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Abstract

Laboratory strains of house mice (Mus domesticus) are increasingly used as model organisms in evolutionary physiology, so
information on levels of genetic variation is important. For example, are levels of genetic variation comparable to those found in
populations of wild house mice? We studied allozymes to estimate genetic variation in outbred Hsd:ICR mice, which have been
used in several studies with evolutionary emphasis. The physiological significance of allozyme variation remains obscure. Several
workers have reported relationships between multi-locus heterozygosity and metabolic traits, but endotherms have not been
studied. Therefore, we also measured mice for basal metabolic rate (BMR), maximal oxygen consumption during forced treadmill
exercise (V: O2max), and 12 other traits related to locomotor physiology, before genotyping them for 10 allozyme loci. Four of
these loci were polymorphic, all were in Hardy–Weinberg equilibrium, and inbreeding coefficients were not significantly different
from zero. Average heterozygosities were 11%, similar to values reported for wild populations of house mice. Fourteen percent
of the associations between single-locus genotype and physiological traits were statistically significant. Multi-locus heterozygosity
was not significantly related to V: O2max, but was positively correlated with BMR, a result opposite to the negative correlation
between standard metabolic rate and heterozygosity reported in many ectotherms. Therefore, the proposed mechanisms for the
effect of multi-locus heterozygosity on metabolic rate in ectotherms may not apply to endotherms. © 1999 Elsevier Science Inc.
All rights reserved.
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1. Introduction

Many soluble proteins, including some enzymes,
show allelic variation within natural populations. Initial
studies revealed much more allelic variation in enzymes
(allozymes) than had been expected [22,34]. Since those
initial studies of Drosophila and humans, allozyme vari-
ation has been reported for more than 1000 species
[37,41]. This variation has been used to study the
genetic structure of, evolutionary relationships among,

and evolutionary processes within, both natural and
domestic populations of animals (e.g. [2,13,30], and
references therein). Estimates of genetic variation
within and among laboratory strains of house mice
(Mus domesticus) are important because laboratory
mice are increasingly used as model systems in physio-
logical genetics. For example, strains of laboratory mice
have been used to examine constraints on nutrient
uptake and metabolic rate [20,21], the evolution of
basal metabolic rate (BMR) and organ masses [33],
behavioral and physiological responses to cold exposure
[35,36], and genetic correlations between physiological
traits [10]. A question that arises is whether levels of
genetic variation found in non-inbred laboratory strains
are comparable to those found in wild populations.
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Consequently, we compare allozyme variation previ-
ously measured in wild house mice (review in Ref. [55])
to allozyme variation in the outbred Hsd:ICR strain of
laboratory house mice, which has been used in numer-
ous studies of physiological genetics and evolutionary
physiology (e.g. [10,11,14,15,26,43,45,52,53]).

Many allozyme polymorphisms have been analyzed
for differences in biochemical function, and significant
kinetic variation has been reported for most, but not all,
polymorphic enzymatic loci studied (review in Ref. [38]).
A second question that we address is whether allozyme
variation in Hsd:ICR mice appears to have physiologi-
cal consequences. Identification of correlations between
single-locus or multi-locus genotype and physiological
traits is usually the first step in studies of the effect of
allozyme variation on physiological function [37]. Sin-
gle-locus studies have tended to focus on physiological
traits related to the function of the enzyme produced by
that locus; for example, differences in Kcat and Km

among lactate dehydrogenase allozymes affect blood
chemistry and swimming performance in the teleost fish
Fundulus heteroclitus [42]. Multi-locus studies have
tended to focus on traits directly or indirectly related to
metabolism, such as resting or standard metabolic rate,
growth rate, and/or body size. Negative correlations
between resting metabolic rate and multi-locus het-
erozygosity have been observed in clams, mussels,
snails, rainbow trout, and tiger salamanders (review in
Ref. [38]). In addition, one study on tiger salamanders
demonstrated a positive correlation between active oxy-
gen consumption and multi-locus heterozygosity [39].

Few studies of possible relationships between
metabolic rate and allozyme variation have used verte-
brates, and none of them have examined birds or
mammals (endotherms). As a test of generality, we
examined the relationships between multi-locus het-
erozygosity and both BMR and maximal oxygen con-
sumption during forced exercise (V: O2max) in Hsd:ICR
mice. As part of a larger quantitative genetic analysis of
locomotor performance and metabolism, 12 additional
traits were measured [9,11]: forced maximal sprint run-
ning speed, maximal swimming endurance, tail length,
body mass, blood hematocrit and hemoglobin concen-
tration, thyroid hormone levels (T3 and T4), serum total
cholesterol, and masses of heart, liver, and right triceps
surae muscle. We also tested these traits for correlations
with multi-locus heterozygosity, and for differences
among single-locus allozyme genotypes.

2. Materials and methods

2.1. Mouse husbandry

The outbred Hsd:ICR mice used herein were origi-
nally developed from Swiss–Webster albino house mice

in the early 1950’s [24]. The ICR strains are now
maintained by various commercial suppliers, including
10 different closed colonies at Harlan Sprague Dawley
facilities throughout the United States [9]; our mice
were purchased from the Indianapolis, IN facility
(room 202, Barrier A). The ICR strain is random-bred,
was genetically heterogeneous in studies conducted 18
and 25 years ago [24,44], and has served as a model
system for numerous quantitative genetic analyses (e.g.
[5,10,43,48]). Husbandry and breeding design of the
mice we studied are described elsewhere [9,10,26].
Briefly, breeder mice (‘parents’) were purchased from
Harlan Sprague Dawley in five separate batches. They
were weaned at 19 days of age and immediately shipped
to our laboratory (arrival dates were 30 Nov. 1988, 28
Dec. 1988, 22 Feb. 1989, 30 Aug. 1989, 13 Dec. 1989).
Each male was later mated with 4 or 5 females; their
offspring as well as the parents were studied.

2.2. Phenotypic measures

Forced maximal sprint running speed, maximal
swimming endurance, V: O2max and BMR were mea-
sured as described elsewhere [9,10,26].

Heparinized microcapillary tubes (length: 75 mm, i.d.
1.1–1.2 mm) were used to take blood samples from the
sub-orbital sinus. Tubes were centrifuged for 6.5 min in
a Clay–Adams microfuge (Autocrit Ultra 3). Hemat-
ocrit (Hct) was determined immediately following cen-
trifugation. For measurement of hemoglobin
concentration ([Hb]), 25 ml blood samples (drawn from
an additional heparinized microcapillary tube) were
added to 5 ml of Drabkin’s reagent. Concentration of
cyanmethemoglobin was determined at 540 nm with a
Beckman spectrophotometer ([3], Sigma Technical Bul-
letin No. 525) and human hemoglobin standard (Sigma
Catalog No. 525-18). Hct and [Hb] were determined in
duplicate, and means were analyzed.

After blood sampling, mice were sacrificed by cervi-
cal dislocation. Following a midventral incision, the
heart was lifted with forceps and the ventricles were cut
free from the atria and major blood vessels. The ventri-
cles were blotted and any coagulated blood was re-
moved. The gall bladder was excised before removing
the liver for weighing; the liver was cut into two pieces
to facilitate subsequent analyses. Finally, the right tri-
ceps surae (which includes the lateral and medial heads
of the gastrocnemius muscle, the soleus, and the plan-
taris [also known as the flexor digitorum superficialis])
was removed by cutting the muscle from the lateral
condyle of the tibia and medial condyle of the fibia,
followed by cutting the Achilles’ tendon approximately
midway between its origin and the muscle’s insertion.
Wet mass of tissues was recorded to the nearest 0.1 mg
on an electronic balance; tissues were then frozen on
dry ice, and stored at −80°C.
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After determination of Hct, the microcapillary tubes
were broken and the serum (some coagulation was
evident despite the heparin coating of the microcapil-
lary tubes) was blown into microcentrifuge tubes. These
samples were frozen on dry ice and later stored at
−80°C. Total serum cholesterol was determined using
a Sigma Cholesterol Assay (No. 352). This enzymatic
method is a modification of Allain et al. [1], involving
the hydrolysis of cholesterol esters, the oxidation of
cholesterol, and the spectrophotometric measurement
of a reaction product at 500 nm. Duplicate 10 ml serum
samples from each mouse were assayed at room tem-
perature for total cholesterol in sets of 10 mice. Overall,
17 assays for total cholesterol were performed. Each
assay was calibrated using Sigma calibrators (100, 200,
and 400 mg dl−1). In addition, duplicate samples of a
normal control were also run with the assay. Samples
were incubated with the diagnostic reagent for 12–18
min before absorbance readings were taken at 500 nm.
All absorbances were recorded within 30 min as spe-
cified by the assay procedure. The mean intra-assay
coefficient of variation was 4.65% (90.55 S.E.).

Analyses of serum concentration of thyroid hor-
mones, triiodothyronine (T3) and thyroxine (T4), were
performed by J. Armstrong of the Radionucleotide
Laboratory, School of Veterinarian Medicine, Univer-
sity of Wisconsin, Madison (as in Ref. [45]). Assays
involved Coat-a-Count Total T3 and Total T4 kits
(Diagnostic Products, Los Angeles, CA) and were run
in duplicate (unless sample volume was too small) at
room temperature for 16 h.

2.3. Electrophoresis

During July 1993, liver tissue which had been stored
at −80°C was thawed and homogenized in approxi-
mately 3 volumes of ice cold 0.09 M Tris, 0.001 M
DTT, pH 7.0 buffer in a glass-on-glass grinder. Ho-
mogenates were centrifuged at full speed for 10 min in
a Bel Art mini-centrifuge at 4°C to remove cellular
debris. Supernatants were stored at −80°C for up to
20 days before electrophoresis. Cellulose acetate elec-
trophoresis was performed following methods modified
from Carter et al. [4] and Hebert and Beaton [27].
Cellulose acetate plates were soaked for 20 min in a
0.01 M Tris–glycine pH 8.5 buffer. Liver homogenates
were thawed and electrophoresed on the pre-soaked
plates using a 0.1 M Tris–glycine pH 8.5 electrode
buffer for 30 to 35 min at 200 V and approximately 4
mA/gel. Plates were stained for lactate dehydrogenase
(Ldh), malate dehydrogenase (Mdh, sometimes called
Mor), glutamate-oxaloactate transferase (Got), malic
enzyme (Me, sometimes called Mod), phosphoglucose
isomerase (Gpi, sometimes called Pgi), phosphoglucose
mutase (Pgm), and 6-phosphogluconate dehydrogenase
(6Pgd), following Carter et al. [4] and Hebert and

Beaton [27]. These loci were chosen because they occur
in primary metabolic pathways (glycolysis and the TCA
cycle) and have been examined in a variety of other
taxa [38].

2.4. Statistics

Most variables were transformed to improve normal-
ity and/or homoscedasticity in relation to covariates
(e.g. body mass). Maximal sprint running speed, maxi-
mal swimming endurance,V: O2max, all tissue masses,
body mass, T3 and T4 hormone levels, and cholesterol
were log10 transformed; tail length and blood
hemoglobin were cubed. Some decisions as to best
transformations were modified after inspection of resid-
uals from the multiple regression equations (see next
paragraph).

We controlled statistically for the effects of variation
in body mass, sex, age, measurement block (mice were
measured in separate groups at different times), genera-
tion, and other relevant covariates using ordinary least-
squares multiple regression. We used a stepwise
algorithm, with entry and removal levels set at P=0.05
and P=0.10, respectively, to determine the best multi-
ple regression equation for each variable [9,10]. Sex,
measurement block, and whether an individual was a
parent (i.e. a breeder obtained from Harlan Sprague
Dawley) or an offspring born in our laboratory were
scored as 0–1 dummy variables. The product of the
parent and sex dummy variables was also used to check
for interactions. For sprint speed, we also used dummy
variables coding for observer; for swimming endurance
we used water temperature as a potential covariate (see
Ref. [10]). For cholesterol and thyroid hormone levels,
we used amount of time the sample was frozen as a
covariate. For time, age at measurement, fast length,
and freeze time, orthogonal polynomials (e.g. [Z-trans-
formed age]2) were also used to allow for non-linear
associations with the dependent variable. For regres-
sions in which the squared term was statistically signifi-
cant, but the first-order term was not included in the
final stepwise model, we forced the first-order variable
into the equation prior to computing residuals [40]. All
residuals showed a reasonable approximation to
normality.

The computed residuals from the multiple regression
equations were then used for all subsequent analyses.
Oneway ANOVA was used to test for differences in
trait residuals among the three genotypes at each poly-
morphic locus. Pearson product–moment correlations
were calculated to test for significant associations be-
tween trait residuals and multi-locus heterozygosity (the
total number of loci heterozygous in an individual;
range=0 to 4). All statistical analyses were performed
using SPSS/PC+ version 5.0 on an IBM-compatible
personal computer.
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Most studies attempting to detect significant single-
gene effects on quantitative traits have used ordinary
least-squares approaches. Under certain conditions of
polygenic inheritance and natural or artificial selection,
this statistical approach can find spuriously significant
effects of single genes when no effect actually exists
[29]. Our use of ordinary least-squares on both parents
and offspring is, nevertheless, justifiable in the present
case for the following reasons. Firstly, in previous
quantitative genetic studies using maximum likelihood
methods with the same individual mice, we estimated
both narrow-sense and broad-sense heritabilities for all
of the traits under consideration herein ([9,10], Dohm et
al. unpublished). In addition to genetic effects, the
breeding design we used incorporated a cross-fostering
scheme which allowed us to test for postnatal common
environmental effects, an additional component of fam-
ily resemblance. Narrow-sense heritabilities for all traits
were less than about 0.4; the modal narrow-sense heri-
tability was about 0.15 ([9,10] Dohm et al. unpub-
lished). Furthermore, we did not detect large
contributions from common environmental effects to
total phenotypic variance for any trait (i.e. most esti-
mates indicated an effect less than 10%). Thus, the chief
causes of family resemblance (narrow-sense heritability
for resemblance between parents and offspring; narrow-
sense heritability plus common environmental effects
for resemblance between siblings), were only modest in
size and cannot be taken as a substantial source of bias
in the present study. Secondly, although parents and
offspring did differ significantly for some traits (body
mass, sprint running speed, swimming endurance,
BMR, V: O2max, but not for any of the suborganismal
traits studied), the differences were always quite small
in magnitude. For no trait did the difference in mean
values, adjusted for effects of covariates, exceed 5%
([9,10], Dohm et al. unpublished). Therefore, according
to figures published in Kennedy et al. [29], and our
estimated heritabilities for these traits, differences be-
tween parents and offspring for the traits in question do
not warrant substantial concern as a source of bias in
our statistical tests for gene effects.

Our last statistical point addresses degrees of free-
dom. We statistically removed affects of sex, age, body
mass, and measurement block prior to both quantita-
tive genetic analyses [9,10] and tests for effects of single
genes (this study). As a consequence, our statistical
tests for single-gene effects do not correct for the loss of
degrees of freedom (df) attributable to these additional
sources of variation. This approach was necessary be-
cause maximum likelihood programs that can account
for the breeding design used by us and both fixed
effects and covariates are not yet available. However,
we note that our findings of statistical significance for
eight of 56 single-locus tests, and one of 14 multi-locus
tests, would not change even if we subtracted the 15–20

degrees of freedom related to these statistical
corrections.

3. Results

3.1. Allozyme 6ariation

Seven enzyme stains were used in this study. Three
(Ldh, Pgm, Me) revealed two loci (i.e. isozymes) each,
whereas the other four (Gpi, Mdh, 6Pgd, Got) showed
banding patterns indicative of a single locus; these
results are similar to those in other strains of laboratory
Mus domesticus [19,44]. Both Ldh loci and both Me loci
were monomorphic, as were Pgm-1 and Got-1. Mdh-1,
6Pgd and Pgm-2 were polymorphic with two alleles
each; for each of these loci, the fast-running allele was
identified as ‘a’ and the slow-running allele as ‘b’ (fol-
lowing Ref. [19]). Gpi-1 was also polymorphic, with
two alleles; in this case, the fast-running allele was
identified as ‘b’ and the slow-running allele as ‘a’ (fol-
lowing Ref. [19]). Thus, of the 10 loci scored, four
showed polymorphic banding patterns with two alleles
each: Gpi-1, Pgm-2, 6Pgd and Mdh-1. Table 1 presents
frequency information and statistics for these polymor-
phic loci in both generations of mice. All loci in the
parental generation were in Hardy–Weinberg equi-
librium, using the x2 statistic to compare observed and
expected genotypic frequencies [47,51].

3.2. Relationships between allozyme genotypes and
physiological phenotypes

Because of the similarity of genotype frequencies
between generations, because generation was a statisti-
cal blocking variable used to produce trait residuals,
and because generations were pooled for other analyses
[9,10], data from the two generations were pooled for
analysis by genotype. Multi-locus heterozygosity was
calculated by summing the number of heterozygous loci
for each individual (range=0 to 4). The coefficients
and P values from Pearson product–moment correla-
tions between multi-locus heterozygosity and each trait
are in the final column of Table 2. In contrast to results
from most previous studies, BMR was positively corre-
lated with multi-locus heterozygosity (PB0.001), with
heterozygote class 4 being approximately 10.7% higher
than heterozygote class 0 (Fig. 1). However, V: O2max
was not significantly correlated with multi-locus het-
erozygosity (r= −0.059; P=0.3; Table 2; Fig. 2), nor
did V: O2max differ among multi-locus genotype classes
(oneway ANOVA, F=0.7026, P=0.59; df=3, 302).
No other traits showed statistically significant correla-
tions with multi-locus heterozygosity.

Table 2 also presents P values from ANOVA of trait
residuals by genotype for each locus. Eight of 56 analy-
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ses (14%) demonstrated significant (PB0.05, unad-
justed for multiple tests) differences among genotypes;
four of these were for oxygen consumption traits (BMR
and V: O2max). 6Pgd, which catalyzes a step in the
pentose shunt, never showed differences among geno-
types for any trait; Mdh-1, which is involved in the
Krebs cycle, showed differences among genotypes for
two traits; and Gpi-1 and Pgm-2, which are at the head
of the glycolytic pathway, showed differences among
genotypes for three traits each.

4. Discussion

We found that levels of allozyme variation in outbred
Hsd:ICR mice are similar to those reported 18 and 25
years ago [24,44], and to those measured in wild popu-
lations of house mice [44,55]. Of the 10 allozyme loci
scored in the 325 mice studied here, four (40%) were
polymorphic, and the average heterozygosity across all
10 loci was 11.2 and 12.8% for the parent and offspring
generations, respectively (computations and terminol-
ogy following Ref. [23]). The lack of deviations from
Hardy–Weinberg expectations demonstrates that the
inbreeding coefficient (F) for the parental mice is not
significantly different from 0 (Table 1: cf. Refs. [23,28]).
Thus, this sample of the outbred Hsd:ICR strain, which
consisted of mice purchased from Harlan Sprague
Dawley, did not show evidence of inbreeding. Low
levels of inbreeding are expected for a sample drawn
from a large, outbred population of laboratory mice
[44,50]. The size of the commercial population from
which these mice were drawn has been maintained at
several hundred to thousands of individuals since 1983;
presently, 1000 females are bred each generation, and
inbreeding is estimated at one-tenth of one percent each
generation (D. Renner personal communication 10 July
1997; L. White personal communication, 7 October
1994; see Ref. [9] for further details).

Allozyme variation in wild Mus populations is quite
variable (see Refs. [44,55] for reviews). The allozyme
variation we measured is similar to that reported by
Selander and Yang [49] for Mus domesticus in popula-
tions from North America and Denmark. Within vari-
ous wild populations, they found that 41% of loci were
polymorphic and that average heterozygosity was 8.5%,
whereas we found that 40% of loci were polymorphic
and that average heterozygosity was 11–12%. Although
wild populations undoubtedly have more allozyme vari-
ants than do outbred laboratory strains [19,49], the
behavior and population dynamics of wild mice result
in small, highly structured sub-populations, in which
founder effects and drift can have large effects on local
genetic diversity [49]. In contrast, large random bred or
outbred laboratory populations are more likely to
maintain genetic variation [50]. In any case, levels of
genetic variation in Hsd:ICR mice reported herein and
18 and 25 years ago [24,44] are similar to those reported
for wild populations of house mice. In addition, physio-
logical traits that have been studied show, at most, only
small quantitative differences between Hsd:ICR mice
and wild mice from a Wisconsin population [11,16,45].
Therefore, outbred Hsd:ICR mice represent an appro-
priate model for studies of the genetics and evolution of
physiological aspects of the phenotype.

The data set presented herein on relationships be-
tween allozyme genotype and physiological phenotype
is one of the largest and most thorough for mammals,
both in terms of sample size and number of traits
measured (see also Ref. [7]). Eight of 56 analyses of
trait differences among single-locus genotypes were
statistically significant. Because a for the statistical tests
was chosen a priori to be 0.05, three of these significant
results were expected by chance alone. We had no
expectations for phenotypic differences among geno-
types at specific loci in these mice, as, for example, was
the case for Gpi in Colias butterflies [54] and Ldh in the
teleost fish Fundulus [42]. Such significant relationships

Table 1
Summary of genetic measures for parents and offspring for the four variable locia

Locus p Ho F X2 for H-W n

Parents 0.928 aMdh-1 0.144 −0.078 0.63 104
0.262Offspring 0.864 a 221−0.115

1040.981Parents6Pgd 0.04−.0190.038a
Offspring 0.952 a 0.096 −0.050 219
Parents 0.577 bGpi-1 0.442 0.094 0.92 104
Offspring 0.552 b 0.507 −0.025 221
Parents −0.094 0.89 1010.639 aPgm-2 0.505
Offspring 0.093 2170.638 a 0.419

a Note: frequency and identity (the a or b allele) of most common allele (p); heterozygote frequency (Ho); inbreeding coefficient (F); X2 value
from test of Hardy–Weinberg equilibrium in parent generation, degrees of freedom=1 and critical value=3.84 for each test, and none are
significant at PB0.05 (the value for X2 is the statistic itself, not the P value); and sample sizes (n), for each generation and each locus.
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Table 2
Significance of tests relating genotypes to phenotypic traitsa

6Pgd Gpi-1 Pgm-2Mdh-1 Multi-locus heterozygosityTrait

0.674Body mass at 35 days 0.269 0.076 0.002 bb 0.572 r=−0.035
0.402 0.8010.004 ab 0.802Maximal sprint running speed 0.161 r=0.081

0.296Swimming endurance 0.912 0.234 0.078 0.238 r=0.073
0.167 0.032 bb 0.233Maximal oxygen consumption 0.309 r=−0.0590.914
0.430 0.042 ab0.045 ab 0.007 abBasal metabolic rate 0.001 r=0.209
0.239 0.269Triceps surae muscle mass 0.014 aa0.125 0.825 r=−0.012
0.455 0.6930.268 0.997Heart mass 0.598 r=0.029

0.606Liver Mass 0.630 0.446 0.981 0.636 r=−0.026
0.620 0.003 ab0.876 0.364Tail length 0.183 r=0.075

0.872Hemoglobin 0.687 0.606 0.476 0.453 r=−0.042
0.204Hematocrit 0.2580.923 0.493 0.350 r=−0.052
0.114 0.8460.220 0.400Cholesterol 0.692 r=0.022

0.539Thyroxin 0.174 0.814 0.852 0.490 r=0.040
Triiodothyronine 0.9850.593 0.569 0.664 0.573 r=−0.033

a Note: significance levels are from ANOVA for differences among single-locus genotypes and from Pearson correlation analysis for the
multi-locus genotype. For significant ANOVA results, the genotype (e.g. aa, ab, or bb) with the highest value of the trait is listed next to the P
value; for the correlation analysis, the value of r is listed next to the P value. All significant results are in bold type (PB0.05, not adjusted for
multiple tests). All phenotypic traits are residuals from multiple regressions on covariates and blocking variables (see Section 2).

between single-locus genotype and a physiological trait
may be caused by variation at the locus itself, or may
reflect linkage disequilibrium between that locus and
another which actually affects the trait [37]. To identify
which mechanism accounts for the significant single-lo-
cus results presented here, additional experiments ex-
amining functional differences among allozymes at each
locus are required [12].

We also found that multi-locus heterozygosity was
positively correlated with mass-corrected BMR, but
was not significantly correlated with V: O2max nor with
any of the other 12 morphological or physiological
traits measured. Although BMR in endotherms is not
identical to standard metabolic rates measured in ec-
totherms, it is analogous. The positive correlation be-
tween BMR and multi-locus heterozygosity is striking
in that it is opposite in sign to nearly all previously
reported results for resting or standard metabolic rates
in ectotherms (e.g. snails [17], clams [18], oysters
[32,46], trout [8], and tiger salamanders [39]).

How multi-locus heterozygosity might affect BMR in
these mice is unclear. One possibility is that the genetic
variation has no physiological effect at all, but that the
studied loci are in linkage disequilibrium with polymor-
phic loci which do have such effects. Although this
cannot be excluded, it seems unlikely because all the
polymorphic loci we studied are involved in central
metabolism and are the very loci predicted to affect
such traits as BMR [31]. A second possible explanation,
related to the first, is that the allozyme variation has no
physiological effect, but is simply an index of inbreed-
ing [37]. If either of these explanations are true, then
correlations between BMR and any polymorphic
molecular marker (e.g. microsatellite DNA loci) should

reveal the same results [37]; this hypothesis can be
tested in future studies.

On the other hand, correlations between multi-locus
heterozygosity and BMR may have a physiological
basis. Hawkins and Day [25] have argued that 20–40%
of standard metabolic rate is spent catabolizing and
synthesizing proteins, and have demonstrated that over-
all protein turnover rate in mussels decreases with
enzyme heterozygosity. However, precisely why het-

Fig. 1. Means and standard errors of residual basal metabolic rate
(BMR) vs. multi-locus heterozygosity. Pearson product–moment cor-
relation coefficient=0.209, two-tailed PB0.001. Sample sizes of each
heterozygosity class appear next to the symbol on the graph. The
mean BMR for all mice was 39.84 ml O2 h−1; the mean residuals for
heterozygote class 0, 1, 2, 3 and 4 are −1.92, −0.28, 2.01, 1.94, and
2.61 ml O2 h−1, respectively. Because residuals are in the units of
original measurement, percentage differences among heterozygote
classes can be calculated. For example, heterozygote class 0 is
(39.84−1.92)/(39.84+2.61) or 89.3% of heterozygote class 4.
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Fig. 2. Means and standard errors of log10 transformed residual
maximal oxygen consumption (VO2max) during forced exercise vs.
multi-locus heterozygosity. Pearson product–moment correlation co-
efficient= −0.059, two-tailed P=0.309. If heterozygote class 4 is
excluded from the analysis, the Pearson product–moment correlation
coefficient= −0.052 and the two-tailed P=0.367. Sample sizes of
each heterozygosity class appear next to the symbol on the graph.

References

[1] Allain CA, Poon LS, Chan CSG, Richmond W, Fu PC. Enzy-
matic determination of cholesterol in serum. Clin Chem
1974;20:470–5.

[2] Berry RJ, Peters J. Heterogeneous heterozygosities in Mus mus-
culus populations. Proc R Soc Lond B 1977;197:485–503.

[3] Brown B. Hematology: Principles and Procedures. Philadelphia:
Lea and Febiger, 1973.

[4] Carter PA, Hughes JM, Zalucki MP. Genetic variation in a
continuously breeding population of Danaus plexippus L.: an
examination of heterozygosity at four loci in relation to activity
times. Heredity 1989;63:191–4.

[5] Cheverud JM, Rutledge JJ, Atchley WR. Quantitative genetics
of development: genetic correlations among age-specific trait
values and the evolution of ontogeny. Evolution 1983;37:895–
905.

[6] Clark AG, Koehn RK. Enzymes and adaptation. In: Berry RJ,
Crawford TJ, Hewitt GM Jr., editors. Genes in Ecology. Oxford:
Blackwell Scientific Publications, 1992:193–228.

[7] Cothran EG, Chesser R, Smith MH, Jones PE. Influences of
genetic variability and maternal factors on fetal growth in white-
tailed deer. Evolution 1983;37:282–91.

[8] Danzman RG, Ferguson MM, Allendorf FW. Heterozygosity
and oxygen consumption rates as predictors of growth and
development rate in rainbow trout. Physiol Zool 1987;60:211–
20.

[9] Dohm, M.R., 1994. Quantitative Genetics of Locomotor Perfor-
mance and Physiology in House Mice (Mus domesticus). Ph.D.
dissertation, University of Wisconsin, Madison.

[10] Dohm MR, Richardson CS, Garland T Jr. Exercise physiology
of wild and random-bred laboratory house mice and their recip-
rocal hybrids. Am J Physiol (Reg Integ Comp Physiol)
1994;267(36):R1098–108.

[11] Dohm MR, Richardson CS, Garland T Jr. Exercise physiology
of wild and random-bred laboratory house mice and their recip-
rocal hybrids. Am J Physiol (Reg Integ Comp Physiol)
1994;267(36):R1098–108.

[12] Feder ME, Watt WB. Functional biology of adaptation. In:
Berry RJ, Crawford TJ, Hewitt GM Jr., editors. Genes in
Ecology. Oxford: Blackwell Scientific Publications, 1992:365–92.

[13] Fitch WM, Atchley WR. Evolution of inbred strains of mice
appears rapid. Science 1985;228:1169–75.

[14] Friedman WA, Garland T Jr., Dohm MR. Individual variation
in locomotor behavior and maximal oxygen consumption in
mice. Physiol Behav 1992;52:97–104.

[15] Garland T Jr., Carter PA. Evolutionary physiology. Annu Rev
Physiol 1994;56:579–621.

[16] Garland T Jr., Gleeson TT, Aronovitz BA, Richardson CS,
Dohm MR. Maximal sprint speeds and muscle fiber composition
of wild and laboratory house mice. Physiol Behav 1995;58:869–
76.

[17] Garton DW. Relationship between multiple locus heterozygosity
and physiological energetics of growth in the estuarine gastropod
Thais haemastoma. Physiol Zool 1984;57:530–43.

[18] Garton DW, Koehn RK, Scott TM. Multiple-locus heterozygos-
ity and the physiological energetics of growth in the coot clam,
Mulinia lateralis from a natural population. Genetics
1984;108:445–55.

[19] Green MC. Catalog of mutant genes and polymorphic loci. In:
Lyon MF, Searle AG, editors. Genetic Variants and Strains of
the Laboratory Mouse, 2nd ed. New York: Oxford University
Press, 1989:12–403.

[20] Hammond KA, Diamond J. An experimental test for a ceiling
on sustained metabolic rate in lactating mice. Physiol Zool
1992;65:952–77.

erozygous allozymes are catabolized more slowly has
yet to be elucidated. In a related vein, Clark and
Koehn [6] suggested that a more heterozygous al-
lozyme pool might provide a higher flux through
metabolic pathways at a lower cost of protein mainte-
nance; however, this idea has yet to be tested empiri-
cally. If either or both of these explanations are true
for ectotherms, then our data oppose the generality
of these explanations with regard to endotherms. This
highlights an excellent opportunity to study protein
turnover in relation to metabolic rate and multi-locus
heterozygosity in endotherms, for comparison with
existing information on ectotherms. Such comparative
data will help resolve questions of how allozyme het-
erozygosity affects metabolism, and may elucidate dif-
ferent evolutionary trajectories followed by ectotherms
and endotherms with regard to genetic variation and
metabolism.

Acknowledgements

The authors would like to thank J.L. Temte for
performing cholesterol assays, G.P. Chimes for assis-
tance electrophoresing samples, and Anthony
Hawkins and Amanda Day for a preprint of their
manuscript in press. This research was supported by
N.S.F. grants IBN-9111185, IBN-9157268, and IBN-
9728434 to T.G. P.A.C. was supported in part by a
University of Wisconsin, Department of Zoology,
Michael Guyer Post-Doctoral Fellowship.



P. A. Carter et al. / Comparati6e Biochemistry and Physiology, Part A 123 (1999) 155–162162

[21] Hammond KA, Diamond J. Limits to dietary nutrient intake
and intestinal nutrient uptake in lactating mice. Physiol Zool
1994;67:282–303.

[22] Harris H. Enzyme polymorphisms in man. Pro R Soc Lond B
1966;164:298–310.

[23] Hartl DL. A Primer of Population Genetics. Sunderland, MA:
Sinauer Associates, 1981.

[24] Hauschka TS, Mirand EA. The ‘breeder: HA(ICR)’ Swiss
mouse, a multipurpose stock selected for fecundity. In: Murphy
GP, Pressman D, Mirand EA, editors. Perspectives in Cancer
Research and Treatment. New York: Alan R. Liss, 1973:319–31.

[25] Hawkins, A.J.S., Day, A.J., 1999. Metabolic interrelations un-
derlying the physiological and evolutionary advantages of ge-
netic diversity. Am. Zool. in press.

[26] Hayes JP, Garland T, Dohm MR. Metabolic rates and repro-
duction of Mus : are energetics and life history linked? Funct
Ecol 1992;6:5–14.

[27] Hebert PDN, Beaton MJ. Methodologies for Allozyme Analysis
Using Cellulose Acetate Electrophoresis. Beaumont, TX: Helena
Laboratories, 1989.

[28] Hedrick PW. Genetics of Populations. Boston: Jones and
Bartlett, 1985.

[29] Kennedy BW, Quinton M, van Arendonk JAM. Estimation of
effects of single genes on quantitative traits. J Anim Sci
1992;70:2000–12.

[30] King RB, Lawson R. Color pattern variation in Lake Erie water
snakes: the role of gene flow. Evolution 1995;49:885–96.

[31] Koehn RK, Diehl WJ, Scott TM. The differential contribution
by individual enzymes of glycolysis and protein catabolism to the
relationship between heterozygosity and growth rate in the coot
clam, Mulinia lateralis. Genetics 1988;118:121–30.

[32] Koehn RK, Shumway SE. A genetic/physiological explanation
for differential growth rate among individuals of the American
oyster, Crassostrea 6irginica (Gmelin). Mar Biol Lett 1982;3:35–
42.

[33] Konarzewski M, Diamond JM. Evolution of basal metabolic
rate and organ masses in laboratory mice. Evolution
1995;49:1239–48.

[34] Lewontin RC, Hubby JL. A molecular approach to the study of
genic heterozygosity in natural populations (II): amount of
variation and degree of heterozygosity in natural populations of
Drosophila pseudoobscura. Genetics 1966;54:595–609.

[35] Lynch CB. Evolutionary inferences from genetic analyses of cold
adaptation in laboratory and wild populations of the house
mouse. In: Boake CRB, editor. Quantitative Genetic Studies of
Behavioral Evolution. Chicago: University of Chicago Press,
1994:278–301.

[36] Lynch GR, Lynch CB, Dube M, Allen C. Early cold exposure:
effects on behavioral and physiological thermoregulation in the
house mouse, Mus musculus. Physiol Zool 1976;49:191–9.

[37] Mitton JB. Molecular approaches to population biology. Annu
Rev Ecol Syst 1994;25:45–69.

[38] Mitton JB. Selection in Natural Populations. New York: Oxford
University Press, 1997.

[39] Mitton JB, Carey C, Kocher TD. The relation of enzyme
heterozygosity to standard and active oxygen consumption and
body size of tiger salamanders, Ambystoma tigrinum. Physiol
Zool 1986;59:574–82.

[40] Montgomery DC, Peck EA. Introduction to Linear Regression
Analysis. New York: Wiley, 1992.

[41] Nevo E, Beiles A, Ben-Shlomo R. The evolutionary significance
of genetic diversity: ecological, demographic and life history
correlates. In: Mani GS, editor. Lecture Notes in Biomathemat-
ics, vol. 53. Berlin: Springer-Verlag, 1984:13–213.

[42] Powers DA, Smith M, Gonzales-Villasenor I, DiMichele L,
Crawford D, Bernardi G, Lauerman T. A multidisciplinary
approach to the selectionist/neutralist controversy using the
model teleost, Fundulus heteroclitus. In: Dawkins R, Ridley M
Jr., editors. Oxford Surveys in Evolutionary Biology, vol. 9. New
York: Oxford University Press, 1994:43–108.

[43] Prasetyp H, Eisen EJ. Correlated responses in development and
distribution of fat depots in mice selected for body composition
traits. Theoretical and Applied Genetics 1989;78:217–23.

[44] Rice MC, O’Brien SJ. Genetic variance of laboratory outbred
Swiss mice. Nature 1980;283:157–61.

[45] Richardson CS, Dohm MR, Garland T Jr. Metabolism and
thermoregulation in crosses between wild and random-bred labo-
ratory house mice (Mus domesticus). Physiol Zool 1994;67:944–
75.

[46] Rodhouse PG, Gaffney PM. Effect of heterozygosity on
metabolism during starvation in the American oyster Crassostrea
6irginica (Gmelin). Mar Biol Lett 1984;80:179–88.

[47] Rohlf FJ, Sokal RK. Statistical Tables, 2nd ed. New York:
Freeman and Company, 1981.

[48] Rutledge JJ, Eisen EJ, Legates JE. An experimental evaluation
of genetic correlation. Genetics 1973;75:709–26.

[49] Selander RK, Yang SY. Biochemical genetics and behavior in
wild house mouse populations. In: Lindzey G, Thiessen DD Jr.,
editors. Contributions to Behavior-Genetic Analyses-The Mouse
as a Prototype. New York: Appleton-Century-Crofts, 1970:293–
334.

[50] Silver LM. Mouse Genetics. New York: Oxford University
Press, 1995.

[51] Sokal RK, Rohlf FJ. Biometry, 2nd ed. New York: Freeman
and Company, 1981.

[52] Swallow JG, Carter PA, Garland T Jr. Artificial selection for
increased wheel-running behavior in house mice. Behavior Ge-
netics 1998;28:227–37.

[53] Swallow JG, Garland T Jr., Carter PA, Zhan W-Z, Sieck GC.
Effects of voluntary activity and genetic selection on aerobic
capacity in house mice (Mus domesticus). J Appl Physiol
1998;84:69–76.

[54] Watt WB. Biochemistry, physiological ecology, and population
genetics—the mechanistic tools of evolutionary biology. Funct
Ecol 1991;5:145–54.

[55] Wheeler LL, Selander RK. Genetic variation in populations of
the house mouse, Mus musculus, in the Hawaiian islands. In:
Wheeler MR, editor. Studies in Genetics, vol. 7. Austin: Univer-
sity of Texas Press, 1972:269–96.

.


