may facilitate evolutionary change by bringing popula-

tions into the neighborhood of an adaptive peak (Price et al. 2003;

Ghalambor et al. 2007). Others still have promoted plasticity as an

initiator of evolutionary novelty (West-Eberhard 2005; Pigliucci

et al. 2006; Pigliucci 2007). Many of these views remain contro-

versial, thus, elucidating the role of plasticity and plastic traits in

adaptive evolution represents an exciting frontier in evolutionary

research.

Physiological traits may be particularly interesting given that

their inherently labile and reversible nature may help to facili-

tate colonization of novel environments, whereas interindividual

variability and associated bioenergetic costs and trade-offs may

ultimately lead to adaptive evolution (Schulte 2001). In contrast

to more complex morphological traits, many physiological pro-

cesses are relatively simple biochemical reactions mediated by

endogenously produced enzymes. Thus, being directly linked to

transcriptional products, physiological processes may be more

immediately susceptible to changes in the composition and/or

conformation of proteins resulting from mutation in the coding

DNA sequence. Moreover, simple mutations at regulatory regions

can also affect the rate of transcription, rather than the physical

properties of the protein itself. Such mutations may also be less

deleterious than those affecting coding regions proper in the sense

that transcriptional rate changes may be sublethal, while still re-

sulting in different phenotypic variants upon which selection may

act (Gibson and Wagner 2000; Cork and Purugganan 2004). Thus,

physiology may capture elements of both developmental and reg-

ulatory (i.e., labile) plasticity, and as such, may be particularly

germane to the question of plasticity’s role in adaptation to envi-

ronmental heterogeneity.

For aquatic organisms, the maintenance of plasma ion con-

centrations represents a unique set of physiological challenges,

whether that be the loss of water and influx of salts in the marine

environment, or the passive loss of ions to the external envi-

ronment in freshwater. Osmoregulation under both conditions is

energetically costly and necessitates active ion transport against

a concentration gradient employing a variety of molecular pumps

and channels, most of which are synthesized at the site of ion trans-

fer (Perry 1997; Marshall 2002; Hwang and Lee 2007). Despite

regulatory differences between environments, euryhaline species

can acclimate to a range of salinities, and thus, might become dis-

tributed across a salinity gradient via their inherent physiological

plasticity. Yet limits to plasticity are almost certainly imposed by

energetic costs and trade-offs (van Tienderen 1997; DeWitt et al.

1998; van Kleunen and Fischer 2005). Moreover, many of the

osmoregulatory mechanisms permitting permanent residency in

the freshwater environment represent major evolutionary transi-

tions (Lee and Bell 1999). Thus, locally adapted populations of

euryhaline teleosts may serve as ideal models to determine the

role of plasticity in evolutionary divergence.

The St. Lawrence River estuary represents a unique en-

vironment to explore the dynamics between processes con-

straining and promoting adaptive divergence on an ecological

timescale. The entire drainage basin was ice covered during the

last (Wisconsinan) glacial period. However, about 12 kaBP, the

combination of glacial retreat and isostatic depression resulted in

massive oceanic inflow and the formation of a large proglacial sea

encompassing the entire St. Lawrence lowlands (Wassenaar et al.

1988; Richard and Occhietti 2005). The Champlain Sea persisted

for approximately 4000 years, supporting a diverse community

of marine life (Harington 1988), until the formation of an ice

dam within a constriction in its center and the inflow of glacial

meltwater from the proto-Great Lakes basin in the west caused a

significant ecological shift: about 8–6 kaBP, salinity in the west-

ern basin dropped precipitously, ultimately resulting in the large

freshwater Lake Lampsilis occupying that portion of the valley

upstream of modern Québec City, Canada; downstream a ma-

rine environment persisted, the Goldthwait Sea (Hillaire-Marcel

1988; Wassenaar et al. 1988). Lake Lampsilis eventually drained,

and by about 4 kaBP, the current hydrogeological features of

the St. Lawrence River had been established. Today, the lower

540 km section of the river, the St. Lawrence estuary, is highly

influenced by tidal processes, resulting in a gradient of physico-

chemical landscape features (Laprise and Dodson 1994; Vincent

and Dodson 1999). Additionally, the estuary is characterized by

relatively stable freshwater and saltwater zones located upstream

and downstream, respectively, of a highly variable freshwater–

saltwater transition zone that experiences diurnal salinity fluctu-

ations (Vincent et al. 1996; Winkler et al. 2003).

Fossil evidence indicates that the euryhaline threespine stick-

leback (Gasterosteus aculeatus) has inhabited the estuary since

the late Pleistocene, with well-preserved marine specimens found

in Champlain era deposits in the far western region of the ancient
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sea (McAllister et al. 1981; McAllister et al. 1988). Extant stick-

lebacks in this system are partitioned into two demes whose geo-

graphic ranges correspond to the freshwater/saltwater division of

the estuary (McCairns and Bernatchez 2008). Genetic differenti-

ation is weak (FST ≈ 0.006; P < 0.001), yet temporally stable,

and preliminary analyses suggest divergence from a common an-

cestral population corresponding to the same timeframe as the

ecological division of the Champlain Sea into Lake Lampsilis

and the Goldthwait Sea (R. J. S. McCairns and L. Bernatchez,

unpubl. data). Unlike other euryhaline teleosts inhabiting the es-

tuary (e.g., Osmerus mordax), in which multiple mitochondrial

DNA (mtDNA) haplotypes suggest colonization from separate

glacial refugia (Bernatchez 1997), only a single mtDNA haplo-

type has been found in stickleback sampled throughout the waters

of the estuary and Gulf of St. Lawrence (J. J. Dodson, unpubl.

data), perhaps not surprisingly given that both western European

and eastern North American populations belong to a single clade,

believed to be derived from the same refugial population (Ortı́

et al. 1994; Mattern 2004). Biogeographical patterns of stickle-

back distribution, compared to other fish in the region, are also

indicative of colonization from a single Atlantic refuge (Crossman

and McAllister 1986; Underhill 1986). Taken together, these ob-

servations all suggest that stickleback demes in the St. Lawrence

estuary are most probably derived from a single ancestral popu-

lation, split during a short-lived vicariant event in which the early

ecological landscape was divided into freshwater and saltwater

zones.

McCairns and Bernatchez (2008) have shown that ecological

factors independent of geographic distance, particularly salinity,

explained the greatest proportion of genetic variance among three-

spine sticklebacks inhabiting the St. Lawrence estuary. Although

this is consistent with a model of “isolation-by-adaptation” (Nosil

et al. 2008), it is not sufficient evidence to demonstrate adaptive

divergence between demes. In this study, we test for adaptation to

divergent osmoregulatory conditions by analyzing reaction norms

of pure crosses reared in a reciprocal experimental microcosm,

defined by limits of the natural salinity gradient. Additionally,

we test if differentiation between demes might be facilitated by

selection against hybrids. Finally, we seek to gain insights into

the mechanisms underlying potential physiological adaptations by

documenting the relative expression of putative candidate genes

for osmoregulation. Differences in levels of gene expression have

been well studied in their role in acclimation to environmental

change; however, very few studies to date have investigated pat-

terns of reaction norms for gene expression (but see Côté et al.

2007), and the role of quantitative changes in gene expression dur-

ing adaptive evolutionary divergence is poorly known (Schulte

2004). To this end, we evaluate the potential adaptive value of

candidate gene expression by estimating their narrow sense heri-

tabilities and selection coefficients.

Materials and Methods
COMMON GARDEN EXPERIMENT

Broodstocks were obtained by sampling adults from two spawn-

ing sites within the St. Lawrence River estuary, each represent-

ing stable freshwater and maritime environments, respectively

(see details in McCairns and Bernatchez 2008). Mature ova were

stripped from females in situ and transported to wet laboratory

facilities (LARSA, Université Laval), in sterile Holtfreiter’s solu-

tion. Testes were also dissected in situ and transported in sterile

Ginzburg’s Fish Ringers solution. Gametes from both sites were

stored for equal time periods at 4◦C, and all crosses were per-

formed within 24 h of sampling. Gamete sampling occurred once

in early June 2005, with a second sampling from both sites ap-

proximately two weeks later.

Crosses followed a blocked factorial breeding design in

which each female was mated with two males, one originating

from her population of origin, and one from the other population

(see Fig. S1 for a schematic). Each block yielded two pure and two

hybrid crosses in which each full-sibling group had both a mater-

nal and paternal half-sibling relation within its block. Eighty-eight

families, comprising 22 independent factorial blocks, were estab-

lished. First generation families were produced following modi-

fications of zebrafish in vitro fertilization techniques adapted for

stickleback research (University of Oregon Stickleback Research

Site). A testis from each male was divided in half, and each half

macerated in a separate 100 mm diameter petri dish. Ova were

initially divided into four lots of approximately 50 eggs, and each

lot mixed gently with one of the four macerated testis halves and

one of two embryo media, either sterilized dechlorinated water,

or a sterilized solution of artificial seawater at twenty parts-per-

thousand salinity (20�). However, due to low initial fertilization

success (data not presented), crosses from the second sampling

period were all initially established under optimal (5�) salinity

conditions (University of Oregon Stickleback Research Site). In

all cases, unfertilized eggs were removed after 24 h, and fertilized

eggs were incubated at 16◦C. Mortalities were enumerated and

removed, and embryo media changed, twice daily.

Upon hatching, fry from 5� salinity embryo medium were

gradually acclimated to alternative salinity conditions. Experi-

mental conditions consisted of all families raised under salinity

regimes representative of the natal freshwater and maritime en-

vironments (McCairns and Bernatchez 2008). Each family was

divided into two groups. In one group, salinity was increased by

5� per day to final experimental conditions (20�). The sec-

ond group was immediately transferred to freshwater medium

(<1�). Upon absorption of yolk sac and beginning of exogenous

feeding, each family was transferred to an individual 2 L con-

tainer. Fry were fed ad libitum twice daily with freshly hatched

Artemia nauplii. At forty-five days posthatch, all larval fish were
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photographed for length measurement. Eight factorial blocks,

comprising 32 families with individuals in both salinity treat-

ments, were selected for transfer to experimental aquaria (sample

sizes for all families can be found in Table S1). Experimental

tanks consisted of individual aquaria connected to one of two

1600 L recirculating systems, one maintained at 20� salinity, the

other with freshwater (<1� salinity). Water quality was main-

tained with a biofiltration system, and through daily siphoning

of waste materials in individual aquaria. Fish were fed ad libi-

tum twice daily a mixture of flake food and commercial salmonid

fry ration, in addition to once daily supplements of freeze-dried

Mysis relicta, frozen chironomid larvae, and live Artemia nauplii.

Each family was photographed an additional three times (120,

180, and 230 days posthatch), from which length-at-age mea-

surements were extracted. Experiments continued until 230 days

posthatch, at which time surviving individuals were sacrificed, a

portion from which gill tissues were sampled and preserved at

−80◦C for subsequent RNA extraction.

DATA ANALYSES

Data consisted of traits both directly (survival) and indirectly

(growth) related to fitness. Survival data included both larval and

juvenile stages, wherein the former is defined as the period be-

tween hatching and 45 days posthatch, and the latter from 45 to

230 days posthatch. Data from both spawning periods were pooled

for larval analyses; all other analyses were based on families from

the second spawning, with one exception (details in Table S1).

Growth-related measurements included specific growth rate for

the larval period, standard length (SL) at 230 days post-hatch, and

residual deviation from a “lifetime” growth model. Because size-

at-age data over the course of the experiment exhibited asymptotic

behavior, we modeled environment-specific mean SL as a func-

tion of the “von Bertalanffy” growth model (Bertalanffy 1957;

Stamps et al. 1998). Individual, residual variation was calculated

as deviation from this model, and served as a proxy for relative

condition. To estimate relative fitness, we calculated the product

of larval and juvenile survival for each family, and standardized

this by the mean of all families within each environment. As a

proxy for individual fitness, we combined all traits by principal

component (PC) analyses. Thus, we were able to relate individ-

ual final size variables (SL and residual size) with family-by-

environment means of early growth rate and absolute survival.

Individual fitness was estimated as the PC score from the first

eigenvector (PC1). To assess the potential efficacy of this metric,

we tested for a significant positive correlation between PC1 score

and relative survival.

We analyzed data from two perspectives. The first was a

comparison of reaction norms for pure crosses reared under re-

ciprocal environmental salinities. The second approach consisted

of tests comparing the mean performance of hybrid and foreign

crosses to the native cross within each environment. This was

accomplished by employing a planned contrast analysis in which

both hybrid and foreign crosses were evaluated against the native

pure cross in each respective salinity, that is, versus the FW–FW

cross in freshwater (<1�) and versus SW–SW in the simulated

maritime environment (20�). We used mixed-effects modeling

via maximum likelihood estimation, with fitness data as response

variables, for simultaneous optimization of both fixed and ran-

dom model terms (Pinheiro and Bates 2000). All analyses were

performed using the “lme4” package implemented in the R com-

puting language (Bates 2007; R Development Core Team 2007).

For the reaction norm analysis, we modeled the effects of

genotype (FW–FW vs. SW–SW), environment (<1� vs. 20�),

and genotype–environment interaction as fixed effects. Addition-

ally, we modeled environmental effects separately for each pure

cross. For all models, variation among families in both inter-

cepts and slopes were treated as random effects. Because survival

(larval and juvenile) consisted of proportional data, we used gen-

eralized mixed models (GLMM) assuming a logit link function

and binomial error distribution. All other variables conformed to

normality and homoscedasticity assumptions, after incorporation

of random effects, so were analyzed using linear mixed-effects

models (LME) with Gaussian error. The significance of fixed

effects was evaluated by estimating the probability that model

coefficients differed from zero based on Markov chain Monte

Carlo (MCMC) sampling of their posterior distributions, condi-

tional on random variation among families. Coefficients included

simple differences between genotypes (i.e., deme-specific differ-

ences in intercepts; G), shared environmental effects (i.e., model

slope; E), and genotype–environment interaction (i.e., differences

between slopes; G × E). Interfamily variation in environmental ef-

fects (i.e., model slopes) was evaluated by testing for significant

reductions in residual variance, based on Akaike’s information

criterion (AIC) and likelihood ratio tests against simpler mod-

els incorporating only random variation among family means.

Contrast analyses employed the same model types, GLMM or

LME, dependant upon the data; however, the factorial breeding

design permitted random variation to be decomposed into sepa-

rate dam and sire components. Analyses were also simpler, with

significance evaluated by estimating the probability that contrast

coefficients differed from zero, based on MCMC sampling of the

conditional means for each cross.

CANDIDATE GENE EXPRESSION

Candidate genes for osmoregulation were selected based on a

review of the physiological literature on teleosts, in which we

identified molecular pumps and channels believed to be unique to

osmoregulation in either the freshwater or saltwater environments

(Marshall 2002; Hwang and Lee 2007). We targeted two genes

associated with freshwater osmoregulation: a vacuolar hydrogen
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Table 1. Gene transcripts amplified by real-time quantitative PCR.

Genomic location
Candidate Ensembl gene ID Amplicon Primer sequences
gene (transcript ID) length Chrom. Start (exon) End (exon)

1EF1α ENSGACG00000002182 77 bp X 1,567,954 1,568,030 F: CATTGTCACTTACCTGAATCACATGA
(ENSGACT00000002893) (8) (8) R: TGTGGCATTTAACAACATTTCCA

2CFTR ENSGACG00000009039 65 bp XIX 10,198,841 10,198,905 F: GCAGGCCTCTTCTTCACCAA
(ENSGACT00000011967) (10) (10) R: TCCAGATAGAGGCTGATGTTCTTG

IGF ENSGACG00000020042 64 bp IV 32,106,839 32,107,256 F: ACAGGAGCACAGAGCGTAGGA
(ENSGACT00000026526) (3) (4) R: AACGGTCTCTTCTTGTTTTTTGTCTT

NAK ENSGACG00000014324 112 bp I 21,699,651 21,699,762 F: ACTCCGGGCTGAGAGAGAGAG
(ENSGACT00000018945) (1) (1) R: AGCCCCATGGTTGCAATG

VATP ENSGACG00000017118 60 bp III 12,975,113 12,974,139 F: TGCACAGGAGCAGGAACTATTTC
(ENSGACT00000022675) (7) (8) R: CGCCACACACTGGACGTACT

1Endogenous control used in relative quantitation.
2Transition at third nucleotide in the forward (F) primer sequence; guanine (G) reported in Ensembl stickleback genome.

ATPase (VATP; Gene Ontology annotation ATP6V1H) and a

sodium–potassium ATPase (NAK; ATP1A1). Although NAK be-

longs to a multigene family, with many of its transcripts associated

with Na+ secretion in saltwater (Marshall 2002; Madsen et al.

2007), a number of isoforms also provide energy for ion uptake

in freshwater (Bystriansky et al. 2006; Bystriansky et al. 2007;

Nilsen et al. 2007). Moreover, the specific transcript amplified in

this study is the product of a gene for which intronic single nu-

cleotide polymorphisms have proven useful in discriminating be-

tween stickleback populations inhabiting a freshwater–saltwater

gradient in an independent system (Jones et al. 2006). Thus, we

hypothesized that any differential expression in this gene could be

particularly informative regarding osmoregulatory divergence. As

a candidate gene for saltwater adaptation, we selected the cystic

fibrosis transmembrane regulator (CFTR; CFTR). Given its role

in the smoltification process in salmonids (Sakamoto et al. 1993),

we hypothesized that insulin-like growth factor (IGF; IGF1) might

be a candidate gene for saltwater acclimation in Gasterosteus as

well. Finally, as a reference gene, we selected the elongation

factor EF1α (EEFA), for which mRNA expression in gills does

not change in response to environmental salinity (Scott et al.

2004a,b).

Candidate gene expression was estimated based on relative

quantitation of mRNA transcripts, assayed by real-time quanti-

tative PCR (qPCR) using an Applied Biosystems (Foster City,

CA) 7500 Real-Time PCR system. Primers and probes specific to

each candidate gene were designed based on stickleback orthologs

predicted from the annotated Takifugu rubripes genome (Ensembl

Genome Browser). Putative transcript sequences were exported to

PrimerExpress software (Applied Biosystems) to identify initial

primer sequences. Initial primers were used to amplify and se-

quence candidate exon regions (200–300 bp) from five randomly

selected test individuals. Sequence similarity was assessed by

manual alignment, and consensus sequences exported to Primer-

Express software to identify primers and probes for qPCR. Pre-

dicted amplicons, in addition to primer/probe sequences individ-

ually, were compared against the stickleback genome using a

BLAST search (Ensembl Genome Browser) to ensure that each

targeted a unique transcript. Details regarding primer sequences,

as well as amplicon sizes and genomic locations, can be found in

Table 1.

A maximum of 10 surviving individuals per salinity treatment

per family were selected at random; for groups with fewer than 10

survivors, all individuals were used. Gill arches were excised im-

mediately and preserved in liquid nitrogen until RNA extraction.

Frozen gills were transferred to RNA lysis buffer and mechani-

cally disrupted and homogenized using a TissueLyser bead mill

(QIAGEN, Valencia, CA). Total RNA was purified using Pure-

Link silica-based membrane spin cartridges (Invitrogen Corpora-

tion, Carlsbad, CA), and eluted in nuclease free water. Total RNA

concentration was estimated for each extraction based on UV ab-

sorbance at 260 nm, measured with a capillary spectrophotometer

(GeneQuant, Pharmacia (now GE Healthcare), Piscataway, NJ).

In total, high quality RNA was successfully extracted from 292

individuals (family specific details in Table S1).

Five nanograms of total RNA were treated with DNaseI to

a final volume of 50 μL. Fifteen microlitres of this solution was

used as a template for cDNA amplification from random primers

(High-Capacity cDNA Archive Kit; Applied Biosystems). Each

qPCR contained 5 μL of diluted (1:5) cDNA, 900 nM of forward

and reverse primers, 250 nM FAM-labeled probe, and 12.5 μL

TaqMan Universal PCR Master Mix (Applied Biosystems), to a

final reaction volume of 25 μL. Candidate gene assays were per-

formed in simplex reactions with three technical replicates per

individual gene. Each 96-well plate contained all gene assay re-

actions for five randomly selected individuals, in addition to assay
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reactions for a reference individual replicated across all plates and

a single negative control for each reaction. Real-time PCR cycle

threshold values (CT) for each technical replicate were calculated

using 7500 Software (version 2.0.1; Applied Biosystems).

Analysis of relative transcription
We first validated that the amplification efficiencies of target and

reference genes were approximately equal by calculating standard

curves based on a logarithmic series of cDNA dilutions (Livak

and Schmittgen 2001). Each target was normalized against the

reference gene EF1α (�CT). Target quantitation was estimated

relative to transcription level differences of the reference indi-

vidual replicated across all plates (��CT). Relative quantitation

(RQ) was estimated based on the 2−��CT relationship (Livak and

Schmittgen 2001). However, rather than basing calculations on the

mean CT values from an individual’s three technical replicates,

we calculated bootstrapped values: one target and one reference

CT value were sampled randomly from among the three technical

replicates, in addition to one target and one reference CT value

sampled from among all the multiplate data for the reference

individual. Thus, one hundred bootstrap RQ values per candi-

date gene were calculated for each individual. Variation among

plates and individuals was nested within each family and treated

as random effects in LME models. Random variation in model

intercepts and slopes was partitioned among all levels, and the

significance of plate and slope effects evaluated via information

theory (AIC) and likelihood ratio tests. Data were log transformed

and analyzed as per procedures described for fitness traits, that

is, reaction norm analysis of pure crosses and contrast analyses

within each environment.

Finally, because adaptive divergence is a product of natural

selection (Williams 1966; Endler 1986), and no trait can respond

to selection without underlying heritable variation (Roff 1997),

we deemed evidence for both heritability and selection coeffi-

cients as requisite to infer adaptive divergence between demes.

We estimated genetic variance components for gene expression

by restricted maximum likelihood (REML) within the framework

of the animal model (Kruuk 2004; Thompson 2008). Employ-

ing the half-sibling pedigree structure for the entire dataset, and

treating environmental salinity as a fixed effect, we used the pro-

gram WOMBAT to estimate heritability and genetic correlations

for transcription of all candidate genes (Meyer 2007). We used a

multiple regression model, correlating gene expression with our

proxy for individual fitness (PC1), to estimate potential selection

gradients for the expression of osmoregulatory candidate genes

(Lande and Arnold 1983). Log transformed RQ data were rescaled

to a mean of zero, and were entered simultaneously in a multi-

ple regression model as independent variables; PC1 scores were

rescaled by their global mean (Lande and Arnold 1983). Gradi-

ents for directional and stabilizing selection were estimated as

the simple linear and doubled quadratic coefficients, respectively

(Stinchcombe et al. 2008). Estimates, their corresponding high-

est posterior density intervals, and P-values testing whether the

estimates differed significantly from zero, were based on MCMC

sampling of the posterior distribution of the multiple regression

model, conditional on random dam and sire effects. Analyses

were performed on the entire dataset, and separately for each

experimental salinity.

Results
REACTION NORMS OF FITNESS TRAITS

Families from the freshwater deme (FW–FW) tended to have

greater mean larval survival in freshwater (0.904) than in salt-

water (0.876), although this environmental effect was not strictly

significant (Fig. 1A; P ≈ 0.078). We also detected significant

variation among freshwater families in their response to environ-

mental salinity, with up to 68.9% of model variance attributable

to random variation in slopes (Table 2). In contrast, families orig-

inating from the maritime deme (SW–SW) exhibited a highly sig-

nificant decrease in mean larval survival in freshwater (0.669 vs.

0.801; P ≈ 0.001). Moreover, random variation in slopes among

families was not significant in this group (Table 2), and their av-

erage reaction norm was significantly different from that of the

freshwater deme (P < 0.001). Whereas survival was relatively

high throughout the larval stage, juvenile survival appeared to be

substantially reduced (Fig. 1B). Contrary to the trend observed

for larval survival, FW–FW families exhibited greater juvenile

survival at 20� salinity (0.130 vs. 0.208; P ≈ 0.012), although

there was also significant interfamily variation in model slopes

(Table 2). SW–SW families also had low mean survival in fresh-

water (0.153), but did not differ significantly from the FW–FW

mean in this environment (P ≈ 0.319). However, the SW–SW

cross had much higher mean survival in saltwater (0.540; P <

0.001), which was also reflected in a significant difference be-

tween slopes (P < 0.001).

Indirect fitness traits (i.e., size and growth variables) proved

to be uninformative when analyzed independently. Results, how-

ever, are available as supporting information (Fig. S2). Although

there was evidence supporting an additive model incorporating

genotypic and environmental effects describing trends in larval

growth rate (Fig. S2A), we detected no significant patterns of G ×
E for any growth-related trait (Fig. S2), nor was there any signifi-

cant family-level variation in trait plasticity (i.e., model slopes) for

either deme (Table 2). PC analyses yielded an eigenvector (PC1)

accounting for 47% of the variation in size and growth data, and

positively correlated with relative survival (Fig. 2). Because this

relationship was observed in both the freshwater (r = 0.199; P =
0.031) and saltwater treatments (r = 0.266; P < 0.001), we con-

cluded that PC1 scores could serve as useful proxies for individual

fitness.
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Figure 1. Larval (A) and juvenile (B) survival in freshwater (< 1�)

and saltwater (20�) environments. Boxes represent estimated

cross means ± standard error, conditional on random variation due

to dam and sire effects; whiskers denote quartiles of the raw data.

Significance of differences between hybrid and foreign crosses,

contrasted with the pure cross native to each environment (i.e.,

FW–FW in freshwater; SW–SW in saltwater), are presented below

the respective box-plots. Solid lines denote mean reaction norms

for pure freshwater crosses (βFW), conditional on random varia-

tion among families, whereas dashed lines correspond to those of

pure maritime crosses (βSW). Model results are offset in text boxes.

Significance of coefficients from the reaction norm analyses, as es-

timated by MCMC sampling of their posterior distributions, is la-

beled accordingly. Independent estimates of reaction norm slopes

(β) for each deme are presented in parentheses.

Overall fitness metrics suggested that crosses tended to

perform better in their native salinity than in the reciprocal

environment (Fig. 3); however, both the magnitude and signif-

icance of this effect varied. FW–FW crosses exhibited a trend to-

ward reduced fitness in saltwater, but this was not significant for

relative survival (P ≈ 0.543), nor for the individual fitness proxy

(P ≈ 0.769). In contrast, SW–SW crosses exhibited a nearly sig-

nificant reduction in relative survival when in freshwater (P ≈
0.079), with support for this interpretation also coming from ev-

idence for G × E of relative survival (P ≈ 0.053). Although the

maritime deme did not differ from the native cross in the fresh-

water environment (P ≈ 0.839), in saltwater the relative survival

of the SW–SW group was significantly greater than that of the

freshwater deme (P ≈ 0.007). Similar trends were observed for

the individual fitness proxy (Fig. 3B). Reduction of individual

fitness in response to the freshwater environment was less equiv-

ocal in the maritime deme (P ≈ 0.037), although mean values

were not statistically different from the FW–FW crosses in either

environment (Fig. 3B).

Hybrid comparisons
Larval survival in freshwater was suggestive of reduced hybrid

fitness; however, these differences did not reach significance

(Fig. 1A). In saltwater, neither hybrid crosses differed from the

native deme in early life. Differences, however, began to emerge

throughout the experiment, with hybrid juvenile survival in salt-

water apparently less than that of the native cross (Fig. 1B), al-

though only crosses with freshwater dams (FW–SW) exhibited

significant differences in mortality (P ≈ 0.022). Conversely, in

freshwater neither hybrid crosses differed significantly from the

native deme (Fig. 1B), although one showed a trend toward in-

creased survival (SW–FW; P ≈ 0.081). These same patterns were

also reflected in relative fitness data (Fig. 3A): although apparent

differences were less pronounced in freshwater, in saltwater, con-

trasts with the native deme were greater. However, no significant

differences were observed for individual fitness (PC1) in either

environment (Fig. 3B).

CANDIDATE GENES FOR OSMOREGULATION

Transcription of the CFTR gene was significantly influenced by

environmental salinity in all crosses (Fig. 4A). CFTR was upregu-

lated in freshwater, ranging from 1.5- to 2.3-fold greater; however,

differences among crosses were not significant. IGF expression

was also significantly upregulated in freshwater, but only for the

FW–FW cross (Fig. 4B; P ≈ 0.009). The slope describing the

environmental effect in the SW–SW cross was not significant

(P ≈ 0.204), and was significantly different from the freshwater

deme’s reaction norm (P ≈ 0.007). Interestingly, random varia-

tion in IGF plasticity was also significant in SW–SW, but not for

FW–FW crosses (Table 2). NAK exhibited marked environmen-

tal effects in all crosses (Fig. 4C), with expression ranging from

1.7- to 2.8-fold greater in freshwater. Pure crosses also displayed

a significant pattern of G × E (P ≈ 0.002), although as with

IGF, we also detected significant individual (within family) vari-

ation in NAK plasticity within the saltwater deme. Average gene
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Figure 2. Principal components analysis of fitness related traits (A). The first eigenvector (PC1) captures 47% of the variation in compo-

nent traits, for which loadings are presented. Individual scores for PC1 were used as a proxy for individual fitness. Correlation between

this fitness proxy and family-specific relative survival (B). Individuals reared in freshwater (<1�) are plotted with closed circles, whereas

open squares denote individuals from saltwater (20�).

expression in the SW–SW cross was 1.2-fold greater than that of

the FW–FW cross in freshwater, although this difference was not

significant (P ≈ 0.203); however, significant upregulation (1.3-

fold; P ≈ 0.033) and a trend toward downregulation (0.8-fold;

P ≈ 0.062), relative to the native deme, was observed for hybrids

of saltwater dams (SW–FW) and sires (FW–SW), respectively.

In saltwater, FW–FW NAK expression was 1.2-fold greater (P ≈
0.016) than the native deme; hybrid expression did not differ

significantly (Fig. 4C). VATP expression was unaffected by envi-

ronmental salinity (Fig. 4D). There was a trend for greater levels

of transcription in the SW–SW cross, although the apparent dif-

ference was not significant (P ≈ 0.129), nor were hybrid crosses

significantly different from pure crosses in their native environ-

ments, apart from a relative downregulation in saltwater of the

SW–FW cross (0.89-fold; P ≈ 0.037).

Heritability and selection gradients
With the exception of CFTR, we detected significant additive

genetic variance for relative transcription rates of all candidate

genes, which allowed calculating narrow sense heritabilities (h2)

that excluded zero for IGF, NAK, and VATP (Table 3). Genetic

correlations between CFTR and other candidate genes were nega-

tive; however, because h2 was not significant for CFTR, we could

not calculate sampling errors for the estimates. As such, these

correlations must be assumed to be nonsignificant. In contrast, all

other pairwise genetic correlations were estimated to be positive.

However, only the correlation between IGF and VATP expres-

sion was significant, that is, the difference between the estimate

and the sampling error excluded zero (Table 3). We also esti-

mated significant directional selection gradients for both CFTR

and NAK expression, whereas only VATP exhibited a signifi-

cant quadratic (stabilizing) selection coefficient (Table 4). When

data corresponding to the different rearing environments were

analyzed separately, we observed that these relationships were

indeed environment specific. The directional selection gradient

estimated for NAK was not significant in saltwater, and equivo-

cal in the freshwater environment (P ≈ 0.077; however, the 95%

HPD interval excluded zero, ranging between 0.001 and 0.109).

In contrast, a significant negative selection coefficient for CFTR

was only observed in saltwater (P ≈ 0.003; 95% HPD: −0.091–

−0.031).

Discussion
Genotype–environment interaction for fitness is often indicative

of adaptive differentiation, and the precise form of this interac-

tion may be useful to infer the specific nature of the divergence.

For example, crossing reaction norms represent the unequivocal

satisfaction of a “local versus foreign criterion,” wherein resident

genotypes in their respective environments have higher relative

fitness than genotypes originating from other habitats, and thus,

signify local adaptation. Indeed, it has been argued that satis-

faction of the local versus foreign criterion is the requisite test

necessary to infer local adaptation (Kawecki and Ebert 2004).

However, given that environment-specific fitness trade-offs may

not be a universal characteristic of all locally adapted demes

(Hereford 2009), dogmatic adoption of this strict definition might

exclude many informative examples of local adaptation. More-

over, other patterns of divergent fitness reaction norms, although

perhaps equivocal regarding local adaptation per se, have been

indispensable in revealing more cryptic examples of adaptation,

such as the phenomenon of counter gradient variation (Conover

and Schultz 1995). Thus, reaction norms for fitness are clearly

indicative of adaptive differentiation between freshwater and mar-

itime stickleback demes. Genotype–environment interaction for

relative survival is effectively significant (P ≈ 0.053), and model

slopes suggest that each deme’s fitness is reduced in their nonna-

tive salinity (Fig. 3A), although only that of the saltwater deme

truly approaches significance (P ≈ 0.079). Patterns in component

data (i.e., absolute survival) are equally revealing, in which the
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Figure 3. Environment-specific relative survival (A) and individ-

ual fitness (B), as estimated from the first eigenvector score com-

bining all fitness related traits (see Methods for details). Boxes

represent estimated group means and their 95% posterior density

intervals, conditional on random variation due to dam and sire ef-

fects; whiskers denote quartiles of the raw data. Reaction norms,

P-values, and modeling results are as per Figure 1.

resident freshwater deme exhibits a relatively small decrease

(3.1%) in larval survival in saltwater, whereas the effect of fresh-

water on the maritime deme is more severe (16.4%). Moreover,

this steep fitness cost in freshwater persists throughout the juve-

nile stage (Fig. 1B).

Poor juvenile survival in freshwater, however, does raise

some concern regarding the generality of our conclusions. Stick-

leback reared under laboratory conditions are known to perform

poorly in freshwater (Benjamin 1974); consequently, best prac-

tices for their husbandry typically involve rearing in slightly

brackish water (3�–5�), regardless of the natal environment of

source populations (University of Oregon Stickleback Research

Site 2008). However, the salinities used in this experiment were

selected specifically to mimic those of the natural environments

of the two demes (McCairns and Bernatchez 2008). Furthermore,

water used in the wet laboratory, although treated and dechlori-

nated, originated from the same source as that of the freshwater

deme. Maintenance in brackish water instead of freshwater would

likely have lead to better overall survival, given that all crosses

tended to exhibit positive model slopes in analyses of juvenile sur-

vival (Fig. 1B; see also Table S2). However, we contend that any

improvement in survival would have come at the expense of in-

creased ambiguity in model interpretations, particularly given that

our ultimate objective was to test for adaptation to the freshwater

environment. Moreover, apart from the SW–SW cross, juvenile

survival in saltwater is only marginally better than that in freshwa-

ter: in freshwater, average survival ranges between 10% and 25%,

as opposed to 12% and 28% in saltwater. Therefore, although re-

sults should be interpreted cautiously, there is no reason to suggest

that they are merely experimental artefacts. Indeed, exploration

of variance components suggests a role for maternal effects: the

dam component of mean larval and juvenile survival in both en-

vironments appears to capture a substantially higher proportion

of variance than the sire component (Table S2), although we do

not wish to overinterpret this observation given the lack of in-

trademe half-sibling crosses for comparison. Nevertheless, given

that mitochondria-rich cells are crucial for ion exchange (Mar-

shall 2002; Evans et al. 2005; Varsamos et al. 2005), it would

not be surprising to discover that maternal contributions play an

important role in salinity acclimation and/or adaptation.

THE FATE OF HYBRIDS

Given the lack of physical barriers to dispersal within the St.

Lawrence estuary, there is considerable potential for movement

and interbreeding between demes, potentially at the expense of

locally adapted gene complexes. However, theoretical and em-

pirical work has demonstrated that adaptive differentiation in the

face of gene flow is possible if the strength of postzygotic selec-

tion exceeds the effective rate of migration (Garcı́a-Ramos and

Kirkpatrick 1997; Hendry et al. 2001; Lenormand 2002). Thus,

selection against hybrids could help to maintain adaptive differen-

tiation if gene flow were prevalent between demes. Of particular

relevance is the fate of hybrids in the novel environment. Given

the global colonization history of the species (Bell and Foster

1994; Ortı́ et al. 1994), and particularly the paleoecology of the

St. Lawrence estuary, we can safely assume that freshwater rep-

resents the novel habitat type. Data for larval hybrids in fresh-

water suggest that absolute survival is 5.8% and 11.2% less than

the native deme for families with maritime sires (FW–SW) and

dams (SW–FW), respectively (Fig. 1A). However, these differ-

ences may only be judged significant if one were to hypothesize

reduced larval survival a priori, thus, justifying treatment of data

under a one-tailed analysis. Trends in juvenile survival are less
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Figure 4. Relative quantitation of mRNA transcription for CFTR (A), IGF (B), NAK (C) and VATP (D). Data are normalized against EF1α, and

quantitation estimated relative to a control individual replicated across all plates (see Methods for details). Box-plots, reaction norms,

P-values, and modeling results are as per Figure 3.

pronounced (Fig. 1B), suggesting a slight decrease for FW–SW

crosses (3.5%), and even increased survival for SW–FW hybrids

(11.8%). Recent evidence, however, suggests that dispersal among

stickleback populations may be male biased (Cano et al. 2008). If

this is true, then hybrids derived from maritime dams (SW–FW)

Table 3. Estimated heritabilities and genetic correlations. Diagonal elements list the heritabilities for candidate gene expression, with

associated sampling errors in parentheses. Genetic correlations are presented in the lower triangle, with their corresponding sampling

errors in parentheses. Significant estimates (i.e., those which exclude zero) are presented in bold type.

CFTR IGF NAK VATP

CFTR 0.031 (0.062)
IGF −0.958 (n.a.) 0.161 (0.089)
NAK −0.407 (n.a.) 0.348 (0.456) 0.095 (0.076)
VATP −0.427 (n.a.) 0.655 (0.305) 0.241 (0.451) 0.197 (0.107)

are less likely to exist in freshwater, and we may focus on the

relative fitness of those with a maritime paternal lineage (FW–

SW). By standardizing survival relative to that of the native FW

deme (ω), we can estimate selection coefficients (s = 1 − ω)

in the novel environment (Orr 2009), suggesting reduced fitness
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Table 4. Normalized multiple regression coefficients modeling the relationship between relative transcription levels of candidate genes

for osmoregulation and a proxy for individual fitness (PC1). Coefficients define both linear (β) and quadratic (β2) relationships simulta-

neously. Estimates and their corresponding 95% highest posterior density intervals (HPD) are based on MCMC sampling of the posterior

distribution of the multiple regression model, conditional on random dam and sire effects. Data unique to each salinity treatment were

also analyzed separately, for which point estimates and their significance are reported.

All data
Gene Coef. FW (<1�) SW (20�)

Est. (P-value) HPD interval Est. (P-value) Est. (P-value)

CFTR β −0.039 (0.011) −0.064 – −0.014 −0.016 (0.461) −0.054 (0.003)
β2 0.025 (0.178) −0.005 – 0.055 0.042 (0.175) −0.027 (0.305)

IGF β −0.016 (0.143) −0.035 – 0.003 −0.030 (0.116) −0.018 (0.223)
β2 −0.009 (0.444) −0.028 – 0.011 −0.018 (0.329) 0.016 (0.368)

NAK β 0.049 (0.006) 0.019 – 0.078 0.057 (0.079) 0.019 (0.390)
β2 −0.001 (0.959) −0.032 – 0.029 0.002 (0.979) 0.037 (0.084)

VATP β −0.019 (0.133) −0.040 – 0.002 −0.036 (0.211) −0.017 (0.357)
β2 0.032 (0.021) 0.009 – 0.055 0.026 (0.306) 0.032 (0.056)

in both larval (s = 0.065) and juvenile (s = 0.273) stages of

FW–SW hybrids. Moreover, previous modeling of divergence

with gene flow between these demes suggest that a selection

differential greater than 0.006 would be sufficient to maintain

adaptive divergence (McCairns and Bernatchez 2008). Thus, even

these modest decreases in hybrid survival could be sufficient for

persistent local adaptation in the face of gene flow.

INSIGHTS FROM CANDIDATE GENE EXPRESSION

Although fitness data support the hypothesis of adaptive diver-

gence, some observations from the qPCR experiment were anti-

thetical to our original expectations, and as such, warrant special

consideration. The most striking was the observed upregulation

of CFTR in freshwater (Fig. 4A). CFTR expression has been

studied in a number of euryhaline teleosts, and in all instances,

transcription in gill tissue is reportedly increased in response to

saltwater (Scott et al. 2004a; Madsen et al. 2007; Tang and Lee

2007). However, nearly all studies we have examined in the phys-

iological literature are based upon abrupt transfer of individuals

from one environment to another, and focus on acute time peri-

ods (e.g., 1–48 h). Moreover, relatively longer-term studies (i.e.,

30 days) suggest that increases may be transient, with expression

levels tending to decline to control (i.e., freshwater) levels after

30 days (Singer et al. 2002; Mackie et al. 2007). As such, pre-

vious results may be more indicative of the physiological mech-

anisms underlying acclimation to dynamic salinity changes, as

opposed to evolved responses to novel environments. Neverthe-

less, one comparative study of Fundulus heteroclitus populations

known to differ in their tolerance to freshwater may shed light

upon these unexpected observations. Scott and colleagues (2004b)

demonstrated that transfer from brackish (10�) to freshwater re-

sulted in predicted decreases in CFTR expression; however, af-

ter 14 days, transcription levels posttransfer were comparable to

those in brackish water, but only in fish from the more freshwater

adapted population. These observations may lend some support

to the largely untested hypothesis of a possible involvement of

CFTR in freshwater ion transport (Marshall 2002; Marshall et al.

2002; Hwang and Lee 2007). Certainly future study is required to

improve our generally poor understanding of freshwater osmoreg-

ulation, particularly regarding mechanisms underlying chloride

ion influx (Perry 1997; Marshall 2002; Tresguerres et al. 2006).

In most reported cases, VATP is upregulated in freshwater

(Piermarini and Evans 2001; Kaneko and Katoh 2004), and down-

regulated in saltwater (Reis-Santos et al. 2008). Thus, the lack of

environmental effects on VATP expression was also unexpected

(Fig. 4D), but serves to highlight the importance of transcript

and/or isoform identification in candidate gene studies. VATP is

composed of at least six subunits, but it is the “B” subunit that

is coupled to sodium transport (Boesch et al. 2003; Kane 2005).

More specifically, it is the B1 or “kidney” isoform whose kinetic

properties have been linked to proton transfer through epithe-

lial membranes, whereas the B2 isoform is involved in acidifica-

tion of intracellular vesicles (Boesch et al. 2003; Schredelseker

and Pelster 2004). However, a BLAST search of the stickleback

genome revealed no region annotated as the B1 isoform; more-

over, the closest stickleback ortholog to the well-studied zebrafish

B1 sequence (GenBank accession no. AF472614) was annotated

as the B2 form. Consequently, we targeted the H subunit, a do-

main critical to proper VATP function (Kane 2005). However,

given VATP’s alternate role in acid–base equilibration, it is likely

that our target was too general to detect VATP expression unique

to its putative role in freshwater ion influx.

IGF expression exhibited the crossing reaction norms in-

dicative of locally adapted demes (Fig. 4B); however, even these

results were surprising. The role of IGF as an osmoregulatory

protein is perhaps best known from its association with the
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process of smoltification in salmonids (Sakamoto and Hirano

1993; Sakamoto et al. 1995; McCormick 1996). Observations

from other euryhaline species have also demonstrated transient

increases in gill expression after saltwater transfer (Mancera and

McCormick 1998; Tipsmark et al. 2007). Yet, rather than upreg-

ulation in saltwater, we observed a significant decrease in IGF

expression unique to the pure FW–FW cross (Fig. 4B). Conse-

quently, we have rejected IGF as a likely candidate gene for salt-

water acclimation in sticklebacks. However, IGF is also thought

to regulate prolactin production (Fruchtman et al. 2000), which

in turn may serve as a hormonal regulator of proteins associated

with ion uptake (McCormick 2001; Manzon 2002; Hirose et al.

2003). This pathway does seem plausible in light of the results

of one study in which long-term cultures of marine sticklebacks

could only be maintained successfully in freshwater with contin-

ued prolactin injections (Benjamin 1974). Thus, future research

into freshwater osmoregulation in sticklebacks should consider

both prolactin and IGF expression.

NAK expression is 1.7- to 2.8-fold higher in freshwater

(Fig. 4C). This is consistent with studies of F. heteroclitus, in

which an orthologous isoform exhibits both increased mRNA

transcription and enzyme activity after freshwater transfer (Scott

et al. 2005), and with kinetic modeling suggesting that NAK alone

can provide sufficient energy to promote sodium uptake against

an unfavorable electrochemical gradient (Kirschner 2004). Given

significant heritable variation for its expression (Table 3), in addi-

tion to a positive correlation with fitness, particularly in freshwater

(Table 4), we predict that NAK is likely involved in adaptation

to the freshwater environment. It is somewhat perplexing then,

that relative NAK quantitation does not differ between demes in

the freshwater environment (P ≈ 0.203). However, their reaction

norms are significantly different, and in saltwater, NAK expres-

sion for the freshwater deme is 1.2-fold greater than the maritime

deme (P ≈ 0.016). Interestingly, this pattern may be suggestive of

adaptation mediated by ancestral plasticity, a model that has also

emerged to explain morphological divergence within the species

(Wund et al. 2008).

ADAPTIVE ANCESTRAL PLASTICITY

Although reaction norms for fitness components can be diagnos-

tic for local adaptation, it is likely erroneous to discuss plasticity

in survival per se. Rather, the environmental effects described in

reaction norms for survival are indicative of the overall functional

plasticity of a given group. From this perspective, the freshwater

deme might appear to be the more functionally plastic, given that

survival differed only marginally between environments (Fig. 1).

This is surprising because the freshwater region of the estuary

not only represents a novel habitat type, but also represents a

more stable salinity regime: within the freshwater, fluvial estuary

there is no influx of saltwater, whereas nearly half of the maritime

deme’s range experiences diurnal salinity fluctuations from 5�
to 30� (Vincent and Dodson 1999; McCairns and Bernatchez

2008). Furthermore, salinity within the tidal marshes of the mar-

itime deme’s breeding/nursery sites may also vary depending on

the relative precipitation in any given year. Thus, maritime stick-

lebacks are likely to experience periods of reduced salinity, if not

freshwater, at some point in their lifecycle, whereas freshwater

individuals will be exposed to constant, hypo-osmotic conditions.

Interestingly, both demes exhibited increased juvenile survival in

response to environmental salinity, although this environmental

effect was substantially greater in the maritime deme. Moreover,

a cumulative selection estimate, accounting for both the positive

salinity effect and decreased survival relative to the native deme,

suggests a 22% reduction of relative survival (s = 0.217) for the

freshwater deme in saltwater. Yet within the freshwater environ-

ment, juvenile survival was similar between demes. This suggests

that functional plasticity within the ancestral group may have fa-

cilitated survival in the novel environment, but subsequent adap-

tation to freshwater appears to have come at the cost of reduced

fitness in the ancestral environment (Ghalambor et al. 2007).

Trait plasticity also appears to have been reduced in the de-

rived population. The absolute values of the freshwater deme’s

reaction norm slopes were less than that of the saltwater deme in

three of the four candidate genes studied (Fig. 4); however, only

three of the targeted transcripts are likely involved in freshwater

osmoregulation, and only two exhibited statistically significant

differences. Yet the same trend was also observed for all growth-

related traits (Fig. S2); thus, in six of seven traits, the maritime

deme exhibited a trend toward greater plasticity than that of the

freshwater deme (binomial exact test; P = 0.063). This begs the

question of whether the relatively constant freshwater environ-

ment presents a reduction of selective pressures favoring plas-

ticity, thereby allowing for drift and eventual loss (Masel et al.

2007), although large effective population sizes suggest drift may

not be the likeliest explanation (McCairns and Bernatchez 2008).

Conversely, could selection actually favor increased plasticity in

the maritime deme? Certainly individual components of a reac-

tion norm (e.g., the slope), and thus plasticity, may be subject

to selection given intragenerational environmental heterogeneity

and character (i.e., trait) lability within an organisms’ lifetime

(Via et al. 1995). Candidate gene expression conform to these

conditions, although variable trait plasticity and environmental

heterogeneity alone are not sufficient evidence to infer an adap-

tive value for trends in reaction norm slopes. Nevertheless, we

must consider the potential adaptive value of such physiolog-

ical plasticity itself; and although we do not have the data to

test these hypotheses explicitly, that is, measures of individual

plasticity to correlate with individual fitness, all hinge on the

controversial assumptions underlying the argument for adaptive

plasticity.
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There is a general consensus that under certain demo-

graphic/ecological conditions plasticity can be advantageous, that

is, “adaptive” in a broad sense (Gotthard and Nylin 1995; Via et al.

1995; Dudley and Schmitt 1996; Hollander 2008); however, there

is considerable debate as to whether plasticity can be considered

a sensu stricto “adaptation” to environmental heterogeneity. This

controversy stems from two related and largely unresolved is-

sues: is plasticity actually a character state unto itself, separate

from mean trait values across environments; and if so, is there un-

derlying additive genetic variance associated with its differential

expression? Via (1993) has argued that interpopulation differ-

ences in reaction norm shape can result from directional selec-

tion on trait means in divergent environments. Moreover, treating

plasticity as an independently evolving character necessitates the

assumption of separate genetic control, although such “plastic-

ity genes” may exist as regulatory elements within the genome

(Schlichting and Pigliucci 1995; Schlichting and Smith 2002).

For reaction norms to evolve, there must also be genetic variation

independent of mean population-level environment effects (Via

and Lande 1985; Gomulkiewicz and Kirkpatrick 1992). Theory

suggests that additive variance for plasticity is possible (Scheiner

and Lyman 1989), although it is generally weak (Scheiner 1993),

and has been exceedingly difficult to quantify.

Recent studies have proposed a solution to the difficulty of

estimating additive variance for plasticity by using REML mixed-

model analysis, in which mean effects of cohort/population and

environmental interactions are controlled as fixed model terms,

and variation among families are incorporated as random effects

(Brommer et al. 2005; Nussey et al. 2005a,b; Charmantier et al.

2008). Additive variance in plasticity is inferred by random vari-

ation in the coefficient describing environmental effects, and its

significance can be evaluated via likelihood ratio test. Using the

same analytical framework, we detected no significant random

variation in reaction norm slopes for CFTR or VATP (Table 2).

NAK and IGF exhibited significant interfamily and individual

variation in slopes, but only within the saltwater deme (Table 2).

These estimates based on full-sibling family groups, however,

represent broad-sense genetic variation, and likely include both

nonadditive and maternal sources of variation. This appears to

be confirmed in the full analysis of all crosses, in which varia-

tion in NAK plasticity is effectively partitioned only into the dam

component (Table S2). In contrast, variation among individuals

within families, which is analogous to additive variance within an

animal model, remains significant for IGF. Thus, IGF appears to

be the only trait for which additive variance in plasticity is likely.

Ironically, this is also the only trait exhibiting greater plasticity

in the freshwater deme, yet additive variance is most likely only

present within the saltwater deme, which showed no significant

plasticity (Fig. 4B). Additionally, environment-specific selection

gradients for NAK and CFTR suggest differential selection in

freshwater and saltwater, thus, corresponding to Via’s (1993) al-

ternative explanation for reaction norm differences. Altogether,

these observations do not support the hypothesis that plasticity

could respond to selection, thus, it is unlikely that plasticity has

increased in the maritime deme. Consequently, we are left to con-

sider the loss of plasticity in the derived population.

Genetic assimilation and the loss of plasticity
Genetic assimilation is a form of canalization in which an en-

vironmentally induced trait becomes genetically entrained, that

is, no longer dependent upon the environmental stimulus for its

expression in subsequent generations (Waddington 1942; Crispo

2007). Although originally rejected as a curiosity unique to arti-

ficial environments during the framing of the Modern Synthesis,

recent interest has grown due to its hypothesized role as a poten-

tial source of both phenotypic and genetic novelty (West-Eberhard

2005). Although this remains a matter of debate, its theoretical

underpinnings have proven plausible (Eshel and Matessi 1998;

Price et al. 2003), and as in the case of adaptive plasticity, the

most cogent hypotheses confer an important role to regulatory

genes (Eshel and Matessi 1998; Behera and Nanjundiah 2004).

Empirical studies demonstrating the effect are rare, and the best-

documented evidence of the phenomenon involve physiological

induction (Waddington 1953; Waddington 1959; Chapman et al.

2000), pathways perhaps most reliant upon regulatory genes. The

one element common to both theoretical and empirical work is

that genetic assimilation necessarily leads to a loss of plasticity

(de Jong 2005; Crispo 2007; Lande 2009). When applied to quan-

titative traits, this should be reflected by less acute reaction norms

in the derived population.

Given the marine origins of G. aculeatus (Bell and Foster

1994; Ortı́ et al. 1994), and no support for the hypothesis of in-

creased plasticity via selection in the maritime estuary, SW–SW

reaction norms should be a good representation of ancestral os-

moregulatory plasticity. If this is so, then observed differences in

reaction norms are indicative of a loss of plasticity in the novel

freshwater environment. With the exception of IGF, both demes

exhibited common direction of reaction norm slopes, thereby sug-

gesting similarity in osmoregulatory capacity and/or pathways. If

colonization of the freshwater environment was facilitated by an-

cestral osmoregulatory plasticity, the extant pattern of reduced

plasticity could be indicative of adaptation via genetic assimi-

lation (Crispo 2007). Furthermore, given the canalizing nature

of genetic assimilation, trait means in the ancestral environment

are predicted to be shifted in the direction of trait means in the

novel/inducing environment. Thus, for genes upregulated in re-

sponse to freshwater, a comparison between derived and ancestral

groups in saltwater should reveal greater mean expression in the

derived group. In the case of our most likely candidate gene con-

ferring adaptation to the novel freshwater environment (NAK),
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when measured in the ancestral environment (20�), mRNA tran-

scription in the derived group (FW–FW) was 1.2-fold greater than

in the putatively ancestral deme.

Finally, it must be noted that our interpretations are contin-

gent upon the assumption that inadvertent artificial selection in the

laboratory crosses has not unduly influenced survival, and conse-

quently biased the patterns inferred from reaction norm analyses.

We have no reason to suspect this source of bias, but our inability

to rigorously refute it warrants an explicit caveat. Furthermore,

similar interpretations of process (i.e., genetic assimilation) from

pattern (i.e., reduced plasticity) have been thoroughly and reason-

ably criticized on the grounds that offering only “indirect support”

is not equivalent to direct testing, and that alternative quantitative

genetic models (i.e., selection on plasticity) can also account for

such patterns (de Jong 2005). We readily admit that our interpreta-

tion offers only such indirect support for the hypothesis of genetic

assimilation. Perhaps more direct support could be gleaned by

comparing additive genetic variance for trait expression between

ancestral and derived groups. Unfortunately, given our pedigree

design we cannot rigorously estimate deme-specific heritabilities.

However, we have clearly considered and rejected the requisite

hypothesis of additive variance for plasticity. As such, we are

lead to consider the possibility of genetic assimilation, although

further study will be required to test this hypothesis explicitly.

Our limited, post hoc interpretation is included with the aim of

providing a heuristic example for future research, to help iden-

tify potential sources of phenotypic and genotypic variance, and

their related environmental stimuli, that might lead to better, ex-

plicit tests for an hypothesis seeking its place within the Modern

Synthesis (West-Eberhard 2005; Pigliucci 2007).
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S. Uusi-Heikkilä, and LARSA staff for help in the wet laboratory, in ad-
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