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Abstract

Environmental salinity presents a key barrier to dispersal for most aquatic organisms,

and adaptation to alternate osmotic environments likely enables species diversification.

Little is known of the functional basis for derived tolerance to environmental salinity.

We integrate comparative physiology and functional genomics to explore the mechanistic

underpinnings of evolved variation in osmotic plasticity within and among two species

of killifish; Fundulus majalis harbours the ancestral mainly salt-tolerant phenotype,

whereas Fundulus heteroclitus harbours a derived physiology that retains extreme salt

tolerance but with expanded osmotic plasticity towards the freshwater end of the osmotic

continuum. Common-garden comparative hypo-osmotic challenge experiments show

that F. heteroclitus is capable of remodelling gill epithelia more quickly and at more

extreme osmotic challenge than F. majalis. We detect an unusual pattern of baseline tran-

scriptome divergence, where neutral evolutionary processes appear to govern expression

divergence within species, but patterns of divergence for these genes between species do

not follow neutral expectations. During acclimation, genome expression profiling identi-

fies mechanisms of acclimation-associated response that are conserved within the genus

including regulation of paracellular permeability. In contrast, several responses vary

among species including those putatively associated with cell volume regulation, and

these same mechanisms are targets for adaptive physiological divergence along osmotic

gradients within F. heteroclitus. As such, the genomic and physiological mechanisms

that are associated with adaptive fine-tuning within species also contribute to macro-

evolutionary divergence as species diversify across osmotic niches.
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Introduction

Salinity is an important environmental variable that

contributes to delimiting aquatic species distributions in

nature, and evolutionary adaptation to different osmotic

environments is likely a key mechanism for promoting

species diversification. However, relatively little is

known of the physiological and genomic mechanisms

that evolve to enable success in alternate osmotic envi-

ronments. Most large clades of fish exclusively occupy

either freshwater or marine niches. However, killifish

within the genus Fundulus provide strategic compara-

tive models for exploring the mechanisms that underlie

osmotic physiological diversification because many clo-

sely related species occupy diverse osmotic niches, and

these species exhibit diverse physiological abilities to

compensate for osmotic challenge (Echelle et al. 1972;

Feldmeth & Waggoner 1972; Griffith 1974; Stanley &

Fleming 1977; Nordlie 1987; Dunson & Travis 1991;

Crego & Peterson 1997; Nordlie & Haney 1998).

Although much variation in osmotic tolerance is har-

boured within the Fundulus genus (Griffith 1974), popu-

lations within species that occupy different osmotic
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niches have also evolved divergent physiologies (White-

head et al. 2011b). For example, populations of Fundulus

heteroclitus are distributed along long salinity gradients

in Chesapeake Bay where they occupy the continuum

of osmotic niches from marine to freshwater. Compared

to populations resident in salty habitats, freshwater

populations of F. heteroclitus exhibit adaptive divergence

in their physiological ability to compensate for hypo-

osmotic challenge. Furthermore, comparative physiolog-

ical genomics studies (Whitehead 2012) have offered

insight into some of the pathways and mechanisms that

both unite and distinguish responses of fish from differ-

ent populations (Whitehead et al. 2011b). Here, we

extend these comparative studies from among popula-

tions to between species.

The studies described here include physiological and

functional genomic comparisons among six taxa: three

populations from each of two species. Species include

the extremely euryhaline F. heteroclitus, a species that

occupies a very broad osmotic niche (marine to fresh-

water) and is capable of extreme physiological plasticity

in response to osmotic challenge (Griffith 1974). In con-

trast, compared to F. heteroclitus, our second species

(Fundulus majalis) has more limited physiological ability

to tolerate hypo-osmotic challenge (Griffith 1974) and

occupies a narrower osmotic niche shifted towards the

marine end of the salinity continuum (Wagner & Austin

1999). Both species occupy marine and estuarine niches,

but only F. heteroclitus appears to also breed in freshwa-

ter. Within the genus, marine physiologies appear

ancestral, whereas freshwater physiologies are repeat-

edly derived (Whitehead 2010). As F. majalis represents

the basal lineage within the genus, our comparisons

contrast an ancestral, primarily marine physiology in

F. majalis, with a derived more euryhaline physiology

in F. heteroclitus that retains extreme salt tolerance but

enhanced hypo-osmotic tolerance. That is, F. heteroclitus

has derived an osmotic physiology that encompasses

the plastic range of the ancestral phenotype and extends

this range towards the freshwater end of the osmotic

continuum. This expansion in physiological plasticity

has enabled F. heteroclitus to occupy a broader realized

niche than F. majalis that extends into freshwater.

Within each species, we include three populations to

compare functional variation both within and among

species and to contrast patterns of neutral and adaptive

divergence. For both species, populations were sampled

from two geographically proximate sites in Virginia,

one in mid-Chesapeake Bay (CB) and the other from

the VA coast (VA) and a third more distant site in

coastal Georgia (GA) (Fig. 1). We chose these three sites

because they include populations of the same subspe-

cies (a phylogeographic break at New Jersey defines

northern and southern subspecies of F. heteroclitus)

because they include populations separated by large

geographic distances (CB and VA vs. GA) to capture

much neutral variation, because they include popula-

tions from different osmotic niches (CB vs. VA and GA)

to capture potential adaptive variation and because

both species were native to these three sites.

The goals of these studies are to explore the mecha-

nisms that enable extreme physiological plasticity and

that may account for evolutionary divergence of adaptive

osmotic physiologies among taxa that occupy different

osmotic niches. As compensation for alternate osmotic

environments is physiologically complex, comparative

top-down discovery-based approaches are appropriate

(Whitehead 2012). In a common-garden environment, we

track physiological and genome expression responses

to hypo-osmotic (freshwater) challenge during a

Fig. 1 Map of collection sites for source populations for both

Fundulus heteroclitus and Fundulus majalis. Fish from both spe-

cies were collected from the same sites, for each of three sites,

including two geographically nearby sites in Chesapeake Bay

(CB) and coastal Virginia (VA), and one more distant site in

coastal Georgia (GA).
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time-course of acclimation and contrast these responses

within and between species. We seek to identify mecha-

nisms that facilitate osmotic acclimation that are evolu-

tionarily conserved between basal and derived

physiologies and to identify mechanisms that are

uniquely derived to enable the extreme osmotic plasticity

exhibited by F. heteroclitus. Importantly, previous studies

using a comparable experimental design have identified

physiological changes and genome expression responses

that are adaptive for populations of F. heteroclitus that

live in freshwater (Whitehead et al. 2011b). As such, this

enables us to test whether mechanisms of adaptive micro-

evolutionary divergence across osmotic gradients within

F. heteroclitus are shared with the mechanisms that

account for patterns of macro-evolutionary divergence

between F. heteroclitus and F. majalis that we identify in

this study. That is, are the targets of micro-evolutionary

fine-tuning the same or different as the targets of macro-

evolutionary divergence across osmotic boundaries?

Methods

Source populations

Adult fish from both species were collected from Chesa-

peake Bay (CB) at Point Lookout, Maryland (38°3′10.90″
N, 76°19′34.38″W). The average salinity over 25 years at

this site is 11.8 ppt, or approximately 37% the salinity of

seawater, over which time the salinity varied from 5.9 to

17.6 ppt [salinity data are from www.chesapeakebay.

net/data_waterquality.aspx and summarized for this site

in (Whitehead et al. 2011b)]. Adult fish from both species

were also collected from coastal Virginia (VA) at Assatea-

gue National Seashore (37°53′11.05″N, 75°20′42.72″W)

and from coastal Georgia (GA). In GA, Fundulus heterocli-

tus was collected from St. Simons Island (31°12′19.20″N,

81°21′36.43″W) and Fundulus majalis from Jeckyll Island

(31°7′3.83″N, 81°25′0.59″W); sites that are separated by

approximately 11 km. The VA and GA sites are coastal

where salinity was near full-strength seawater (30 and

31 ppt at GA and VA sites, respectively) at the time of

collections. Long-term salinity sampling data were not

available for coastal sites, although salinity is likely to

periodically drop at these sites during rainstorm events.

Exposures

Fish care was in compliance with approved institutional

animal care protocols. Fish were maintained in full-

strength artificial seawater (32 ppt) for at least 6 months

prior to experiments in recirculating aquarium systems

equipped with mechanical, biological and UV filtration

in the aquatic facility in the Department of Biological

Sciences at LSU. Seawater and brackish water dilutions

were prepared by mixing Instant Ocean synthetic sea

salt with reverse osmosis water. The concentrations of

nitrogenous waste products, measured every 2 days,

were always nondetectable using commercial water

chemistry kits. Photoperiod was 12-h light/12-h dark,

and temperature was ambient (approximately 21 °C).
For osmotic challenge experiments, fish were manually

transferred to 32 ppt (control), 5, 0.4 or 0.1 ppt. These

experimental treatments were also contained within re-

circulating aquarium systems, and temperature was not

varied during the course of experiments. Tissues were

sampled pretransfer (32 ppt; 0 h) and at 6, 24, 72 h

(3 days), 168 h (7 days) and 336 h (14 days) post-trans-

fer. At sampling times, fish were sacrificed by cephalic

dislocation, and tissues harvested and archived for sub-

sequent analyses.

Physiology

Gill and blood were sampled from fish (N = 6) before

transfer, and at 6 h, 1 days, 3 days or 7 days post-trans-

fer to 32, 5, 0.4 or 0.1 ppt (N = 6 per treatment per

salinity). Fish were fasted 12 h prior to sampling. Blood,

which was collected using microhematocrit capillary

tubes (Fisher Scientific, Pittsburgh, PA, USA), was cen-

trifuged at 3,000 g for 3 min, and plasma stored at

�20 °C awaiting analysis of osmolality by freeze point

depression (Micro-osmometer 5004, Precision Systems,

Natick, MA, USA), of sodium by flame atomic absorp-

tion spectroscopy (Varian AA-240FS) and of chloride

using the mercuric thiocyanate assay. Fish gills were

washed briefly in exposure water then each gill arch

isolated. The first two left gill arches were immersed in

fixative buffer (2% glutaraldehyde, 1% formaldehyde in

0.1 M cacodylate) for 4 h, rinsed in 0.1 M cacodylate buf-

fer containing 0.02 M glycine, postfixed in 2% osmium

tetroxide for 1 h and rinsed in water. Samples were

dehydrated with an ethanol series (10 min at 50%,

10 min at 70%, 10 min at 80%, 2 rinses of 10 min at

95% and 3 rinses of 15 min at 100% ethanol). Dehy-

drated samples were dried with liquid CO2 in a Denton

critical-point dryer (Cherry hill, NJ, USA) mounted on

aluminium SEM stubs and coated with a gold/palla-

dium solution (v/v ratio of 60:40) in an Edwards S150

sputter coater (Ashbord, Kent, UK). The afferent edge

of filamental epithelia was randomly imaged using a

JSM-6610 high vacuum mode SEM (Tokyo, Japan). Only

fish gills at 32 ppt prior to transfer, and at 1 and 3 days

post-transfer to 0.1 and 0.4 ppt, are reported here.

Population genetics

Microsatellite data (eight loci) for F. heteroclitus were

re-analyzed from (Duvernell et al. 2008), from which the
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populations designated ‘FhMC4’, ‘CHIVA’ and ‘SICGA’

are represented by ‘CB’, ‘VA’ and ‘GA’, respectively, in

the current study. Microsatellite data for F. majalis were

collected using primers for six loci including ‘Fhe_328’

and ‘Fhe_548’ from (Jackson et al. 2010), ‘FhCA-21’ and

‘FhCA-22’ from (Adams et al. 2005), and two additional

primer pairs for dinucleotide repeats designated

‘Fhe_16’ (F: 5′-GCCAAGACTGATGCACGTTA-3′, R: 5′-

GAATCAATGGTGTCTGGGCT-3′) and ‘Fhe_2’ (F: 5′-G

ATGTTTGGCTTCGGGTAAC-3′, R: 5′-GCTTCCATCAT

GCATCACAC-3′). To characterize structure among pop-

ulations within species, we used the program Structure

(version 2.3.3) (Pritchard et al. 2000), with length of

burn-in period = 50,000, and number of MCMC reps

after burn-in = 1,000,000. We ran the Structure algo-

rithm for K = 1, K = 2 and K = 3 proposed populations

per species for each species. We inferred that the num-

ber of proposed populations within each species with

highest estimated Ln probability of data was the most

likely. Population structure was also visualized using

principal components analysis (PCA) performed using

the program GENETIX (version 4.05.2) (Belkhir 2000).

Transcriptomics

We used the comparative physiology data to guide our

choice of salinities for transcriptome comparison among

species. We chose to compare responses at salinities that

were physiologically challenging for each species, where

we define ‘challenging’ as the salinity at which fish lose

osmotic homeostasis. This salinity was 0.1 ppt for F. het-

eroclitus and 0.4 ppt for F. majalis (Fig. 2). Gill RNA (fol-

lowing tissue preservation in RNA later) was extracted

from five replicate fish per treatment at 0, 6, 24, 72 and

168 h post-transfer for F. heteroclitus populations, and at

0, 6, 24 and 72 h post-transfer for F. majalis populations,

following tissue homogenization in Trizol reagent (Invi-

trogen Inc.) and spin column purification. Antisense

RNA (aRNA) was prepared using the MessageAmp II

aRNA amplification kit (Ambion). Total RNA and aRNA

integrity were verified using microfluidic electrophoresis

(Experion instrument and reagents, Bio-Rad Laborato-

ries, Inc.). Purified aRNA was coupled with Alexa Fluor

dyes (Alexa Fluor 555 and 647, Molecular Probes, Inc.),

purified using spin columns and hybridized to custom

Agilent microarrays (design ID #021434) according to

manufacturer protocols. Slides were enclosed in a Sure-

Hyb microarray hybridization chamber (Agilent Technol-

ogies) and hybridization was for 18 h at 60 °C. After

hybridization, slides were washed according to slide

manufacturer protocols, scanned using a Packard Biosci-

ence Scanarray Express and spot intensities extracted

from .tiff images using Imagene (BioDiscovery, Inc.).

Samples were hybridized in a loop design, including a

dye swap, where sample pairings were balanced across

treatments. The custom microarray platform was the

same as that used in other killifish studies (Whitehead

et al. 2011a, b, 2012b). The microarray includes 6,800 60-

mer probes designed from F. heteroclitus EST sequences.

Each probe was printed in duplicate within the Agilent

15,000-element 8-plex slide design. Spots that were too

bright (saturated PMTs) or too faint (signal less than two

standard deviations above background intensity) were

excluded from normalization and analysis. Heterologous

hybridization can cause decreased signal in some genes

with high evolutionary rates. To minimize bias, we

included only genes that were expressed above back-

ground in both species.

Raw data were lowess-normalized, followed by nor-

malization using mixed models in JMP Genomics (SAS

Inc.) where ‘dye’ and ‘array’ were treated as fixed and

random effects, respectively, then log2 transformed. We

compared trajectories of gene expression change

through time among populations and species using

mixed model analysis of variance in JMP Genomics,

where main effects were ‘species’, ‘population’ and

‘time’, and all three two-way interactions and one

three-way interaction terms were specified. Heterolo-

gous hybridizations can cause false-positive main

effects for ‘species’ because of sequence divergence.

However, our analysis relies on inferences made from

interactions between ‘species’ and ‘time’, which should

be insensitive to the absolute expression level difference

between species, and does not draw any inferences

from the ‘species’ main effect alone. Five biological rep-

licate fish were included per treatment; replicates were

not pooled. ‘Dye’ was treated as a fixed effect, ‘array’

was treated as a random effect, and replicate individu-

als within treatment (time-by-population-by-species)

was treated as a random effect. Treatment effects were

considered significant if P < 0.01, and false discovery

rates were estimated using Q-value software (Storey &

Tibshirani 2003). Hierarchical clustering (average link-

age using centered Pearson’s correlation) and principal

components analysis (PCA; median centring mode;

treatments centered within species) were performed

using MeV (Saeed et al. 2006), and gene ontology

enrichment analysis performed using DAVID (Huang

et al. 2009).

As salinity differences between species may confound

a species effect, we do one additional analysis to assess

this possibility. Using previously published data for the

F. heteroclitus GA population challenged with 0.4 ppt

(FhGA-0.4) (Whitehead et al. 2012b), we compare that

transcriptome response to two additional treatments

collected in the current study: F. heteroclitus GA

challenged with 0.1 ppt (FhGA-0.1) and F. majalis GA

challenged with 0.4 ppt (FmGA-0.4). The contrast of

© 2013 John Wiley & Sons Ltd
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FhGA-0.1 and FhGA-0.4 will detect a salinity effect

while controlling for species and population, and the

contrast of FhGA-0.4 and FmGA-0.4 will confirm a

species effect while controlling for salinity.

Results and discussion

Physiology

Both Fundulus heteroclitus and Fundulus majalis appear

resilient to moderate hypo-osmotic challenge, insofar as

plasma osmotic homeostasis was maintained when

acutely challenged from 32 to 5 ppt (Fig. 2); however,

when challenged with extremely low salinities, species

differences emerge. When challenged with 0.4 ppt,

F. majalis struggled to maintain osmotic homeostasis.

F. majalis lose osmotic balance quickly (by 6 h post-trans-

fer), where the CB and VA populations limit additional

plasma dilution beyond 6 h, but plasma dilution contin-

ues past 6 h post-transfer in fish from the GA population.

Ultimately, the only F. majalis fish to survive beyond

5 days post-transfer are from the CB population (Fig. 2),

which among the three populations is from the site with

the lowest salinity (mid-Chesapeake Bay). Despite the

ability of F. majalis from the CB population to survive

14 days of 0.4 ppt exposure, osmolality in this treatment

stabilized to a level significantly below that of

fish plasma pretransfer, whereas all F. heteroclitus

Fig. 2 Plasma chemistry for three populations (CB, VA and GA—see map Fig. 1) of Fundulus heteroclitus (left column) and Fundulus maj-

alis (right column), including plasma osmolality measured in mOsm (first row), plasma chloride measured in mM (second row) and

plasma sodium measured in mM (third row), measured during a time-course of osmotic challenge to control (32 ppt—grey series), 5 ppt

(blue), 0.4 ppt (green) and 0.1 ppt (orange). Survivorship (percent mortality) for F. majalis is represented in the bottom right panel for

0.4 and 0.1 ppt treatments. There was no mortality for 32 and 5 ppt treatments for F. majalis, nor for any F. heteroclitus treatments.
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populations exposed even down to 0.1 ppt recovered

their plasma osmolalities to pretransfer levels (Fig. 2).

There were also discernible differences in the capacity

of these Fundulus species, and populations within these

species, to undergo morphological transformation upon

extreme hypo-osmotic exposure. The gill surface mor-

phology of all populations of both species retained their

characteristic seawater-type mitochondrion-rich (MR)

cells in the gills down to 0.4 ppt in F. heteroclitus or to

at least 5 ppt in F. majalis (data not shown). Only with

exposure of F. heteroclitus to an extreme hypo-osmotic

challenge (0.1 ppt), which was sufficient to elicit osmo-

tic imbalance, was any appreciable alteration in gill sur-

face morphology observed. Several studies have

described an intermediate MR cell type in the gills of

F. heteroclitus during the early phases of freshwater

transfer, characterized by their large apical opening

and poorly developed microvilli (Whitehead 2010;

Whitehead et al. 2011b), but juxtaposed by accessory

cells characteristic of a seawater fish gill (Katoh &

Kaneko 2003). After 3 days of 0.1 ppt exposure, all pop-

ulations of F. heteroclitus demonstrated freshwater (FW)

type MR cells, although a large number of seawater

(SW) type MR cells remained interspersed on the gill

surface (Fig. 3). These findings are consistent with pre-

vious studies that suggested southern populations of

F. heteroclitus, genetically similar to those described

here, retained a mixed SW-type and FW-type gill phe-

notype; only in the more freshwater-tolerant popula-

tions of F. heteroclitus was gill surface morphology fully

transitioned to a FW-gill phenotype (Scott et al. 2004;

Whitehead et al. 2011b, 2012b).

Population differences in the capacity for gill remod-

elling were evident in F. majalis during extreme hypo-

osmotic challenge, and larger differences were observed

between species. Exposure to 0.4 ppt for 1 day elicited

only slight differences in the surfaces of CB and VA vs.

GA gills (Fig. 3). The FW-type MR cells typically had a

convex appearance in F. majalis at day 1; a phenotype

most pronounced in CB, followed by VA and GA. This

cell type is similar to the intermediate FW-type MR cell

type described previously for F. heteroclitus gill, except

that in the case of the F. majalis gill, mucocyte (MC)

proliferation was also elicited in all three populations

during hypo-osmotic challenge. MCs were most abun-

dant in GA F. majalis at 1 day following 0.4 ppt chal-

lenge. Gills from F. heteroclitus from the GA population

exposed to 0.1 ppt showed swelling after 6 h, but even-

tually expressed a mixed population of FW-type and

SW-type MR cells. In contrast, in a previous study, the

gills of a tolerant New Hampshire population of F. het-

eroclitus exposed to 0.1 ppt showed less damage and

predominantly expressed the FW-type MR cells (White-

head et al. 2012b). In summary, the gills of F. heteroclitus

were capable of remodelling to a FW phenotype only at

extreme hypo-osmotic exposures sufficient to elicit

osmotic dilution. In contrast, the gills of F. majalis from

VA and GA were unable to make a full transition to a

FW phenotype despite the initial emergence of an inter-

mediate phenotype during the first day of extreme

hypo-osmotic exposure. It is likely that the magnitude

of the osmotic dilution or simply the inability to make a

full transition to a FW phenotype led to the damage in

the fish gills of these populations with sustained hypo-

osmotic exposure.

Population genetics

Microsatellite genotype data indicate that, for both spe-

cies, the most likely partitioning of genetic structure

was between two groups (the highest ln probability of

data was for K = 2: Fig. 4C, G), where the two geo-

graphically proximate populations (CB and VC) were

united and distinct from the geographically most dis-

tant population (GA) (Fig. 4A, D for F. heteroclitus, and

Fig. 4E, H for F. majalis). This pattern of population

genetic structure is consistent with a model of isolation-

by-distance. This presumably evolutionarily neutral par-

titioning of population genetic variation is predictive of

the pattern of transcriptome divergence among popula-

tions within species, which is consistent with neutral

evolutionary processes primarily governing the diver-

gence of genome expression variation among taxa [e.g.,

(Khaitovich et al. 2004; Whitehead & Crawford 2006)].

Population transcriptome divergence

Here, we examine divergence in the expression of genes

among populations for those genes that are not trans-

criptionally responsive to osmotic challenge; that is, for

those genes that are constitutively differentially

expressed among populations regardless of salinity

(Table S1, Supporting information). Our expectation is

that divergence of these genes, which are less likely to

be functionally involved in osmotic compensation, is

primarily governed by neutral evolutionary process

[e.g., see (Whitehead et al. 2011b, 2012a)]. Indeed, this is

supported by our data. For both species, the neutral

population genetic data isolate the GA population as

the outlier (Fig. 4A, D for F. heteroclitus, and Fig. 4E, H

for F. majalis), and PCA of the constitutively popula-

tion-variable genes shows the same pattern where the

GA population is the outlier relative to the two more

northern populations (Fig. 4B for F. heteroclitus and

Fig. 4F for F. majalis). For these genes that show constit-

utive transcriptome divergence among populations, the

pattern of neutral isolation-by-distance revealed by

microsatellite population genetic data predicts the

© 2013 John Wiley & Sons Ltd
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Fig. 3 Scanning electron micrograph images of the gill surface of (A) Fundulus majalis or (B) Fundulus heteroclitus from Point Lookout

Maryland in mid-Chesapeake Bay (CB), Chincoteague Island, Virginia on the Virginian Atlantic coast (VA), or from Jeckyll Island,

Georgia (for F. majalis) or Saint Simons, Island, GA (for F. heteroclitus) (both designated as GA) exposed to 32 ppt (pretransfer

controls), or transferred to either 0.4 ppt (F. majalis only) and sampled at 1 or 3 days post-transfer, or 0.1 ppt (F. majalis and F. hetero-

clitus) at 3 days post-transfer. Yellow asterisks indicate pavement cells, blue arrows point to seawater-type mitochondrion-rich

(SW-MR) cells, red chevrons point to freshwater-type MR cells (FW-MR), and orange arrowheads designate mucous cells (MC). Bars

represent either 5 or 10 lm.
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pattern of population divergence observed for both

F. heteroclitus (Fig. 4A, B) and F. majalis (Fig. 4E, F).

That much of the transcriptional divergence among

populations within species is consistent with a neutral

model is not surprising (Whitehead & Crawford 2006).

What is surprising and perplexing is that the direction

of putatively neutral within-species divergence is

almost perfectly reciprocal between species (Fig. 5).

Within F. heteroclitus and F. majalis, 834 and 1118 genes,

respectively, show significant population divergence

(P < 0.01) but no time effect or interaction with time

(P > 0.01 for these terms), where 384 genes are shared

between species (Fig. 5 - Venn diagram). For the 384-

gene subset that is shared between species, within

F. heteroclitus approximately half of these genes increase

in expression in GA relative to VC and CB, and half

decrease in GA relative to VC and CB (Fig. 5, heatmap

gene set B). Under neutrality, one would expect approx-

imately equal representation of four general patterns of

divergence for GA relative to VC+CB for the two spe-

cies: (i) up in F. heteroclitus GA and up in F. majalis GA

(parallel up); (ii) up in F. heteroclitus GA and down in

F. majalis GA (reciprocal up-down); (iii) down in F. het-

eroclitus GA and up in F. majalis GA (reciprocal down-

up); and iv) down in F. heteroclitus GA and down in

F. majalis GA (parallel down). In our data, we almost

exclusively observe categories (ii) and (iii), where genes

that increase in F. heteroclitus GA relative to F. heterocli-

tus VC and CB tend to decrease in F. majalis GA relative

to F. majalis VC and CB, and vice versa. Over 90% of

genes show this reciprocal divergence between species,

and <10% of genes show parallel divergence in GA rela-

tive to VC and CB for the two species. The same trend

of reciprocal divergence between species is also appar-

ent for the genes that show significant population diver-

gence only within F. heteroclitus (Fig. 5, gene set A) and

only within F. majalis (Fig. 5, gene set C).

Although within-species divergence matches a neutral

expectation for each species separately, this strikingly

reciprocal pattern of population divergence between spe-

cies would appear to defy a neutral explanation. We can

think of three possible explanations for this pattern. One

explanation is that one transcription factor (or very few)

could be responsible for regulation of the genes in Fig. 5.

In this case, the function of this transcription factor could

randomly diverge north-to-south within each species,

where parallel or opposite north–south patterns would

be equally likely between species. Once a reference gen-

ome sequence for F. heteroclitus is complete, one could

collect evidence to test this hypothesis by screening the

regulatory regions of the genes represented in Fig. 5 for

shared transcription factor binding sites. A second expla-

nation is that microhabitat differences between species in

GA during early development could establish opposite

transcriptome programs in adults. Unlike the CB and VC

populations of F. heteroclitus and F. majalis, which were

both collected at virtually the same geographical location,

the collection sites for GA populations of each species

were separated by a short distance (~11 km). Evidence to

test this second hypothesis could be gathered by rearing

(A)

(C) (D)

(B) (E) (F)

(G) (H)

Fig. 4 Population genetic variation and transcriptome variation for populations CB (blue), VC (green) and GA (red) and species

(Fundulus heteroclitus on left panel, Fundulus majalis on right panel). Genetic variation among populations within species (microsatel-

lite markers) is summarized using Principal Components Analysis (PCA) (panels A, E) and Structure analysis (panels D, H). For

PCA plots, individual genotypes are plotted for the first two principal components. PC1 accounts for 73% and 82% of the variation

for F. heteroclitus and F. majalis, respectively. For Structure plots, K is set at 2 (which is the lowest Ln probability of the data for both

species—panels C, G), and the colour of each row represents proportion of individual genotype that assign to groups 1 or 2 (black or

grey). Population transcriptome variation is represented by PCA for genes that vary in constitutive expression among populations

(but not during acclimation) (panels B, F) where each data point represents a treatment (sampling time within population).
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both species across at least one generation in a common

garden, and the hypothesis supported if the reciprocal

pattern was not maintained. A third explanation is that

much of this population variation is physiologically and

adaptively relevant for life in Georgia relative to more

northern sites (CB and VC), for example for thermal tol-

erance, although different combinations of genes may

enable parallel adaptive phenotypes in different species;

that is, there may be many transcriptional ways to skin

the same physiological cat. In killifish, there is evidence

that expression of different combinations of genes can

facilitate common phenotypes. For example, among pop-

ulations of F. heteroclitus, different metabolic genes are

responsible for tissue-specific patterns of gene expres-

sion, yet the tissue-specific genes for each population are

enriched for the same functional categories between tis-

sues (Whitehead & Crawford 2005). Similarly, expression

of different groups of metabolic genes explains variation

in cardiac metabolism among different groups of killifish

individuals (Oleksiak et al. 2005). The idea here is that

different combinations of mRNA expression may pro-

duce similar physiological responses. For example,

up+down regulation of a set of genes in one species may

be physiologically equivalent to down+up regulation of

the same set of genes in another species, such that paral-

lel adaptive physiological divergence in two species may

coincide with reciprocal patterns of adaptive gene

expression. If relevant, one prediction is that genes sup-

porting a physiological function should be split between

the ‘up’ and ‘down’ categories (in GA relative to northern

populations). Indeed, the ‘B’ set of genes (Fig. 5) that is

shared and reciprocally divergent in GA relative to

northern populations in both species is enriched for the

GO categories ‘translation’ and ‘ribonucleoprotein com-

plex’ (Fig. 5), and these categories are evenly split

between ‘up’ and ‘down’ in GA relative to northern pop-

ulations (Fig. 5). Verification of this pattern in additional

species with similar geographic distributions would lend

support to this hypothesis. Although our data are

insufficient to rigorously test these or potentially other

competing hypotheses, this pattern of putatively neutral

within-species divergence that is reciprocal between

species is striking and merits further hypothetical and

experimental consideration.

Acclimation-associated genome expression: conserved

A large set of genes shows significant time-course

expression during hypo-osmotic acclimation (main

effect ‘time’ P < 0.01) with no significant species-specific

or population-specific expression (P > 0.01 for ‘time-by-

species’ and ‘time-by-population’ interactions) (Fig. 6)

(Table S1). We interpret this set as those genes that

show a time-course response that is conserved across

taxa. However, it is important to note that not rejecting

the null hypothesis (of no interaction in this case) is not

equivalent to accepting that there is no interaction. That

is, although we interpret genes with P > 0.01 for time-

by-taxon interaction as having no statistical support for

inferring an interaction, the inability to reject the null

hypothesis does not mean that the null hypothesis is

true. Indeed, as is apparent from the heatmap in Fig. 6

and from variation among species along PC1, the

expression pattern for this set of genes tends towards a

diminished response in F. majalis relative to F. heterocli-

tus. Excluding the genes with significant species-by-time

interaction serves only as a guide to selecting the set of

genes that are most likely conserved in their time-course

expression across species.

Enriched within this set of genes with ‘conserved’

expression (Fig. 6) are the gene ontology terms ‘cell junc-

tion’ (P = 0.007) and ‘tight junction’ (P = 0.03). Epithelial

tight junction proteins regulate paracellular permeability

and ion selectivity (Van Itallie & Anderson 2006) and

might function to limit paracellular ion loss during hypo-

osmotic acclimation. More specifically, killifish do not

appear to actively uptake chloride in freshwater, but

rather limit chloride loss [at least for the F. heteroclitus

model (Patrick et al. 1997a; Patrick & Wood 1999; Scott

et al. 2004)] during initial hypo-osmotic challenge by reg-

ulating gill efflux. As such, it may be important to regu-

late the loss of ions such as chloride by the differential

regulation of claudins due to their ability to form ion

selective pathways. We observe consistent up-regulation

of two claudin proteins (putatively annotated as CLDN4

and CLDN7), as well as several other tight junction pro-

teins including desmocollin 1 (DSC1), connexin-32.2

(cx32.2), occludin (OCLN) and periplakin (PP) (Fig. S1A,

B). Tight junction proteins were similarly conserved in

their hypo-osmotic expression response across these and

additional populations of F. heteroclitus (Whitehead et al.

2011b, 2012b), and their common regulation across spe-

cies shown here implies that this response to hypo-osmo-

tic challenge is ancestral and widely shared within the

genus. However, claudins are a diverse and expansive

family of proteins (Van Itallie & Anderson 2006; Lal-Nag

& Morin 2009), many of which are not represented on the

microarray platform used here. With the impending com-

pletion of a reference genome for Fundulus, it will be

worthwhile to assess whether regulation of remaining

members of this protein family contribute to variation in

extreme hypo-osmotic tolerance between species.

Acclimation-associated genome expression: species-
specific

The subset of genes that show time-course expression

that is species-specific between F. heteroclitus and
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F. majalis (Table S1), and that is most likely to contrib-

ute to species differences in osmoregulatory abilities,

are enriched (P = 0.04, one-tailed Fisher’s exact test) for

those genes that showed adaptive divergence in expres-

sion among populations of F. heteroclitus distributed

along a salinity gradient (Whitehead et al. 2011b). That

is, those genes that contribute to adaptive osmoregula-

tory divergence within F. heteroclitus are the same genes

that show differences in expression between F. heterocli-

tus and F. majalis following osmotic challenge, consis-

tent with an important functional role for these genes

and associated pathways in enabling evolved physio-

logical plasticity. These species differences remain even

after controlling for potential confounding effects of

salinity (Fig. S2). The primary pattern of species-specific

divergence is one of diminished time-course response

in F. majalis relative to F. heteroclitus (PC1, Fig. 7D). Of

the genes that show species-specific regulation, 91 are

transcriptionally responsive to hypo-osmotic challenge

in F. heteroclitus but with diminished or no response in

F. majalis (Fig. 7A), whereas only 17 are transcription-

ally responsive in F. majalis with diminished or no

response in F. heteroclitus (Fig. 7B). Eighty-five genes

show divergent patterns of transcriptional response

between the two species (Fig. 7C). The second major

pattern of species-specific time-course expression (rep-

resented by PC2, Fig. 7E) indicates rapid transcriptional

divergence in F. heteroclitus followed by recovery, but

divergence with no recovery in F. majalis. This pattern

supports the model of ‘transcriptomic resilience’ pro-

posed by Franssen et al. (Franssen et al. 2011), where

transcriptional change following environmental stress is

largely transient in resilient taxa but does not recover in

sensitive taxa.

Stress-response, cell cycle and DNA repair. Genes showing

species-specific time-course responses (Fig. 7) are

enriched for the functional categories ‘cell cycle process’

(P = 0.006), ‘response to DNA damage stimulus’

(P = 0.007) and ‘cellular response to stress’ (P = 0.07),

each of which includes a largely overlapping set of genes.

One of the genes that unite these functional categories is

MAPK12 (p38 MAP kinase). MAPK12 shows a species-

specific response to hypo-osmotic challenge (Fig. S1C)

where the transcript is up-regulated in F. heteroclitus but

not in F. majalis (species-by-time interaction P < 0.0001).

Expression of CIB1, a stress-induced negative regulator

of p38 MAPK-mediated signalling (Yoon et al. 2009) that

can mitigate apoptosis, also shows up-regulation con-

fined to F. heteroclitus (Fig. S1C). Transcripts for cyto-

chrome c (CYC), which is a component of mitochondrial

electron transport but also plays a role in apoptosis, and

caspase 8 (CASP8), which is a key regulatory of the apop-

totic cascade, also show up-regulation confined to F. het-

eroclitus (Fig. S1D), and both are known to be regulated

by MAPK signalling [e.g., (Takashiro et al. 2005; El Mchi-

chi et al. 2007)]. P38 MAPK signalling interacts with p53

signalling pathways, including in the regulation of apop-

tosis (Wu 2004). Closely co-regulated with CIB1 is

RPS27L (Fig. S1C), a direct target of p53, and a negative

regulator of apoptosis (Li et al. 2007).

Few genes are time-course responsive in F. majalis

but not in F. heteroclitus (Fig. 7B). Among these include

several genes involved in the cellular stress responses,

cell cycle and DNA repair. A group of six genes are

coordinately down-regulated upon hypo-osmotic chal-

lenge in F. majalis only (Fig. S1E). These include cyclin-

dependent kinases regulatory subunit 1 (CKS1B) and

cyclin-dependent kinase 1 (CDK1) which is a key regu-

lator of the cell cycle, securin (PTTG1) which interacts

with CDK1 and plays a role in chromosome stability,

centromere protein H (CENPH) and inner centromere

protein (INCENP) which are involved in kinetochore

assembly, and stathmin (STMN1) which is involved in

the destabilization of microtubules. In contrast, IKBKE

is up-regulated in F. majalis only (Fig. S1F), and this

protein is protective against DNA-damage-inducible

apoptosis (Renner et al. 2010). Finally, one of the few

genes that show up-regulation specific to F. majalis is

metallothionein (MT) (Fig. S1F). Metallothioneins play

Fig. 5 Patterns of transcriptome divergence within and among species for genes that vary in constitutive expression among popula-

tions within each species, but that are not differentially expressed during acclimation. Venn diagram indicates degree of overlap

between population-variable genes between species, where sets ‘A’ and ‘C’ represent genes statistically significantly differentially

expressed among populations for Fundulus heteroclitus only, and Fundulus majalis only, respectively, and set ‘B’ represents genes dif-

ferentially expressed among populations for both species. Table indicates gene ontology (GO) terms significantly enriched within

each gene set from the Venn diagram, where numbers within a cell represent P-value and number of genes within brackets. A cell is

coloured if enrichment is statistically significant. Expression variation for these same genes is represented in the heatmap, where each

column represents average expression for a treatment (sampling time within population) organized left-to-right by consecutive sam-

pling time points, each block of columns represents expression for a population and each row represents expression for a gene. Col-

our of each cell indicates degree of fold up-regulation (yellow) or down-regulation (blue) relative to the average expression for the

northern pair of populations (CB and VC). Gene clusters ‘A’, ‘B’ and ‘C’ represent the same gene sets summarized in the Venn dia-

gram. Notice the striking pattern of reciprocal population variation between species. The bottom two heatmap clusters include genes

represented by GO terms ‘translation’ and ‘ribonucleoprotein complex’ that were enriched in gene set ‘B’.
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important roles in metal homeostasis and detoxification,

although during hypo-osmotic challenge, a more likely

role may be for scavenging reactive oxygen species

(Bianchini & Martins 2009).

Species differences in osmoregulatory abilities are

associated with species-specific regulation of pathways

and processes that are well-known to be important for

facilitating acclimation to osmotic challenge. For exam-

ple, MAP kinase signalling pathways are central regula-

tors of cellular stress responses and in particular mediate

osmotic stress responses in fish (K€ultz & Burg 1998)

including killifish (K€ultz & Avila 2001; Marshall et al.

2005). Indeed, gene expression network analysis identi-

fies p38 MAPK as a central hub implicated in acclimation

to hypo-osmotic challenge in F. heteroclitus (Whitehead

et al. 2012b). MAPK signalling and other genes that show

species-specific expression are involved among other

processes in regulating DNA damage response pathways

and apoptosis. F. majalis appears less equipped to deal

with the immediate crisis of cell swelling upon

Fig. 6 Patterns of osmotic acclimation-

associated gene expression that are con-

served across populations and species.

Heatmap includes genes that show con-

sistent patterns of significant regulation

during acclimation, independent of pop-

ulation or species. Each column repre-

sents average expression for a treatment

(sampling time within population) orga-

nized left-to-right within a population by

consecutive sampling time points, where

expression is normalized to pretransfer

control for each population. Each row

represents expression for a gene, where

the colour of each cell indicates degree of

fold up-regulation (yellow) or down-reg-

ulation (blue) relative to pretransfer con-

trol (black). The three bottom panels

represent trajectories of transcriptome

change through time for each population

for each of the first three principal

components from a principal components

analysis of the expression patterns for

the same set of genes. Blue, green and

red series represent time-course res-

ponses for populations CB, VC and GA,

respectively. Base of arrows represent the

pretransfer treatment, and arrow leads

through consecutive sampling times.
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hypo-osmotic challenge relative to F. heteroclitus, as dem-

onstrated by the extensive gill swelling observed in

F. majalis (Figs 2 and 3). Regulation of apoptosis may be

involved in morphological transition during acclimation

(Whitehead et al. 2012b), but may also be regulated in

response to tissue damage incurred in animals not able to

control cell swelling like F. majalis. Alternatively, cell

swelling may pose a risk to genome integrity by altering

the cellular concentration of osmolytes that maintain pro-

tein–nucleic acid interactions (PNAI). Indeed, a mecha-

nism proposed to protect PNAI upon hypo-osmotic

challenge in killifish, polyamine synthesis (Whitehead

et al. 2011b, 2012b), shows a diminished response in

F. majalis. The role of variable regulation of apoptosis in

(A)

(B)

(C)

(D) (E)

Fig. 7 Patterns of species-dependent genome expression during osmotic acclimation (genes with significant time-by-species interac-

tion in expression). Each column in the heatmap represents average expression for a treatment (sampling time within population)

organized left-to-right within a population by consecutive sampling time points, where expression is normalized to pretransfer

control for each population. Each row represents expression for a gene, where the colour of each cell indicates degree of fold up-

regulation (yellow) or down-regulation (blue) relative to pretransfer control (black). Genes are organized in co-regulated sets,

where cluster ‘A’ includes genes with a time-course response in Fundulus heteroclitus that is diminished in Fundulus majalis, cluster ‘B’

includes genes with a time-course response in F. majalis that is diminished in F. heteroclitus and cluster ‘C’ includes genes with oppo-

site time-course responses between species. The two bottom panels (D and E) represent trajectories of transcriptome change through

time for each population for each of the first two principal components from a principal components analysis of the expression pat-

terns for the same set of genes (cluster A+B+C). Blue, green and red series represent time-course responses for populations CB, VC

and GA, respectively. Base of arrows represent the pretransfer treatment, and arrow leads through consecutive sampling times.
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osmotic acclimation, and its role as a cause or conse-

quence of species-specific osmoregulatory variation, mer-

its additional study.

Cell volume regulation. Cell swelling is an immediate cri-

sis upon challenge with hypo-osmotic conditions, and

that F. heteroclitus is more capable of hypo-osmotic accli-

mation than F. majalis implies superior ability to regulate

cell volume. This was apparent when comparing the FW-

transformed gills of F. heteroclitus vs. the damaged gill

surfaces of F. majalis populations from VA and GA. Poly-

amine synthesis may be a mechanism to protect the

integrity of protein–protein and protein–nucleic acid

interactions during the process of cell volume regulation.

Ornithine decarboxylase 1 (ODC1) is the rate-limiting

enzyme in the synthesis of polyamines, and arginase 2

(ARG2) is a component of the pathway that synthesizes

ODC. Transglutaminase 1 (TGM1) can serve to facilitate

polyamine-to-protein conjugation, whereas spermine-

binding protein (SBP) binds free polyamines. All of these

genes show a significant transcriptional time-course

response in F. heteroclitus, but a diminished or no

response in F. majalis (Fig. S1H, I). Furthermore, regula-

tory volume decrease is facilitated by aquaporins (AQP),

including AQP3 (Chen et al. 2011), which permit water

transfer across cell membranes following net solute

excretion from gill cells. AQP3 is up-regulated more in

F. heteroclitus than in F. majalis, especially early in the

time-course (Fig. S1G). Versican (VCAN), which medi-

ates cellular water retention by attracting cations

(Faggian et al. 2007), is down-regulated more in F. hetero-

clitus than in F. majalis (Fig. S1G). That many of these

genes that have previously been linked with cell volume

regulation in F. heteroclitus [e.g., (Whitehead et al. 2011b,

2012b)] show species-specific expression in this study,

with the less-capable species exhibiting a diminished

transcriptional response, is consistent with the impor-

tance of these genes and pathways in enabling extreme

osmotic plasticity.

Ion transport. One of the most consistently and dramati-

cally up-regulated genes upon hypo-osmotic challenge in

F. heteroclitus is otopetrin 1 (OTOP1) (Whitehead et al.

2011a, b, 2012b). This protein regulates intracellular cal-

cium and otolith development (Hughes et al. 2004, 2007).

Although influx of intracellular calcium accompanies

regulatory volume decrease, and calcium is important in

signal transduction during osmotic stress, a defined role

for OTOP1 in the gill hypo-osmotic acclimation response

remains to be described. Here, we find strong up-

regulation of OTOP1 in F. heteroclitus but much weaker

regulation in F. majalis (Fig. S1J). A similar pattern of reg-

ulation is observed for other genes associated with cal-

cium signalling including calcium- and integrin-binding

protein 1 (CIB1) and citrin (SLC25A13) (Fig. S1J). This

pattern of dramatic up-regulation in one species capable

of regaining osmotic homeostasis, and weak up-regula-

tion in another species incapable of regaining osmotic

homeostasis, is consistent with an important role for

OTOP1 in facilitating extreme osmotic plasticity.

Upon hypo-osmotic challenge, killifish regulate

sodium flux through sodium-potassium ATPases (NKA)

(Scott et al. 2004) and limit chloride loss (Patrick et al.

1997b; Wood & Laurent 2003), presumably through dif-

ferential regulation of claudin (CLDN) tight junction pro-

teins. F. heteroclitus up-regulates a subunit of the NKA

(ATP1B1) later in the time-course, whereas F. majalis fails

to regulate this transcript (Fig. S1K). Similarly, CLDN3 is

quickly up-regulated in F. heteroclitus in response to

hypo-osmotic challenge, but not in F. majalis (Fig. S1K).

Previous studies have shown that CLDN3 localizes deep

within the tight junction complex of the freshwater-accli-

mated tilapia gill (Tipsmark et al. 2008), and reduction of

this protein in seawater-acclimated green pufferfish is

diagnostic of a leakier epithelium (Bagherie-Lachidan et al.

2008). The regulation of these genes in F. heteroclitus likely

enables or represents successful transition to a FW-tolerant

physiology, whereas failure to regulate these genes in

F. majalis is consistent with their failure to transition.

Transcription factors. Two transcription factors that have

previously been associated with osmotic stress signalling

showed species-specific regulation. Osmotic stress tran-

scription factor 1 (OSTF1) is up-regulated quickly in

response to hyper-osmotic challenge in euryhaline tilapia

(Fiol & Kultz 2005) and upon hypo-osmotic challenge in

euryhaline F. heteroclitus (Whitehead et al. 2011a, b,

2012b). Yet, the transcriptional response for OSTF1

diverges between killifish species; in F. heteroclitus, the

transcript is consistently, quickly and transiently up-reg-

ulated, whereas in F. majalis, we observe a different pat-

tern of regulation that is inconsistent among populations

(Fig. S1L). Intriguingly, the transcriptional response in

the F. majalis CB population (the only F. majalis popula-

tion native to lower salinity habitat and the only F. majal-

is population that survived the hypo-osmotic challenge

beyond 3 days) is more highly correlated with the F. het-

eroclitus response than with the response of the two other

F. majalis populations (average pairwise correlation

between F. majalis CB and the three F. heteroclitus popu-

lations is 0.94 and between F. majalis CB and the other

F. majalis populations is 0.20). The physiological response

of F. majalis CB converges on the F. heteroclitus response

insofar as it was the only F. majalis population to survive

the hypo-osmotic challenge and recover plasma chloride

balance (Fig. 2). Beyond OSTF1, only a very few genes

exhibit transcriptional responses to osmotic challenge

that mirror this convergence between the F. majalis CB
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population and F. heteroclitus, including another tran-

scription factor, JUNB (Fig. S1L).

Although their precise roles remain to be determined,

CDK1 and MAPK binding sites present in OSTF1 (Fiol &

Kultz 2005) and co-regulation of JUNB with cell cycle

genes upon osmotic challenge (Rauch et al. 2002; Liovic

et al. 2008) implies a functional role for OSTF1 and JUNB

in regulating cell cycle or apoptosis pathways. Their quick

up-regulation may serve to initiate transition to (or protect

cells during initiation of) the physiological and morpho-

logical changes associated with osmotic acclimation. Pat-

terns of expression diverge among killifish species with

different abilities to osmoregulate, and among populations

of F. majalis that vary subtly in their ability to osmoregu-

late (Figs 2 and S1L), and among populations of F. hetero-

clitus exhibiting evolved variation in osmoregulation

(Whitehead et al. 2011b, 2012b); this is consistent with an

important role for these genes in facilitating evolved

divergence in osmotic plasticity within and among killi-

fish species. Myoglobin (MB) transcript is one of the few

other genes where expression in the F. majalis CB popula-

tion diverges from the other F. majalis populations and

converges on the F. heteroclitus response (Fig. S1M). Myo-

globin is an oxygen-binding protein found in muscle tis-

sue, but in fish, it is expressed in diverse tissues including

the gill (Fraser et al. 2006). Although association with MB

expression divergence within and among species is

intriguing, a functional role for this gene during osmotic

acclimation is not obvious.

Summary

Many studies have shown that much of the transcrip-

tional variation that is partitioned among individuals,

populations and species is evolved through neutral pro-

cesses. A neutral pattern of divergence is supported by

our within-species comparisons, where populations with

more recently shared demographic history exhibit the

least divergence in gene expression. However, when

within-species patterns of divergence are compared

across species, we observe a striking pattern of reciprocal

divergence that would appear to defy a simple neutral

explanation. Depending on the source of the pattern, this

observation calls into question common wisdom sur-

rounding either (i) the relative simplicity of the genomic

architecture that governs gene expression divergence; (ii)

the importance of microhabitat variation in driving gene

expression divergence; or (iii) the pervasiveness of natural

selection in governing gene expression divergence.

Killifish populations and species have repeatedly

diversified across osmotic boundaries. In contrasting

Fundulus heteroclitus and Fundulus majalis, this diver-

gence is manifest as a derived expansion of osmotic

plasticity in F. heteroclitus relative to the ancestral,

primarily seawater, physiology harboured by F. majalis.

This expansion of osmotic plasticity in F. heteroclitus is

underpinned by an ability to rapidly adjust the mor-

phology of their gill epithelium in response to extreme

osmotic challenge. The genes that vary in their

response to osmotic challenge, and whose osmotic

responses vary among species, provide insights into the

mechanisms that enable divergence in physiological

plasticity. These contrasts identify genes involved in

osmotic stress signalling, and regulation of cell volume

and ion transport, as plasticity-enabling genes and

pathways. A disproportionate number of these same

genes and pathways were targets of adaptive diver-

gence in populations of F. heteroclitus that had derived

even more recent adaptation to extreme osmotic envi-

ronments (Whitehead et al. 2011b). This implies that the

evolutionary divergence in fundamental and realized

niche among species, which involved expansion of

osmotic plasticity, involved the targeting of the same

mechanisms as those that have more recently evolved

to enable even greater physiological plasticity, to even

greater environmental extremes, among populations

within species. Evolution tinkers with the variation that

is at hand in populations. That the mechanisms that

underpin diversification at macro- and micro-evolution-

ary timescales are the same is perhaps a common

theme in nature (Roberts et al. 2011). Diversification

across osmotic boundaries is a repeated theme within

the genus (Whitehead 2010). As studies continue to

explore independent instances of adaptation to different

osmotic environments within the killifish model system,

it will be fascinating to discover whether evolution

recruits similar pathways to repeatedly solve the same

evolutionary challenges.
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