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The relationship between microevolution and macroevo-

lution is a topic of fundamental importance in evolution-

ary biology. The increasing accessibility of genomic tools

is making the hunt for genes that underlie evolutionary

divergence more tractable and, when combined with

physiological approaches, provides exceptional power to

elucidate the causal mechanisms of the relationship. In

this issue of Molecular Ecology, Whitehead et al. (2013)

employ this strategy to show that common physiological

and genomic mechanisms lead to divergence in salinity

tolerance across micro- and macroevolutionary timescales.

They compare two killifish species from the genus Fund-

ulus, F. majalis, which inhabits primarily marine and

brackish environments and represents the ancestral state

of the genus, and F. heteroclitus, which has derived an

osmotic niche that expands into freshwater. Correspond-

ing to the differences in osmotic niche, the species differ

strikingly in how the structure of the ion-transporting

epithelium and the transcriptome of the gills respond to

osmotic challenge. These inter-specific differences were

similar to but more pronounced than the differences

associated with the more subtle intra-specific variation in

osmotic niche within each species. It appears that a pro-

gression of the same functional adjustments first allowed

expansion of the osmotic niche of F. heteroclitus into

freshwater and then further expanded the niche of select

F. heteroclitus populations towards more dilute freshwa-

ter environments. The work of Whitehead et al. therefore

emphasizes how the mechanisms of adaptive divergence

between populations can be expanded over time to

produce the more complex differences that can exist

between species.

Keywords: environmental adaptation, euryhalinity, evolu-

tionary physiology, fish, osmoregulation, transcriptomics

Received 16 April 2013; revised 29 April 2013; accepted 29 April

2013

The fundamental niche of a species is presumably a major

determinant of its distribution, yet the long-standing ques-

tion of how microevolutionary processes associated with

environmental adaptation culminate in the often large dif-

ferences between species in both phenotype and distribu-

tion continues to this day (Reznick & Ricklefs 2009). An

important component of this question is whether the

underlying mechanisms of macroevolution are the same as

those of microevolution. Comparative studies of physiolog-

ical and transcriptomic responses to environmental chal-

lenges can provide key insights into this issue, because

they can pinpoint the key genes, biochemical pathways

and organ systems that are involved in adaptation. Indeed,

mechanistic approaches are becoming increasingly com-

mon to understand the causal links between levels of bio-

logical organization that translate genotypic variation into

phenotypic innovation and diversification (Dalziel et al.

2009; Storz & Wheat 2010).

Nearly all of the complex chemical reactions that define

life are intimately dependent upon water and the solutes it

contains. Fish that differ in osmotic niche therefore provide

a useful tool to understand the mechanisms of environ-

mental adaptation. Seawater and freshwater are starkly

contrasting extremes of the osmotic environments that fish

typically face. Seawater is approximately 3 times saltier

than the body fluids, so fish have a tendency to lose water

and gain salts by passive diffusion. The opposite is true in

freshwater, which can be approximately 100 times less

salty than body fluids and tend to cause fish to gain water

and lose salts. These passive movements of water and ions

would be catastrophic if left unabated, causing cells to shri-

vel up or swell and burst. The gills of fish are particularly

important for counteracting these passive movements, by

either absorbing ions in dilute environments or excreting

ions in saline environments (Evans 2008). Although most

fish are restricted to either seawater or freshwater, 2–3% of

species possess the extreme physiological plasticity in the

gills and other tissues that is needed to move between

these contrasting environments (Schultz & McCormick

2013).

Previous intra-specific comparisons between populations

with different osmotic niches have identified some of the

putative physiological and genomic mechanisms of envi-

ronmental salinity adaptation. Intra-specific variation in the

capacity to remodel the cell structure, epithelial ion perme-

ability and ion transporter expression of the gills has been

associated with variation in osmotic niche breadth in multi-

ple species (Scott et al. 2004; Brix & Grosell 2012; White-

head et al. 2012). Associated with this intra-specific

variation in salinity tolerance and gill remodelling are

divergent transcriptomic responses to salinity change for

genes involved in trans-epithelial ion transport, cell-volume

regulation, cell stabilization and immediate early signal

transduction (McCairns & Bernatchez 2010; DeFaveri et al.

2011; Whitehead et al. 2011, 2012).
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In this issue of Molecular Ecology, Whitehead et al. (2013)

show that the physiological and genomic mechanisms of

adaptive fine-tuning within a species also contribute to

observed macroevolutionary differences between species

that inhabit widely different osmotic niches. They do so by

studying two species in the genus Fundulus that differ

in their tolerance of freshwater. The euryhaline killifish

F. heteroclitus (Fig. 1a) occupies a very broad osmotic niche,

spanning the full range from seawater to freshwater. The

striped killifish F. majalis occupies a more restricted osmo-

tic niche in marine and brackish water environments. Fish

were collected from three populations of each species from

native coastal and estuarine habitats along the east coast of

North America (Fig. 1b, c) and then maintained in artificial

seawater in the laboratory. Fish from each population were

then experimentally transferred to freshwater and their

physiological and molecular responses were compared.

There was clear variation between species in the ability

to tolerate freshwater, consistent with the differences in

their natural osmotic niches. F. majalis lost control of ion

and water balance (as reflected by decreases in plasma

osmolality and ion concentrations) and consequently suf-

fered high mortality in dilute freshwater, whereas F. hetero-

clitus suffered relatively little osmotic imbalance and no

mortality. Associated with the inter-specific variation in

freshwater tolerance were differences in the extent to

which the gills of each species could remodel in response

to salinity change. Scanning electron microscopy showed

that F. heteroclitus could fully transform their gills to a

freshwater phenotype, containing a rich abundance of

ion-absorbing mitochondrion-rich cells (Fig. 2). In contrast,

F. majalis was only capable of partially transforming its

gills and suffered visible damage as a result of osmotic cell

swelling. These striking inter-specific differences are simi-

lar, but more pronounced than the intra-specific differences

between populations of F. heteroclitus that differ in fresh-

water tolerance (Scott et al. 2004; Whitehead et al. 2011,

2012).

There was pronounced divergence between species in

the transcriptomic response of the gills to freshwater that

was associated with the inter-specific differences in toler-

ance and physiology. The dominant pattern was that a

(a)

(b) (c)

Fig. 1 (a) The euryhaline killifish or mummichog (Fundulus

heteroclitus) has a broad osmotic niche that extends from mar-

ine to freshwater environments (photograph credit: Andrew

Whitehead). The striped killifish (F. majalis), by contrast, is nor-

mally restricted to seawater and brackish water estuaries. (b)

Fish from each species were caught from estuaries in Chesa-

peake Bay in Maryland (photograph credit: Fernando Galvez)

and from coastal sites in Virginia and Georgia. (c) Authors

Andrew Whitehead and Fernando Galvez at the field site in

Chesapeake Bay (photograph credit: Shujun Zhang).

Fig. 2 The physiological plasticity impor-

tant for entering freshwater is enhanced

in Fundulus heteroclitus compared to

F. majalis. The gills of F. heteroclitus exhi-

bit a more complete morphological tran-

sition to a freshwater phenotype, with a

loss of the seawater-type mitochondrion-

rich cells (MRCs) that contain apical

crypts (yellow) and a gain of the fresh-

water-type MRCs that have a convex

appearance and a reduced ion permeabil-

ity at the tight junctions between cells

(green). Associated with the enhanced

morphological transition to freshwater

are transcriptomic differences in a num-

ber of genes involved in cell cycle regula-

tion and apoptosis, cell-volume control

and ionoregulation.
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large number of genes were differentially expressed after

freshwater transfer by a much greater magnitude in F. het-

eroclitus than in F. majalis (Fig. 2). These include genes

involved in active ion absorption (e.g. Na+/K+-ATPase b1
subunit), epithelial permeability (e.g. claudin 3), cell-

volume regulation (e.g. aquaporin 3) and osmotic signal

transduction (e.g. p38 MAP kinase, osmotic stress tran-

scription factor 1). Relatively few genes were differentially

regulated by a greater magnitude in F. majalis than in

F. heteroclitus. Included in this small category were genes

involved in cell cycle regulation, which were down-regu-

lated in F. majalis, perhaps as a response to cellular osmo-

regulatory failure. There was also a large set of genes

whose response to freshwater was similar between species,

and which probably contribute to the ancestral plasticity

that is important for coping with dilute brackish water, but

is insufficient for maintaining osmotic homoeostasis in

freshwater.

Although a relatively large number of genes were regu-

lated differently by osmotic challenge between species, it is

likely that many are part of coregulated transcriptional net-

works (Whitehead et al. 2012). Some of the differences in

transcript abundance may also arise as a consequence of

the cellular restructuring in the gills. Presumably, there are

some genes that are only expressed in the freshwater-type

mitochondrion-rich cells (MRCs), and the transcripts of

these genes should be more abundant in the gills of F. het-

eroclitus in freshwater because this species has more MRCs

rather than higher gene expression per se. It is therefore

possible that this complex array of adaptive transcriptomic

differences is controlled by relatively few genetic loci.

Determining whether this is the case would provide impor-

tant insight into the mechanisms of osmotic adaptation and

how they might contribute to ecological speciation and

niche differentiation.

Regardless of the ultimate cause, it is clear that an

enhanced capacity for physiological plasticity was derived

in F. heteroclitus from a less plastic fundulid ancestor. Fur-

thermore, the subset of genes whose expression responded

differently to osmotic challenge between species was

enriched for those genes that were found in a previous

study to contribute to adaptive divergence in osmotic niche

among populations of F. heteroclitus (Whitehead et al. 2011).

It therefore appears that an increase in the capacity to

remodel the gills, reflected at both the tissue and transcrip-

tomic levels, first expanded the osmotic niche of F. hetero-

clitus into freshwater. Further enhancement of the same

physiological and molecular plasticity was then employed

to expand the niche of select F. heteroclitus populations into

even more dilute freshwater environments.

The work of Whitehead et al. (2013) represents an impor-

tant step forward in understanding how adaptive diver-

gence between populations can lead to large differences in

fundamental niche between species. Just as the themes and

intricacies of a novel cannot be understood without

appreciating the importance of phrases, paragraphs and

chapters, the mechanistic basis of evolutionary change can-

not be fully understood without appreciating the functional

divergence of cells, tissues and physiological systems. The

integrative approach of Whitehead et al. (2013) does just

that, thus providing important insight into the mechanistic

relationships between gene expression, biochemical path-

ways and organ system function that underlie evolutionary

change.

References

Brix KV, Grosell M (2012) Comparative characterization of

Na+ transport in Cyprinodon variegatus variegatus and Cyprinodon

variegatus hubbsi: a model species complex for studying teleost

invasion of freshwater. Journal of Experimental Biology, 215,

1199–1209.

Dalziel AC, Rogers SM, Schulte PM (2009) Linking genotypes to

phenotypes and fitness: how mechanistic biology can inform

molecular ecology. Molecular Ecology, 18, 4997–5017.

DeFaveri J, Shikano T, Shimada Y, Goto A, Merila J (2011) Global

analysis of genes involved in freshwater adaptation in threespine

sticklebacks (Gasterosteus aculeatus). Evolution, 65, 1800–1807.

Evans DH (2008) Teleost fish osmoregulation: what have we

learned since August Krogh, Homer Smith, and Ancel Keys.

American Journal of Physiology. Regulatory, Integrative and Compara-

tive Physiology, 295, R704–R713.

McCairns RJS, Bernatchez L (2010) Adaptive divergence between

freshwater and marine sticklebacks: insights into the role of

phenotypic plasticity from an integrated analysis of candidate

gene expression. Evolution, 64, 1029–1047.

Reznick DN, Ricklefs RE (2009) Darwin’s bridge between micro-

evolution and macroevolution. Nature, 457, 837–842.

Schultz ET, McCormick SD (2013) Euryhalinity in an evolutionary

context. In: Euryhaline Fishes (eds McCormick SD, Farrell AP,

Brauner CJ), pp. 477–533. Academic Press, Oxford.

Scott GR, Rogers JT, Richards JG, Wood CM, Schulte PM (2004)

Intraspecific divergence of ionoregulatory physiology in the

euryhaline teleost Fundulus heteroclitus: possible mechanisms of

freshwater adaptation. Journal of Experimental Biology, 207, 3399–

3410.

Storz JF, Wheat CW (2010) Integrating evolutionary and functional

approaches to infer adaptation at specific loci. Evolution, 64,

2489–2509.

Whitehead A, Roach JL, Zhang S, Galvez F (2011) Genomic mecha-

nisms of evolved physiological plasticity in killifish distributed

along an environmental salinity gradient. Proceedings of the

National Academy of Sciences, USA, 108, 6193–6198.

Whitehead A, Roach JL, Zhang S, Galvez F (2012) Salinity- and

population-dependent genome regulatory response during osmo-

tic acclimation in the killifish (Fundulus heteroclitus) gill. Journal of

Experimental Biology, 215, 1293–1305.

Whitehead A, Zhang S, Roach JL, Galvez F (2013) Common

functional targets of adaptive micro- and macro- evolutionary

divergence in killifish. Molecular Ecology, 22, 3780–3796.

Both authors were involved in writing this manuscript.

doi: 10.1111/mec.12372

© 2013 John Wiley & Sons Ltd

3658 NEWS AND VIEWS: PERSPECTIVE


