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HEMOGLOBIN POLYMORPHISMS IN DEER MICE
(PEROMYSCUS MANICULATUS): PHYSIOLOGY OF
BETA-GLOBIN VARIANTS AND ALPHA-GLOBIN RECOMBINANTS

MARK A. CHAPPELL, JACK P. HAYES, AND LEE R. G. SNYDER
Department of Biology, University of California, Riverside, CA 92521

Abstract.—Wild populations of deer mice (Peromyscus maniculatus) contain hemoglobin poly-
morphisms at both alpha-globin (Hba, Hbc) and beta-globin (Hbd) loci. Population gene frequencies
of beta-globin variants (d° and d’ haplotypes) are not correlated with altitude, whereas a’c’ alpha-
globin haplotypes are fixed in low-altitude populations, and a°c® haplotypes reach near fixation at
high altitudes. We examined the effects of alpha- and beta-globin variants on blood oxygen affinity
and on aerobic performance, measured as maximum oxygen consumption (VO,max). Exercise and
cold exposure were used to elicit VO,max. Experiments were performed at low (340 m) and high
(3,800 m) altitude to include the range of oxygen partial pressures encountered by wild deer mice.
Beta-globin variants had little effect on blood oxygen affinity or VO,max. Oxygen-dissociation
curves from a°® and a’c’ homozygotes and heterozygotes had similar shapes, but the Ps, of a°c®
homozygotes was significantly lower than that of other genotypes. Mice carrying a’c’/a’c! genotypes
had the highest VO,max at low altitude, but mice with a’c%a’° genotypes had the highest VO,max
at high altitude. Mice carrying rare recombinant alpha-globin haplotypes (a°c’) had lower VO,max
than nonrecombinant genotypes as a whole but in most cases were not significantly different from
nonrecombinant heterozygotes (a’c’/a’c’). We conclude that genetic adaptation to different altitudes
was important in the evolution of deer mouse alpha-globin polymorphisms and in the maintenance
of linkage disequilibrium in the alpha-globin loci but was not a significant factor in the evolution
of beta-globin polymorphisms.
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The extent to which protein polymor-
phisms affect fitness is a central question in
population genetics. Many allozymes and
other proteins are differentiated at the bio-
chemical level, but in relatively few cases
are they known to have differential effects
on whole-animal physiology. Chappell and
Snyder (1984) have described functional dif-
ferences at the biochemical and organismal
level for several alpha-globin polymor-
phisms in the hemoglobins of North Amer-
ican deer mice (Peromyscus maniculatus).
Polymorphisms occur at the Hba and Hbc
loci and can be tabulated into four allele
classes (a’ and a’, and ¢’ and ¢’), based on
similarity of isoelectric points. Snyder (1981)
proposed that these polymorphisms evolved
as a result of selection regimes that vary
with altitude. Population gene frequencies
of common a’c’ and a’c° haplotypes are cor-
related with native altitude (Snyder, 1981;
Snyder et al., 1988). The Ps, (the oxygen
partial pressure at which blood is 50% sat-
urated) decreases with increasing native al-
titude (Snyder, 1985), although differences
among P;,’s of populations may also be par-
tially explained by subspecific differentia-
tion. In laboratory strains, P, is a function

of alpha-globin genotype (Chappell and
Snyder, 1984). Moreover, alpha-globin ge-
notype affects an important whole-animal
character, the maximum rate of oxygen con-
sumption or VO,max (Chappell and Sny-
der, 1984).

These findings support the hypothesis that
natural selection has played a significant role
in the evolution of deer mouse hemoglobin
polymorphisms, but many important as-
pects of the system have not been investi-
gated. We address two interesting problems
here. Strong linkage disequilibrium between
the Hba and Hbc loci is present in deer
mice, such that a° alleles are almost always
associated with ¢? alleles and a’ alleles are
almost always associated with ¢’ alleles
(more than 98% of haplotypes in natural
populations are either a’c? or a’c’; Snyder,
1979, 1980). An immediate question is
whether the observed disequilibrium is
maintained by selection, i.e., are recombi-
nant alpha-globin haplotypes rare because
they adversely affect the physiology of oxy-
gen transport? A second question concerns
the functional properties of polymorphisms
at the beta-globin loci (Hbd). These poly-
morphisms are fairly common in natural
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populations and are differentiated with re-
spect to altitude. However, the correlation
is much less striking than for the alpha-glo-
bins and can be attributed to differences be-
tween subspecies rather than to altitude ef-
fects (Snyder et al., 1988). Is the weak
correlation with altitude a reflection of lack
of functional differentiation among the beta-
globin alleles?

In this paper, we describe studies of the
effects of recombinant alpha-globin haplo-
types on whole-animal performance in deer
mice acclimated to both high and low al-
titude. We also report results from mea-
surements of biochemical and physiological
characteristics of several beta-globin vari-
ants and discuss the possible role of selec-
tion in their evolution.

MATERIALS AND METHODS

Animals. —Procedures for determining
hemoglobin genotype in deer mice have been
previously described (Snyder, 1978a, 19785,
1980). To avoid the confounding effects of
adaptation and acclimation in characters
other than hemoglobin, we developed strains
of deer mice that carried hemoglobin hap-
lotypes in identical-by-descent (IBD) con-
dition. IBD strains allowed study of the
effects of discrete haplotypes in as stan-
dardized a genetic background as possible
for a species that does not tolerate high levels
of inbreeding. For example, an IBD strain
for an a’c’ haplotype is produced by mating
a single a’c’/a’’ heterozygote to several a’c’
homozygotes from the source population.
Progeny carrying the a’c’ haplotype are bred
to each other and to unrelated a’° homo-
zygotes derived from the source population
until adequate numbers of all three geno-
type classes are available for testing. These
animals are closely matched for sex, age,
parentage, and developmental history; they
differ (as far as can be controlled) only in
hemoglobin genotype.

We worked with five beta-globin strains
and three alpha-globin strains. The beta-
globin strains (designated 220, 1383, 1936,
7019, and 7131) originated from subspecies
rufinus from Colorado and Utah. In strains
220, 1936, 7019, and 7131, the three ge-
notypes (d°/d°, d°/d’, and d'/d") were ar-
rayed against a’c? homozygote alpha-globin
backgrounds. In strain 1383, the two ge-
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notypes tested (d°/d° and d°/d') were ar-
rayed against an a’c’ homozygote back-
ground. Two recombinant alpha-globin
strains (designated 6941 and 7092; subspe-
cies nebrascensis from Colorado) carried an
a’c! haplotype. Each recombinant strain
contained six genotypes: three nonrecom-
binant (a°c?/a’c®, a’c'/a’c!, a‘c'/a’c’) and
three recombinant (a°c%/a’c’, a’c'/a’c!, a®c!/
a’c’). A single strain (4229; subspecies sorno-
riensis from eastern California) was used to
examine the oxygen-dissociation curve of
a’c® and a’c’ homozygotes and a’c’/a’c’
heterozygotes. The beta-globin background
was d° homozygous for all alpha-globin
strains.

Mice were housed in standard laboratory
cages with wood shavings and cotton for
bedding. Food (commercial rodent chow)
and water were available ad libitum. When-
ever possible, mice were tested at both low
altitude (340 m; at Riverside, California)
and high altitude (3,800 m; at the Barcroft
Laboratory of the White Mountain Re-
search Station in eastern California). Mean
barometric pressures were 737 torr at Riv-
erside and 485 torr at Barcroft. Mice were
acclimated to local altitude for at least two
months before testing. Animal care was
similar at both altitudes, except that room
temperature at Riverside was maintained at
22°-23°C, while at Barcroft the temperature
varied between 12° and 22°C.

Blood Oxygen Affinity. —Blood-gas mea-
surements were performed on the 1383,
1936, 4229, and 7019 strains (for beta-glo-
bin strains, only P, was determined; for the
alpha-globin strain 4229, measurements
were obtained over a range of oxygen sat-
urations). For each strain, we used a total
of 3-5 ml of fresh blood pooled from 10-
15 mice within each genotype group. Ali-
quots were equilibrated in a 37°C tonometer
against gases with identical CO, content but
containing either 30% or 0% O,. Carefully
measured volumes of oxygenated and deox-
ygenated blood were mixed anaerobically to
obtain different degrees of oxygen satura-
tion (Edwards and Martin, 1966; Snyder et
al., 1982). At a given P, the pH and P,
were varied by using three pairs of calibra-
tion gases with different CO, content. Val-
ues of P,,, Pco,, and pH were obtained us-
ing an Instrument Laboratories I1L-813
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blood gas analyzer. For P, measurements,
three subsamples were run for each satu-
ration condition; mean values were com-
puted for blood-gas parameters (for strain
4229, single measurements were made at
each saturation, because the amount of
blood available was limited). The CO,-Bohr
effect, blood buffering capacity, and P, val-
ues for pH 7.4 were calculated using linear
regression (Snyder et al., 1982).

Maximum Oxygen Consumption. —
Maximum rates of oxygen consumption
(VO,max) for strains 220, 1936, 6941, 7019,
7092, and 7131 were determined with open-
circuit respirometry during exercise and/or
cold exposure. For strains 1936 and 7019,
the same individuals were used for both
VO,max and blood-gas measurements (in
all cases, VO,max was determined prior to
blood sampling). Untrained mice were run
for six minutes on an enclosed treadmill,
with tread speed slightly faster than the
maximum aerobically sustainable running
speed (0.75-1.0 m/sec). Attainment of
VO.,max was judged by evident exhaustion
during and after runs and by oxygen debt
after runs. Mice were subjected to acute cold
exposure (0°-—5°C) for 10-12 min in a
closed-loop wind tunnel that generated air
speeds of 4—5 m/sec. This regime produced
greater heat-loss rates than could be coun-
tered by aerobic metabolic-heat production,
as indicated by stable and then declining
VO, during runs and by hypothermia after
runs. For both protocols, gas exchange was
monitored by Applied Electrochemistry
S-3A O, and CD-3A CO, analyzers inter-
faced to a computer. Resolution of the sys-
tem was £0.001% for O, and +0.01% for
CO,. The VO,max for each test was cal-
culated by having the computer search the
stored record for the highest “instanta-
neous” VO, (Bartholomew et al., 1981) av-
eraged over various time intervals (1, 2, and
5 min for exercise; 2, 5, and 8 min for cold
exposure). Details of the protocols are avail-
able in Chappell (1984). Performances of
genotypes were compared using one- and
two-way ANOVAs.

RESULTS

Blood Oxygen Affinity.—No consistent
genotypic difference was apparent in mea-
surements of Py, (50% oxygen saturation
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at pH 7.4) for the three beta-globin strains
tested (1383, 1936, and 7019; Fig. 1A), and
in no strain were there significant differ-
ences among genotype classes. The Ps, 5 4 in
the 1383 strain was significantly higher than
in the 1936 and 7019 strains, presumably
because the alpha-globin background in
1383 is homozygous a’c!, which itself con-
fers a higher Ps,,, than the homozygous
a’c®background of the 1936 and 7019 strains
(Chappell and Snyder, 1984). Significant ef-
fects of genotype on other blood parameters
(Pco, 7.4, CO,-Bohr effect, and blood buff-
ering capacity) were not observed.

One beta-globin strain, 1936, was tested
at both low and high altitude. Somewhat
surprisingly, acclimation to 3,800 m did not
significantly alter the Py, ,, (Fig. 1B). This
result is similar to published data for three
alpha-globin strains, which also showed
negligible change in Ps,,, when tested at
high and low altitude (Chappell and Snyder,
1984).

In strain 4229, the hemoglobin oxygen-
dissociation curves (ODC’s) for the three
genotypes (a’c®/a’c®, a’c’/a’c!, and a'c!/alc!)
have very similar shapes over oxygen sat-
urations from 16.7% to 82%, except that the
a’c%/ac? curve is left-shifted approximately
3-4 torr from the a’c’/a’c’ curve at all Py,
(Fig. 2A). The ODC for heterozygotes is in-
termediate to the ODC’s for homozygotes.
Hill coefficients ranged from 2.80 to 2.92
(Fig. 2B) and did not differ significantly
among genotypes (ANCOVA, P > 0.07),
indicating similarity of slope. Additional
data on the respiratory functions of deer
mouse blood are presented by Snyder (1985).

Maximum  Oxygen Consumption.—
ANOVAs on all VO, data indicated that the
averaging interval used affected the mag-
nitude of the computed VO,max, but did
not affect the performance ranking of ge-
notypes. Accordingly, for simplicity we
present data only for one-minute intervals
for exercise and two-minute intervals for
cold exposure (longer intervals yielded
qualitatively similar results, with slightly
lower VO,max values).

Beta-globin genotype had no significant
effect on VO,max at either high or low al-
titude (two-way ANOVA; Table 1, Fig. 3),
but differences among strains explained a
significant amount of variation (P < 0.001)
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Fic. 1. A) Blood oxygen affinity, measured as Ps; .4,

in three beta-globin strains (1383, 1936, and 7019).
Vertical lines represent 2 (SE); 0/0 = d°/d° genotypes,
0/1 = d°/d" genotypes, and 1/1 = d'/d’ genotypes. N
= 3 repeat measurements for each point (see text for
details). Significant differences among genotypes were
not observed. B) Py, ; , at 340 m and 3,800 m for strain
1936. No significant differences were observed among
genotypes at either altitude.

for exercise and cold exposure at both al-
titudes. The mean VO,max during exercise
was 8—10% higher than VO, max during cold
exposure at low altitude. At high altitude,
exercise VO,max was 15-20% higher than
VO,max during cold exposure. After two
months of acclimation to 3,800 m, exercise
VO,max was reduced by 12% compared to
the 340-m value, and the cold-exposure-in-
duced VO,max was reduced by 19% com-
pared to the 340-m value.

In contrast to beta-globin genotype, al-
pha-globin genotype had large and signifi-
cant effects on VO,max. Among nonrecom-
binant genotypes in both the 7092 and 6941
strains, a’c’ homozygotes had the highest
VO,max at low altitude, while a°c? homo-
zygotes were the best performers at high al-
titude (Fig. 4A, B). These differences were
significant in five of six comparisons (P =
0.032 to P = 0.0007); the single exception
involved low-altitude cold exposure for the
6941 strain (P = 0.77). Qualitative results
were similar for exercise and cold exposure
in strain 7092 (unfortunately, we obtained
no exercise data for strain 6941, because our
mouse colony was vandalized). The ranking
of genotypes we observed corresponds to
data for other alpha-globin strains (Chap-
pell and Snyder, 1984).

Comparisons (one- and two-way ANO-
VAs) of average VO,max of the three re-
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Fic. 2. A) Oxygen dissociation curves (ODC) for
three alpha-globin genotypes in strain 4229. Left
curve = a’c®/a’c’® genotypes; middle curve = hetero-
zygotes; right curve = a’c’/a’c’ genotypes. B) Hill plots
for the three ODC’s.

combinant genotypes with that of the three
nonrecombinant genotypes indicate that
mice carrying recombinant genotypes suffer
a deficit in aerobic capacity of 5-10% (P =
0.038 to P < 0.0001 for all cases; Table 2).
Much of the difference can be attributed to
the presence of “optimal” genotypes for
particular altitudes (i.e., a°c%/a’c® at high
altitude and a’c’/a’c! atlow altitude) among
the nonrecombinant classes. When recom-
binant mice were compared to nonrecom-
binant heterozygotes (which carry the same
overall combination of alleles but in a dif-
ferent chromosomal arrangement), a signif-
icant difference was observed in only one
out of six experiments (P = 0.0002; high-
altitude cold exposure for the 6941 strain;
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FiG. 3. Maximum oxygen consumption (VO,max) measured during exercise and acute cold exposure for
several beta-globin strains (220, 1936, 7019, and 7137). Labels for genotypes are as in Figure 1. Each point is
a mean obtained from 9-14 (mean 12.6) individuals. The star indicates a significant difference among genotypes
of strain 220. A) Data obtained at 340 m altitude; B) data obtained at 3,800 m altitude.

Table 2A). Two-way ANOVAs for cold ex-
posure (combining data from both strains)
revealed a significant difference between re-
combinants and heterozygotes at high alti-
tude (P < 0.0001) but not at low altitude
(P = 0.19; Table 2B).

DiscussioN

Oxygen-Dissociation Curves. —In pre-
vious studies of deer mouse hemoglobins

TaBLE 1. Significance table for two-way ANOVA
comparing the effects of strain, genotype, and their
interaction, on the VO,max of deer mice carrying beta-
globin polymorphisms. The strains compared were 220,
1383, 1936, 7019, and 7131. LA = low altitude (340
m); HA = high altitude (3,800 m). Data shown are
probability values; see Figure 3 for a graphical presen-
tation of the data.

Inter-

Treatment N Strain  Genotype action
Exercise, LA 147 0.0001 0.3196 0.1515
Cold exposure, LA 115 0.0005 0.5824 0.1351
Exercise, HA 111 0.0001 0.0937 0.7858
Cold exposure, HA 80 0.0008 0.5011 0.0483

(Chappell and Snyder, 1984; Snyder, 1985),
blood oxygen affinity was measured only as
Py, 7.4, with the assumption that the shape
of the ODC is consistent between genotypes.
A priori, that assumption is suspect, be-
cause the mixture of hemoglobin tetramers
in individual deer mice is complex, partic-
ularly in heterozygotes (a typical a®c®/a’c!
heterozygote with no beta-globin hetero-
zygosity produces ten possible tetramers).
Furthermore, tetrameric ratios in deer mice
show considerable variation, which is under
genetic control (Snyder, 1978a, 19785,
1980). In some species with multiple hemo-
globins (e.g., bullfrogs and turtles), the ODC
does not have a standard sigmoid shape
(Maginniss et al., 1980). However, data from
the present study (Fig. 2) indicate that ODC’s
for deer mice with different alpha-globin ge-
notypes have similar shapes, even in het-
erozygotes. Moreover, slight differences in
shape should be much less significant for O,
transport than the large left-shift of @’
homozygotes relative to heterozygotes and
a’c! homozygotes. Hence, the P5, measure-
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F1G. 4. Maximum oxygen consumption (VO,max) during cold exposure and exercise for two alpha-globin
strains (6941 and 7092) containing recombinant genotypes. 0/0 = a°’/a’c’ genotypes, 0/1 = a’c’/a’c’ genotypes,
1/1 = alc!/a’c! genotypes, 0/R = a°c’/a’c’ genotypes, 1/R = a’c’/a’c! genotypes, R/R = a’c!/a’c’ genotypes.
Each point is a mean obtained from 7-20 (mean 15.4) individuals. Significant differences among genotypes in
a strain are indicated by stars. A) Data obtained at 340 m altitude; B) data obtained at 3,800 m altitude.

TaBLE 2. A) Significance table for one-way ANCVA for the VO,max of two strains of deer mice (6941 and
7092) carrying alpha-globin polymorphisms, including recombinant haplotypes. The codes for experimental
treatments are: LE = low altitude (340 m), exercise; HE = high altitude (3,800 m), exercise; LC = low altitude,
cold exposure; and HC = high altitude, cold exposure. Numbers shown are probabilities; for comparisons with
recombinants, numbers of individuals are shown in parentheses. See Figure 4 for a graphical presentation of
the data. B) Significance table for two-way ANOVA for the cold-exposure VO,max of the 6941 and 7092 strains.
LA = low altitude; HA = high altitude. Numbers shown are probabilities. Total sample sizes were 187 for LA
and 179 for HA; for comparisons with recombinants, numbers of individuals are shown in parentheses. See
Figure 4 for a graphical presentation of the data.

A Recombinants vs. nonrecom- Recombinants vs. hetero-
Treatment Strain N All genotypes binants zygotes
LE 7092 83 0.0009 0.0375 (42, 41) 0.816 (42, 14)
HE 7092 105 0.0002 0.0007 (53, 52) 0.076 (53, 18)
LC 7092 112 0.0199 0.0354 (59, 53) 0.787 (59, 18)
HC 7092 105 0.0012 0.0027 (52, 53) 0.073 (52,19)
LC 6941 75 0.1964 0.0219 (43, 32) 0.088 (43, 195)
HC 6941 74 0.0001 0.0001 (42, 32) 0.0002 (42, 16)
B. Recombinants vs. nonrecom- Recombinants vs. hetero-
Treatment Strain Genotype Interaction binants zygotes
LA 0.3015 0.0092 0.5365 0.0010 (102, 85) 0.1915 (102, 33)
HA 0.0001 0.0001 0.3635 0.0001 (94, 85) 0.0001 (94, 35)
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ments of Chappell and Snyder (1984) and
Snyder (1985) appear to be valid indices for
comparison of blood oxygen affinity be-
tween genotypes.

Beta-Globin Polymorphisms. —The d’
class of beta-globin alleles is rare at low el-
evations but attains frequencies of 0.1 to
0.2 in populations from regions above 2,000
m. The overall correlation of allele fre-
quency with altitude is significant. How-
ever, the distribution is attributable to sub-
species differences and not to altitude per
se; no correlation of d’ frequency with al-
titude occurs within subspecies (Snyder et
al., 1988). Thus, it appears from the bio-
geographic evidence that differences in beta-
globin frequencies result from factors not
predicated on hypoxia-related selection or
other adaptations to altitude. Results from
the present study are consistent with that
hypothesis. Blood oxygen affinity and
VO,max are unaffected by beta-globin ge-
notype at either low or high altitude (Table
1; Figs. 1, 3). We conclude that the beta-
globin polymorphisms in deer mice arose
from drift, weak levels of selection on phe-
notypic differences too small to be discern-
ible in our protocols, or selection on factors
we did not examine.

Recombinant Alpha-Globins.—There is
considerable theoretical and empirical in-
terest in the role of selection in creating and/
or maintaining linkage disequilibrium be-
tween polymorphic protein-coding loci (e.g.,
Asmussen and Clegg, 1982; Clegg, 1984).
The strong gametic-phase linkage disequi-
librium in the Hba and Hbc loci of deer
mice (Snyder, 1979, 1980) provides a good
opportunity for examining this problem.
One hypothesis is that recombinants are rare
(about 1-1.5% of haplotypes in natural pop-
ulations) because they produce highly aber-
rant oxygen-transport properties compared
to those of nonrecombinant genotypes and
are consequently eliminated by strong se-
lection. A second hypothesis predicts that
recombinant genotypes produce blood
properties similar to those of nonrecombi-
nant heterozygotes. According to this sce-
nario, the physiology of oxygen transport in
recombinants is not “abnormal.” Never-
theless, recombinants are selected against,
because they are less fit than mice carrying
an “optimal” nonrecombinant genotype for
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best aerobic performance (i.e., a’c’ homo-
zygous at low altitude or a’c° homozygous
at high altitude). A third (null) hypothesis
is that the blood properties and whole-an-
imal performance of recombinants are sim-
ilar to those of nonrecombinants and that
the observed linkage disequilibrium is not
aresult of selection on hemoglobin function
per se.

We lack adequate data on the blood oxy-
gen affinities of mice carrying recombinant
haplotypes, although preliminary measure-
ments by one of us (L.R.G.S.) on a small
number of animals carrying an a’c’ haplo-
type indicate that the Ps, of recombinants
is only slightly elevated relative to that of
nonrecombinants (unpubl.). Nevertheless,
results from VO,max measurements (Fig.
4) suggest that selection is potentially im-
portant in maintaining linkage disequilib-
rium. Mice carrying one or two recombi-
nant haplotypes suffer a modest (5-10%) but
significant reduction in VO,max compared
to mice with normal genotypes. The differ-
ence is greater when recombinants are com-
pared to animals with the “optimal” alpha-
globin genotype for a particular altitude.
Whether or not there is a difference between
the VO,max of recombinants and nonre-
combinant heterozygotes is uncertain (Fig.
4, Table 2). Significant differences between
recombinants and heterozygotes within
strains occurred in only one of six compar-
isons (6941 strain; high-altitude cold ex-
posure). A two-way ANOVA for cold-ex-
posure tests showed a significant difference
between heterozygotes and recombinants at
high altitude but not at low altitude. Thus,
our data are most consistent with the second
of the three hypotheses proposed above, and
we conclude that recombinants occur at low
frequencies at least partially as a result of
selection.

Selection on Hemoglobin Polymor-
phisms. —In this paper and elsewhere
(Chappell and Snyder, 1984), we have dem-
onstrated that alpha-globin genotype affects
VO,max, which is an important factor in
whole-animal performance. However,
VO,max measurements are not direct in-
dices of fitness. Therefore, it is necessary to
make indirect arguments concerning the
possible influence of VO,max on the Dar-
winian fitness of deer mice and, hence, on
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the evolution of their hemoglobins. We are
aware of no data linking VO,max to sur-
vival or reproduction in a natural popula-
tion. Nevertheless, high VO,max is presum-
ably important during territorial defense,
courtship, escape from predators, gestation
and lactation, and especially thermogenesis
in cold weather. Mean daily field metabolic
rates of deer mice in the White Mountains
of California are equivalent to 61% of
VO,max in summer and autumn (Hayes,
unpubl.). Since mice are active primarily at
night and rest in nests during the day, these
data imply that VO,’s during the nocturnal
activity period are close to VO,max. Win-
ter-acclimated Peromyscus have elevated
thermogenic capacity (Wickler, 1980; Hayes
and Chappell, 1986), but environmental
temperatures are considerably colder as well.
The metabolic costs of exercise and ther-
mogenesis are additive in small mammals
(i.e., “waste” heat from muscular exercise
cannot be substituted for thermogenic re-
quirements; Bartholomew, 1977). In cold
conditions, the bulk of a deer mouse’s aero-
bic capacity is dedicated to thermogenesis.
Therefore, small increases in VO,max, such
as those attained from possessing the ““cor-
rect” hemoglobin genotype, may dispro-
portionately expand the fraction of aerobic
scope available for exercise or other non-
thermogenic activities and have a corre-
spondingly disproportionate effect on sur-
vival and fecundity.

ACKNOWLEDGMENTS

This paper is dedicated to Lee R. G. Sny-
der, who originated the project and per-
formed much of the work we describe but
died before it could be completed. D. Rez-
nick, L. Nunney, N. Waser, and two anon-
ymous reviewers read the manuscript and
made valuable criticisms and suggestions.
We thank D. Rios, E. Hice, and the White
Mountain Research Station staff for their
assistance. Funding was provided by the
UCR Academic Senate and by NSF Grants
BSR-8104699 and BSR 8202708.

LITERATURE CITED

ASMUSSEN, M. A., AND M. T. CLEGG. 1982. Rates of
decay of linkage disequilibrium under two-locus
models of selection. J. Math. Biol. 14:37-70.

BarTHOLOMEW, G. A. 1977. Energy metabolism, pp.

M. A. CHAPPELL ET AL.

57-110. In M. S. Gordon (ed.), Animal Physiology:
Principles and Adaptations, 3rd Ed. Macmillan,
N.Y.

BARTHOLOMEW, G. A., D. VLECK, AND C. M. VLECK.
1981. Instantaneous measurements of oxygen con-
sumption during pre-flight warm-up and post-flight
cooling in sphingid and saturniid moths. J. Exp.
Biol. 90:17-32.

CHAPPELL, M. A. 1984. Maximum oxygen consump-
tion during exercise and cold exposure in deer mice,
Peromyscus maniculatus. Resp. Physiol. 55:367-
377.

CHAPPELL, M. A, AND L. R. G. SNYDER. 1984. Bio-
chemical and physiological correlates of deer mouse
alpha-chain hemoglobin polymorphisms. Proc. Nat.
Acad. Sci. USA 81:5484-5488.

CLEGG, M. T. 1984. Dynamics of multilocus genetic
systems. Oxford Surv. Evol. Biol. 1:160-183.

EDWARDS, M. J., AND R. J. MARTIN. 1966. Mixing
techniques for the oxygen-hemoglobin equilibrium
and Bohr effect. J. Appl. Physiol. 21:1898-1902.

HAVYEs, J. P., AND M. A. CuaPPELL. 1986. Effects of
cold acclimation on maximum oxygen consump-
tion during cold exposure and treadmill exercise in
deer mice, Peromyscus maniculatus. Physiol. Zool.
59:473-481.

MAaGINNISS, L. A., Y. K. SoNG, AND R. B. REEVES.
1980. Oxygen equilibria of ectotherm blood con-
taining multiple hemoglobins. Resp. Physiol. 42:
329-343.

SNYDER, L. R. G. 1978a. Genetics of hemoglobin in
the deer mouse, Peromyscus maniculatus. 1. Mul-
tiple alpha- and beta-globin structural loci. Ge-
netics 89:511-530.

1978b. Genetics of hemoglobin in the deer

mouse, Peromyscus maniculatus. 11. Multiple al-

leles at regulatory loci. Genetics 89:531-550.

1979. Strong gametic phase disequilibrium

between two closely linked alpha-type globin loci

in the deer mouse, Peromyscus maniculatus. Ge-

netics 91:121.

1980. Closely-linked alpha-chain hemoglo-

bin loci in Peromyscus and other mammals: Spec-

ulations on the evolution of duplicate loci. Evolu-

tion 34:1077-1098.

. 1981. Deer mouse hemoglobins: Is there ge-

netic adaptation to high altitude? BioScience 31:

299-304.

. 1985. Low Ps, in deer mice native to high
altitude. J. Appl. Physiol. 58:193-199.

SNYDER, L. R. G, S. BorN, AND A. J. LECHNER. 1982.
Blood oxygen affinity in high- and low-altitude pop-
ulations of the deer mouse. Resp. Physiol. 48:89-
105.

SNYDER, L. R. G, J. P. HAYES, AND M. A. CHAPPELL.
1988. Alpha-chain hemoglobin polymorphisms are
correlated with altitude in the deer mouse, Pero-
myscus maniculatus. Evolution 42:689-697.

WICKLER, S. J. 1980. Maximal thermogenic capacity
and body temperatures of white-footed mice (Pero-
myscus) in summer and winter. Physiol. Zool. 53:
338-346.

Corresponding Editor: F. W. Allendorf



