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Introduction
Evolutionary response to natural selection requires heritable

genetic variation in the trait subject to selection. Most traits –
both structural and functional – in natural populations are
heritable. Many of the traits affecting the mean fitness of a
given population are physiological responses of individuals,
occurring as a result of gene expression at specific times of
development or as a result of specific environmental
influences. Thus, whenever responses of populations to
environmental factors are evaluated, evolutionary biology calls
for studies assessing physiological responses, their regulation
and variability within populations (see Arnold, 1983; Bennett,

1987), to complement quantitative genetic studies and studies
assessing genetic variation in neutral molecular markers. While
such studies belong to the realm of comparative physiology,
physiological studies, especially those including cellular and
molecular components, have rarely incorporated ecological or
genetic approaches, although the use of physiological studies
in evolutionary biology has repeatedly been emphasized (e.g.
Arnold, 1983; Bennett, 1987; Garland and Carter, 1994;
Bennett and Lenski, 1999; Feder et al., 2000; Irschick and
Garland, 2001; Feder, 2002; Loeschke et al., 2004). Although
the presence and importance of individual variation in
physiological traits within animal populations has been pointed

Studies combining ecological, genetic and physiological
approaches are needed in evolutionary biology. Although
the combination of approaches has been emphasized, such
studies have been rare with regard to molecular and
cellular studies on natural vertebrate populations. The
major reasons for this are that the generation time of
vertebrates is long and it is difficult to find a molecular or
cell physiological measurement that is both relevant for
the fitness of the population and can be repeated an
adequate number of times to enable estimations of
individual variability. The paucity of suitable physiological
parameters is partly due to the fact that most physiological
studies have not been directed towards understanding the
behaviour of populations but towards understanding the
basic mechanisms of the function of individuals. Also,
physiological measurements that appear most relevant
from the point of view of evolutionary studies are often
integrative functions, composed of the function of many
genes. When dissecting the integrative functions into
components, it is often observed that the same integrative
response can be achieved via different routes, i.e. changes
in the responses of different genes. To enable cellular and
molecular physiological studies to be increasingly

combined with ecological and genetic studies, it is
important that such studies include and report individual
variability and that the sample size is increased. In
addition, more sophisticated statistical methods should be
used than is traditionally done, and when the function of
most genes in the integrative response are not known,
techniques such as QTL mapping should be used. Hitherto
in vertebrates, the methodology has mainly been used in
production biology (e.g. meat or milk production). With
regard to combining genomic and physiological studies,
one must bear in mind that the massive datasets associated
with genomic studies need to be further enlarged to enable
estimates of individual variation. It is also important to
remember that microarray and proteomic data give the
levels of mRNA and proteins, respectively. Since the
function of the protein can be regulated independently of
its transcription or its level in the cell, direct physiological
measurements are also needed if estimations of protein
activity in the individuals of a population are wanted.
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out (Arnold, 1983; Bennett, 1987), this individual variability
has remained ‘an underutilized resource’ [as given in the
original title of Bennett (Bennett, 1987)]. The aim of the
present contribution is to illuminate some problems and present
some ideas associated with integrating comparative and
environmental physiological studies of vertebrates at molecular
and cellular levels with genetic and ecological studies of
natural populations to further advance evolutionary biology.

Organisms with a short generation time, such as bacteria (e.g.
Bennett and Lenski, 1999) and Drosophila (e.g. Feder et al.,
2002), are often used to study the combination of physiological
responses (traits), their genetic variation and evolvability, since
the responses of multiple generations to selective forces (e.g.
environmental conditions) can be followed in selection
experiments relatively easily and rapidly. However, even
though the use of vertebrates in evolutionary physiological
studies is hampered by the fact that their generation times are
long, making it difficult to follow the heritability of responses
across generations, there are some reasons, why vertebrate
studies are important. First, much of the ecological and
evolutionary literature is on vertebrates, and therefore it is
helpful if, in addition to studies on invertebrates with short
generation times, studies on vertebrates are carried out so that
the conclusions based on invertebrates can be related to
vertebrate systems. Second, vertebrates are much more visible
than invertebrates, whereby they appear more often in public
conservation interests. Third, some vertebrates are economically
important or used in production biology, both in agri- and
aquaculture. Fourth, mammalian studies are considered to be
especially relevant for human systems. Notably, medical studies
are the best source of genetic information on vertebrates. Apart
from medical studies, there are very few functional studies
(especially at the cellular and molecular level) on individual
genetic variation that have been frequently cited, even within a
single generation of a population, although individual variability
is important for any population response. This is probably
because many of the vertebrate studies with information about
differences between individuals are on non-mammalian animals
such as lizards and snakes (e.g. Bennett, 1980; Arnold, 1983).
Notably, however, Garland’s group have subjected mice to
controlled treadmill exercise over many generations, and have
followed the performance of animals, focusing additionally on
several components of muscle function (Dumke et al., 2001;
Gomes et al., 2004; Bronikowski et al., 2006; Garland and
Kelly, 2006). Examples of cellular and molecular studies on
non-mammalian vertebrates that have considered
interindividual differences include those of Crawford’s group,
who have studied the evolution of gene expression in Fundulus
heteroclitus (Whitehead and Crawford, 2006a; Whitehead and
Crawford, 2006b).

Why are studies of individual variation in cellular and
molecular physiology of vertebrates rare?

There are two major reasons why data reporting individual
variation in cellular and molecular physiological responses are

scarce. First, in physiological studies concerned with
elucidating basic mechanisms of function, variation
complicates interpretations, and is thus unwanted. As pointed
out by Bennett (Bennett, 1987), however, extreme values of
any measured parameter should be as real as those near the
mean, and can be important whenever a population responds to
a change in environmental conditions. Importantly, the
response must be such that the difference between individuals
is greater than the variation of the response within an individual
(for details, see Bennett, 1987). This causes a problem
whenever only one sample can be taken from an animal, since
intra-individual variability cannot then be studied.

One way of diminishing individual variation is the use of
inbreeding. Inbred strains of, e.g. mice and rats, are extensively
used. For example, the web site http://www.informatics.jax.org
lists more than 400 inbred strains of mice and more than 200
inbred strains of rats. Since these strains have been selected and
bred to express a variety of phenotypes, they are well suited for
research in basic functionality. However, some of their
phenotypic variability may never be naturally found.
Alternatively, very specific human cell lines can be used in the
functional studies. In evolutionary studies, the use of several
inbred lines (lines started simultaneously from an outbred
population) can also be a powerful method. Differences
between lines are genetic, whereas all variation within lines
must be environmental. Inbreeding is also an important tool in
QTL (quantitative trait locus) mapping with natural
populations (Slate, 2005). Since natural populations are
outbred, however, they are characterized by individual
variability. Such individual variability is important in any
evolutionary study on natural populations (e.g. Arnold, 1983;
Bennett, 1987), and also when evaluating environmental risks
caused by contaminants. The variation of acute toxicity of
dioxin to inbred rat strains by more than 1000-fold is an
example of how different the responses of inbred strains of
animals to contaminants can be (Pohjanvirta and Tuomisto,
1994; Tuomisto et al., 1999).

Secondly, to address the genetic basis of individual
variation in the physiological properties of a population
properly (here, the genetic basis refers to heritability of
physiological responses), large sample sizes are needed; in the
worst case, i.e. if the heritability of response is low, hundreds
of individuals may need to be analyzed. It is very difficult to
find a relevant physiological measurement for which this
could be accomplished in a reasonable time. On the higher
integrative level of organs or whole animals, repeating an
experiment several hundred times seems hardly possible, so
that often one decides the measurement on the basis of what
can be done, without knowing the functional significance or
the genetic basis of the response. If the trait is not or only
weakly selected for, this has little effect on the conclusions
reached. However, in the case of strong selection, knowing the
fitness consequences of the measured property is helpful for
evaluating whether that property is selected for or not selected
for, but covaries with a strongly selected trait. In addition, the
properties measured are often subjective, which may lead to
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erroneous conclusions, if there is a difference in how the
study object and the experimenter sense the property. As
an example, the visual cues important for birds are
different from those of man. Birds have the ability to
detect ultraviolet light (Bennett and Cuthill, 1994;
Goldsmith, 1994). UV vision has, consequently, been
shown to be important in seeking of prey by predators
(Viitala et al., 1995), sexual selection (Siitari et al., 2002)
and foraging (Siitari et al., 1999). This example shows
that once physiological and ecological approaches have
been suitably integrated, evolutionary explanations for a
property (in this case for UV vision in birds) can be
found.

Physiological measurements on integrative functions
are most often used in ecology and evolutionary

biology, but are themselves the result of the function
of many genes

One of the problems associated with physiological
evolutionary studies is that it becomes increasingly
difficult to associate the changes observed in complex
systems with specific variation in molecular function and
gene expression. A change observed in a complex system
may be a result of different molecular and genetic
responses in different cases, since most phenotypic traits
are polygenic. This problem is clearly laid out in
ecotoxicological literature: it is relatively simple to
associate a toxicant with its molecular action, but much
more difficult to show that a specific molecular response
(biomarker response) would be behind an ecosystem level
response to a pollutant (e.g. Walker et al., 2006).

One of the physiological measurements much studied
in evolutionary context is the (standard) metabolic rate.
One reason for this is that physiological ecology has
traditionally been specifically focussed on energy allocation.
Furthermore, in ectothermic animals the standard metabolic
rate appears to be related to Darwinian fitness (e.g. Nespolo
et al., 2003). Also, individual variation in standard metabolic
rates of ectothermic vertebrates has been studied in some
detail (e.g. Pough and Andrews, 1984; Steyermark, 2002;
Steyermark et al., 2005). The standard metabolic rate is an
integrative function that combines membrane and cellular
functions from different tissues with different metabolic rates,
in the absence of visible muscle work and food processing,
and at the thermoneutral zone for endotherms (Rolfe and
Brown, 1997). Thus, although in many instances metabolic
rate is a highly useful measurement, e.g. when studying the
energetics of ecosystems, it combines the function of many
metabolic pathways (and many genes). As such, it cannot
therefore give information about the evolution of genes
involved in the responses leading to changes in metabolism.
In evolutionary studies, however, it is often pointed out that
the integrative functions can be strongly selected for, but each
of the components forming the integrative response will be
less selected for (e.g. Garland and Kelly, 2006). In part this

is because the same performance/response (under given
conditions) can be obtained with several different changes in
the components leading to the performance/response, i.e. the
geometry of the genetic changes can be different (see Fig.·1).
Many useful characteristics of complex traits can be
evaluated, e.g. by QTL mapping (Slate, 2005), but as stated
by Clark et al. (Clark et al., 2006), the molecular mechanisms
behind complex traits quite often remain elusive. A detailed
understanding of the mechanism requires (1) that QTL
mapping can identify the areas of the genome that are
involved in the responses, (2) that detailed genomic studies
identify the (normally many) genes that are involved in the
QTL, and (3) that physiological studies to show how the gene
products function in different environments or during
different life stages (see also Erickson et al., 2004; Slate,
2005; Zeng, 2005).

Detailed studies by Oleksiak and coworkers (Oleksiak et al.,
2001; Oleksiak et al., 2002; Oleksiak et al., 2005) have
dissected the energetics of the killifish Fundulus heteroclitus
heart into several components. Their experiments combined
genomic (cDNA microarray) with more traditional
approaches, including detailed statistical analyses. The results
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Fig.·1. The same response of an integrative function, consisting of several
components (polygenic), to an environmental change can be obtained, even
if the different components (genes) respond to the challenge differently.
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show that there is large between-individual variation in mRNA
levels of a number of genes associated with cardiac
metabolism in F. heteroclitus populations. When functional
differences in cardiac metabolism were investigated (Oleksiak
et al., 2005), fishes fell in three groups having different aspects
of cardiac function – or enzymes of energy production
(glycolytic, Krebs cycle or oxidative phosphorylation) –
showing clearly discernible differences in the mRNA levels
between the groups. The three different aspects of energy
utilization in the heart have different influences on the
physiology of individuals under different conditions, e.g.
temperature and oxygenation. The metabolic differences may
also affect the reproductive success of individuals in different
environments, but common garden experiments (studies where
known populations are subjected to environmental changes in
a controlled fashion) are required to assess this. This being the
case, it becomes very important that (1) the data on
physiological responses are gathered from the same
individuals that are being used for genetic studies, (2) the same
function is assessed both in the laboratory and in the field, in
order to take possible differences between laboratory and field
responses into account (e.g. Irschick, 2003), and (3) a more
sophisticated statistical treatment of data is used than has
traditionally been the case for physiological studies. It is
important when considering evolutionary responses that
phylogeny is properly taken into account in the data analysis
(e.g. Garland et al., 2005).

Important new insights into the process of
evolution can be provided by combining

physiological responses at the cellular level, their
effects on fitness, and their possible effects on the

population
The above example shows that an integrative

function, such as the metabolic rate, should be
dissected into more detailed components if its
functional correspondence to gene expression and
evolution is sought. In natural populations of
vertebrates, physiological function, its inheritance and
its possible effects on the evolution of populations
have been documented most extensively for the lactate
dehydrogenase (LDH) enzyme isoforms of the killifish
Fundulus heteroclitus, a fish species living at a wide
variety of temperatures along the east coast of North
America (e.g. Powers et al., 1991). A reason for
studies on LDH in this context is that it is an enzyme
involved in energy metabolism, which is highly
temperature-sensitive. In this species, the proportions
of two heart-type LDH enzyme isozymes (which have
different temperature-dependencies of properties)
show marked variation across the latitudinal range
inhabited by the species. The rate of heart-type LDH
transcription in populations living at higher latitudes
was greater than the transcription rate of the enzyme
at lower latitudes (Crawford and Powers, 1992). One

point raised in this study was that it appears likely that
regulatory sequences controlling the expression of genes may
be important in the evolution of physiological traits. In fact,
it is possible that many of the environmental effects that are
seen as phenotypic plasticity, and traditionally not considered
heritable, are the result of gene regulation at control sites
outside the expressed genes, as has been shown recently for
some traits associated with domestication in maize (Clark et
al., 2006) (Fig.·2).

The proportions of the heart-type enzyme isoforms affect
physiological traits such as red cell ATP concentration, with a
consequence that haemoglobin–oxygen affinity is significantly
affected (Powers et al., 1979). It was further suggested that
several characteristics affecting the success of populations,
such as adult swimming speed, time taken to hatching,
developmental rate and survival at high temperatures may be
associated with this difference (Powers et al., 1991). It should
be noted that, while the above example is the most complete
one for vertebrates, there are several investigations using other
types of organisms, ranging from bacteria to invertebrates such
as Caenorhabditis elegans and Drosophila species (e.g. Feder
et al., 2000; Montooth et al., 2003; Melvin and Ballard, 2006),
which have combined physiological and genetic studies.
Notably, quantitative genetics has been used to help dissect
Drosophila metabolic energy production into its components
(Montooth et al., 2003).
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Fig.·2. Environmental effects on the genotype can be of genetic origin. If
environment affects the level and consequent binding of a transcription factor
(TF) to the gene regulatory sequence (GRS), for example, then different
phenotypes are observed depending on the environmentally induced
differences in the induction of the gene. If the structure of the gene regulatory
sequence changes, binding of the transcription factor can be affected, leading
to changes in gene expression and consequent changes in the phenotype.
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While large datasets are necessarily generated in
comparative functional genomics studies, addressing the

role of individual variation in evolutionary genomic
studies requires that datasets are further enlarged using

several biological replicates
From the preceding sections it is clear that one of the major

difficulties in utilizing physiological measurements at the
cellular and molecular levels in vertebrates in evolutionary
studies is the difficulty of finding a relevant measurement that
could be repeated an adequate number of times to achieve a
reasonable estimate of individual variation and its heritability.
It is worth noting that genomics studies necessarily involve
large datasets. For example, in the cDNA microarray studies
on mudsuckers, Gillichthys (Gracey et al., 2001), zebrafish
(Ton et al., 2002), the killifish Fundulus heteroclitus (Oleksiak
et al., 2002) and rainbow trout (Koskinen et al., 2004; von
Schalburg et al., 2005), expression of thousands of genes at
mRNA level was investigated. To make it easier to manage the
data analysis, general workload and economic constraints of
the studies, a commonly used solution to limit the size of
dataset was to study either only a few individuals or their pools.
Early microarray studies especially used data from only one
individual/pool per treatment, and even now it is common to
only use 3–4 individuals/pools in ‘biological replication’. For
example, in the study of Koskinen et al. (Koskinen et al., 2004),
four individuals were pooled to obtain the microarray results.
If virtually all individuals respond to an environmental change
(e.g. a change in temperature) in the same way, it is probable
that differences in gene expression associated with the
environmental change would be seen even when very low
numbers of individuals are used – maybe even when
information is available on one individual predating the change
and on another after the change. If, however, there is much
variation between individuals, the likelihood of detecting the
response to an environmental change, and the possibility of
estimating the occurrence of the response in different animals
with data obtained from only a few individuals diminishes
markedly (Fig.·3). Consequently, an increase in resolution of
response at the individual level leads to a decrease in the
likelihood of observing the response at the population level,
even though heritable variation within a population is needed
for evolutionary changes. The point that biological replication
is very important in any environmental and evolutionary use of
microarray studies has already been noted (Gracey and
Cossins, 2003; Cossins and Crawford, 2005). The use of cDNA
microarrays in evolutionary biology, and the requirements for
both technical and biological replication, have recently been
reviewed (Whitehead and Crawford, 2006b).

There is one profound difference between the cDNA
microarray and candidate gene approaches to study genetic
responses to environmental changes. Whereas the candidate
gene approach is hypothesis-driven and requires an a priori
idea of which genes may be important in the environmental
response, genomic screening offers the possibility that a change
in mRNA level coding for unexpected proteins, for example,
is detected (see also Cossins et al., 2006). The approaches can

be combined, however. cDNA microarray work may give a
possible set of candidate genes, the expression of which can
then be studied in more detail. As an example, Derome et al.
(Derome et al., 2006) used cDNA microarray methodology to
study two sympatric whitefish ecotypes, and found candidate
genes associated with swimming activity and energy
metabolism. While cDNA microarray studies, i.e. transcript
profiling, are best carried out on model species with completely
sequenced genomes, lack of sequence information is not a
complete barrier to progress (Gracey et al., 2001; Gracey and
Cossins, 2003). Also, recent work suggests that cDNA
microarray methodology can be used to help assess whether
population differences are caused by genetic drift or selection
(Whitehead and Crawford, 2006a).

Evaluating responses to environmental changes requires
direct physiological measurements in addition to genomic

studies
It should always be remembered that cDNA microarray

studies show changes in the levels of mRNA. In many cases,
such changes indicate changes in the total activity of the

Fig.·3. If the mRNA levels of different individuals respond differently
to an environmental change (as given in the figure by different hues
of red and green), and the number of analyses from different
individuals is not adequate, then a response that is not clearly seen in
virtually all individuals may remain undetected,.
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proteins (enzymes, transporters etc.) coded for. However, this
need not always be the case: if the activity of the protein is
modified independently from transcription, e.g. by alternative
splicing, phosphorylation–dephosphorylation reactions,
changes in stability, or allosteric binding of regulator
molecules, no changes in mRNA levels may be observed, even
when the organism responds appropriately (and the response is
genetically regulated) to an environmental change (for a
review, see Feder and Walser, 2005). For example,
transcriptional regulation by the hypoxia-inducible factor 1�
does not require oxygen-dependent changes in the transcription
of the factor, but oxygen-dependent changes in the stability of
the protein, achieved enzymatically (Ivan et al., 2001; Jaakkola
et al., 2001; Kaelin, 2002). Limitations also apply to proteomic
studies. While one may know that the amount of protein
changes as a response to an environmental factor, one only
knows how the activity of the protein (e.g. enzyme) changes if
its activity in pertinent conditions has been determined. Thus,
after one has seen a change in either the transcript or protein
level, it becomes important that the activity of the protein in
relevant conditions is measured (Fig.·4). Furthermore,
evolutionary changes may appear faster in gene regulatory
sequences of the genome than in the protein-coding sequences
(McDonald et al., 1977; Huynen and Bork, 1998), which
further emphasizes the possibility that individual variation at
the gene regulatory sequences generates some of the
phenotypic differences, induced by environment, for which a
genetic component has not been found. At present the evolution
of transcriptional regulation in eukaryotes is poorly understood
(Wray et al., 2003).

Note that although meaningful genetic and physiological
comparisons of different populations can only be done after the
populations are acclimatized to similar conditions, when
possibly confounding environmental effects are removed from
the study by prior acclimatization of different populations to
constant conditions, any (genetic) differences in the regulation
of the responses to the environmental cue are also removed
(Whitehead and Crawford, 2006a). The above discussion is
also important for studies of candidate genes. When a candidate
gene that may be important in a given response to the
environment is found, a study will be much strengthened if the
function of the gene, including the effect of the studied
environmental change on it, can be included in the results.

An important component of an individual’s fitness is its
ability to meet the challenges set by the prevailing
environmental conditions. While adaptive phenotypic plasticity
has been the focus of many evolutionary studies during the past

two decades (for reviews, see Thompson, 1991; Hoffmann et
al., 1995; Hoffmann and Merila, 1999; Pigliucci, 2003; Moller
and Merila, 2004; Shine, 2005; Fordyce, 2006), the work will
benefit immensely if studies on the genetics and physiology of
this plasticity are addressed in the same study, e.g. if the
question about the relative importance of the control regions of
genes in affecting the individual variation in physiological
traits as a response to environmental changes can be explored.

Quantitative genetics methods may help in dissecting
integrative physiological traits into their genetic

components
As indicated above, most physiological variation that has

been studied from an evolutionary point of view – or
interindividual variability in general – is a complex result of
many genes functioning and being regulated at different levels.
In most cases the observed variation in a property is
quantitative [i.e. the variation is continuous (see Mackay,
2001)]. With the help of the genomic data and QTL mapping,
the genetic variation in traits (e.g. in the amount of milk
produced) can be localized to specific areas in the genome, and
candidate genes involved in producing the trait may be found.
This approach, combining research from several traditionally
separate areas, has been discussed in detail elsewhere
(Vasemagi and Primmer, 2005). Animal QTL mapping has
mainly been used by animal breeders (e.g. Gao et al., 2006;
Kucerova et al., 2006) and researchers working with
Drosophila (Mackay, 2001). Since QTL mapping has been
used in production biology in particular, the methodology has
mostly concentrated on traits that are important in animal
husbandry, such as growth, temperature tolerance and immune
responses (Moen et al., 2004; Perry et al., 2005; Reid et al.,
2005). So far the methods have only seldom been applied to
natural populations, because their effective implementation
requires either controlled crosses or data from long pedigrees
(e.g. Slate, 2005), which are rarely available for wild
populations (Kruuk, 2004). However, it is increasingly
apparent that QTL mapping and associated studies are also very
useful in evolutionary research with natural populations (Orr,
1998; Foster and Baker, 2004; Erickson et al., 2004). The
studies may gain more when physiological traits, different from
those important in production biology but possibly important
in evolutionary and ecological contexts, can be included in the
analysis. A good example of combining quantitative genetics
and physiological measurements involves dissecting the
metabolic flux into its components (Bost et al., 1999; Montooth
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Fig.·4. Increases in mRNA or protein levels do not
necessarily indicate increased protein activity. To
be certain of a change in the activity of the protein,
it must be measured directly under conditions
similar to those in the organism.

THE JOURNAL OF EXPERIMENTAL BIOLOGY



1853Individual variation in physiology

et al., 2003). In ecological and evolutionary studies with
vertebrates, quantitative genetics and physiological
measurements could be combined in studies with the three-
spined stickleback Gasterosteus aculeatus. This species
possesses the characteristics of an ideal model for QTL
mapping, because it shows extensive phenotypic divergence
including well-documented history of parallel episodes of
population divergence due to natural selection, extreme
phenotypes can be crossed to obtain a large number of fertile
offspring, and a large library of genetic markers (Foster and
Baker, 2004) and the genome sequence are available. Notably,
a linkage and QTL map (with more than 200 microsatellites)
has already been published for this species (Peichel et al.,
2001). Similarly, because of their use in aquaculture, rainbow
trout and some other salmonids have been studied in some
detail using QTL methodology, and have many characteristics
where QTL studies, physiological measurements and
evolutionary studies could be combined (Jackson et al., 1998;
Martyniuk et al., 2003; O’Malley et al., 2003). Again, it is very
important that an extensive sample set is used, since an accurate
estimation of differentiation between populations (as given by
QST index), for example, typically requires more than ten
populations (O’Hara and Merila, 2005).

Searching for cellular and molecular physiological
parameters in vertebrates that can be studied from an
evolutionary angle, including estimation of individual

variation
Being able to associate the response (phenotype) with its

heritability (genotype) is necessary if a physiological function
is to be valuable for evolutionary studies, so it is important that
the genotype–phenotype relationship be understood and
studied. Thus, research emphasis should, in our opinion, be
placed on systems where it is possible to relate the two. This
suggestion is not opposite to the Krogh principle (i.e. that for
every function there is a species in which it is best studied), but
expands it (i.e. for every function and its heritability there is a
species in which the interrelationship is best studied). It is our
opinion that comparative physiology as a field has progressed
sufficiently to enable integration with evolutionary biology.
Notably, studies on an individual’s adjustments to
environmental changes, which have been a very important
component of studies in comparative physiology, deserve
continued emphasis, since they help both to define phenotypic
plasticity and to evaluate which functions and regulatory
pathways can be utilized in evolutionary phenomena such as
local adaptations.

Whenever one tries to show that a physiological response is
important evolutionarily, the best possible scenario for a
response is that its change can be directly associated to a gene.
While there are many reports about this in biomedical
literature, especially for monogenic diseases (e.g. Giallourakis
et al., 2005), studies that combine genetic and cellular and
molecular physiological data in an environmental context are
rare. This also applies to studies on vertebrates reporting

variability between individuals in cellular and molecular
physiological responses to environmental factors.

As in other fields, the usual practise of studies in
comparative and environmental physiology is to report means
and standard deviations (or standard errors of the mean) for
evaluated parameters, whereby the central tendency is highly
emphasized [for a more detailed discussion, see Bennett
(Bennett, 1987)]. However, as indicated by studies even with
zebrafish, variability between individuals and different strains
increases when one is studying animals other than the
traditional experimental animals (Guryev et al., 2006). The
presence of large variability is often mentioned in studies with
fish (e.g. Roesner et al., 2006). In view of this, as was pointed
out (Bennett, 1987), one important aspect of studies in
evolutionary physiology is to remain open to functional
differences between individuals as a source of possibilities for
genetic local adaptations. While individual differences are
clearly observed in integrative functions such as performance
(e.g. Bennett, 1987; Kingsolver and Huey, 2003; Arnold, 2003;
Huey et al., 2003), they also occur even when the response is
the result of the function of a limited number of genes, i.e. at
the cellular and molecular levels. Such functional inter-
individual differences are shown below, with three examples
mainly from our own work on fish.

First, and the clearest reported case, is glucose transport
across the erythrocyte membrane of some fishes. Tse and
Young (Tse and Young, 1990) reported that for Anguilla
japonica erythrocytes, specific cytochalasin B-sensitive
glucose transport across erythrocyte membrane varied from 0
to 20·mmol·l cells–1 h–1 (at 20°C in the presence of 5·mmol·l–1

extracellular glucose; data from 50 fish). Similarly, glucose
transport across Cyprinus carpio erythrocyte membrane varied
from 0.08 to 1.0·mmol·l cells–1 h–1 [at 20°C in the presence of
3·mmol·l–1 extracellular glucose; data from 8 fish (Tiihonen et
al., 1995)]. Both studies tried to relate the variability to factors
commonly associated with changes in glucose transport or
utilization, e.g. cellular ATP concentration or fish mass, but did
not find any correlation. In both cases, the most likely
explanation for variability was genetic variation in the studied
individuals (Tse and Young, 1990). The variability of glucose
transport across the membrane between individuals will be
important in terms of cellular energy production, since glucose
availability may be one of the factors affecting the use of this
substrate in energy production, at least in erythrocytes
(Nikinmaa and Tiihonen, 1994). Further, it is probable that
such variation can be pinpointed to a single or few genes.

Second, because of the properties of water, fishes encounter
hypoxic conditions, especially in the freshwater environment
(e.g. Nikinmaa, 2002). In hypoxic conditions, several genes are
induced, and are under transcriptional regulation by hypoxia-
inducible factor 1� (Semenza, 2000; Wenger, 2002; Nikinmaa
and Rees, 2005). One peculiar feature of some teleost fishes is
that there is marked variability in the presence of hypoxia-
inducible factor 1� in normoxic conditions (Fig.·5). This
partially coincides with mass variations between individual
crucian carp (Sollid et al., 2006), but most of the variation
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remains unexplained. Since hypoxia-inducible factor 1� is a
transcription factor, coded for by a single gene, and regulates
the expression of many (up to more than a hundred) genes,
individual variation observed in the level of this transcription
factor and its function in normoxic conditions will lead to
differences in the responses of animals to environmental
changes.

Third, the retina of many fishes is avascular. In several
species, the Root effect of haemoglobin (decrease of oxygen
capacity at atmospheric oxygen tension with decreasing pH) is
considered to be a mechanism ensuring oxygen delivery at a
high oxygen tension in the eye (Ingermann, 1982; Ingermann
and Terwilliger, 1982). There is, however, large individual
variation in the oxygen tension profile of rainbow trout eye, as
measured by an electrode (Desrochers et al., 1985; Waser and
Heisler, 2005). While some of the individual differences are
likely to be caused by the method, the whole variability of
maximal oxygen tension from ca. 150–700·mmHg (Fig.·6) is

probably not. Again, since each individual globin chain is
coded for by a single gene, it is possible to associate
physiological and genetic responses.

All of the above examples are functions that can probably
be pinpointed to a single or few genes, and will influence the
success of individuals. However, the studies were performed to
characterize basic physiological mechanisms, so the variation
observed was not discussed from an evolutionary perspective.
Bridging the gap between evolutionary ecology, genetics and
physiology requires that the role of this individual variability
for individual fitness is evaluated in conditions as natural as
possible.

Conclusions
Integrative functions such as metabolic rate or lifetime

reproductive success are properties that most interest
evolutionary biologists. These functions are normally the
products of several genes functioning in concert (molecular
responses) to produce an integrative function. It is important to
note that ‘integrative’ and ‘molecular’ are not opposites.
Rather, as stated above, an integrative function is the result of
several molecular responses (i.e. integration of several gene
functions). In systems biology (with associated mathematical
modelling) one tries, as one goal, to figure out the pathways
that associate the molecular responses to an integrative
function.

To study evolutionary changes at the functional level of
individuals, one must first show that the integrative function is
selected for. This point already brings the ecological
observations and physiological measurements together.
Recently, the physiological basis of life-history trade-offs has
been intensively studied, and in addition to the ‘traditional’
energetic focus, the studies included focus on other
physiological phenomena (for a review, see Zera and
Harshman, 2001). In this context, it is very important to relate
the function, in physiological studies often measured in the
laboratory, to field conditions; ‘field physiology’ is needed to
integrate ecology, genetics, evolution biology and comparative
physiology (e.g. Irschick, 2003; Costa and Sinervo, 2004).
Second, the integrative functions must be dissected into
components. In such investigations, use of QTL mapping
(unless all or most of the components of the response are
known – in such cases the role of the components in the total
response can be evaluated directly) is one way of progressing.
Studies on natural populations of vertebrates, which would
analyze cellular and molecular functions from evolutionary and
ecological perspectives, are scarce. Designing experiments
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Fig.·5. Variation in the normoxic level of hypoxia-inducible factor 1� (HIF) in crucian carp Carassius carassius. Data from Rissanen et al.
(Rissanen et al., 2006). It is likely that the three bands in the gel are HIFs with different levels of phosphorylation. While some of the individual
variation can be explained by variations in fish mass, most variation remains unexplained.

Fig.·6. (A) Selected oxygen profiles measured in the retina of rainbow
trout. Positions of electrode tip (x-axis) range from vitreous humor
(negative values) to inner surface of retina (0·�m) to the outer limit
of the retina (approx. 450·�m). Lowest PO2 values were generally
measured at the inner surface of the retina, while highest PO2 were
associated with the outer limit of the retina. Duplicate lines in each
profile result from insertion and withdrawal of the measuring electrode
(cf. Waser and Heisler, 2005). (B) Mean and standard deviation of
maximum intraretinal PO2 (N=20). Since almost identical values
(mean, s.d., N) are given by Desrochers et al. (Desrochers et al., 1985),
it is unlikely that the applied methods are the sole cause of the
variation.
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from the evolutionary perspective requires that, as already
pointed out (Bennett, 1987), individual variability is
increasingly taken into account in cellular and molecular
studies. With regard to functional genomics studies with data
sets that are already large, this makes the data sets required
even larger and further complicates the analysis. Further
development of evolutionary physiology in vertebrates also
requires that relevant physiological measurements are found
that can both be associated with specific genes and measured
an adequate number of times. Whenever one tries to associate
a physiological function to genetic, evolutionary adaptation
(for natural populations) it is important that the statistical
treatment of the data is more detailed and complex than has
traditionally been the case for physiological studies, that the
comparative method has been properly utilized, including
appropriate use of phylogenetic information, and that the
studies take into account the individual variability inherent in
natural populations (Arnold, 1983; Bennett, 1987; Arnold,
1988; Arnold, 2003; Irschick, 2003; Costa and Sinervo, 2004).
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