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ABSTRACT At the extremes of its natural distribution,
populations of the common killifish Fundulus heteroclitus expe-
rience a difference of more than 15'C in mean annual temper-
ature. These populations are virtually fixed for two different
codominant alleles at the heart-type lactate dehydrogenase
locus (Ldh-B) which code for allozymes with different and
adaptive kinetic responses to temperature. Two populations
near the extremes ofthe species range (i.e., Maine and Georgia)
were further studied for thermal adaptation at this locus. In the
absence of any kinetic differences one would predict that to
maintain a constant reaction velocity, 2 to 3 times as much
enzyme would be required for each 10'C decrease in environ-
mental temperature. Consistent with this adaptive strategy and
in addition to the adaptive kinetic characteristics, the LDH-B4
enzyme (EC 1.1.1.27) concentration and its mRNA concentra-
tion were approximately twice as great in the northern popu-
lation as in the southern population. Acclimation experiments
allow us to conclude that these differences are due to a
combination of fixed genetic traits (evolutionary adaptation)
and plastic responses to temperature (physiological acclima-
tion). Furthermore, our calculations show that the LDH-B4
reaction velocities are essentially equivalent for these two
populations, even though they live in significantly different
thermal environments.

Populations ofthe common killifish Fundulus heteroclitus are
distributed along the eastern coastal waters of North Amer-
ica. This region has one of the steepest thermal gradients in
the world, with a 1°C change per degree latitude or a
difference of more than 15°C in the mean annual temperature
(tM) between the latitudinal extremes of the species' natural
distribution (1). A number of enzyme-encoding loci have
clinal variation in allelic frequency that are concordant with
latitudinal changes in tM (2-4). The most extensively studied
is the Ldh-B locus, which encodes the heart-type lactate
dehydrogenase (LDH-B4; L-lactate:NAD' oxidoreductase,
EC 1.1.1.27). Populations at the latitudinal extremes are
virtually fixed for two different codominant alleles (Ldh-Bb in
northern populations and Ldh-Ba in southern populations).
These LDH-B4 allozymes are kinetically different in sev-

eral characteristics such as substrate affinities, reaction
rates, heat stabilities, and inhibition constants (5-7). For
example, at 10°C the LDH-Bb has a greater second-order rate
constant (i.e., kcat/Km) than that of LDH-B'; the opposite is
true above 27°C (5, 7). Fish with the northern allozyme,
LDH-B4, swim faster than their southern counterparts at
10°C, suggesting that the kinetic differences affect swimming
performance (8, 9). These kinetic differences also appear to
affect both the timing of developmental events and the
metabolic rates of developing embryos (9, 10). Preliminary
data suggest that metabolic rate is altered in a predictable

manner, depending upon the type of LDH-B4 microinjected
into fertilized eggs (L. DiMichele, Texas A & M; personal
communication). Moreover, embryos show differential mor-
tality at high temperatures consistent with the Ldh-B allelic
frequency and environmental tM at southern latitudes (L.
DiMichele and D.A.P., unpublished data). Taken together,
these data strongly suggest that this locus is affected by
environmental temperature in an adaptationally important
manner.
At lower environmental temperatures in the absence of

changes in isozyme types, more enzyme is required to
maintain a constant reaction velocity; for each decrease of
10'C 2 or 3 times as much enzyme is required (11, 12).
Consistent with this expectation, our preliminary results
showed that killifish from Maine have a greater LDH-B4
concentration than those from Georgia (13). However, given
our prior studies of the differences in kinetic properties of the
LDH-B4 allozymes, these results were surprising, and they
suggested that the temperature-adaptation response at this
locus was more complex than had been previously expected.
In addition to different genes encoding the LDH-B4 primary
structures, evolutionary adaptation (i.e., genetic adaptation),
physiological acclimation, or both could be the source of the
variation in enzyme concentration. To distinguish among
these possibilities, we further analyzed the amount of LDH-
B4 protein and LDH-B mRNA in acclimated fish from
populations near the extremes of the species natural distri-
bution (i.e., Maine and Georgia, whose tM values differ by
12.60C). This study indicates that the amounts of both LDH-
B4 protein and LDH-B mRNA are significantly different
between populations, and these differences are due to both
genetic adaptation and physiological acclimation.

MATERIAL AND METHODS
F. heteroclitus were collected from Bar Harbor, Maine (44.20
N; frequency of Ldh-Bb = 0.96) and Sapelo Island, Georgia
(31.4° N; frequency of Ldh-Bb = 0.03). Fish were collected
from mid-July to early August [annual monthly temperature
14.1°C and 31.7°C for the northern and southern populations,
respectively (1)]. These fish were acclimated for 6 weeks to
20°C, 15 ppt seawater, and a 14:10 light:dark cycle. Similar
regimes were employed when acclimating fish from Stone
Harbor, New Jersey (39.06° N; frequency of Ldh-Bb = 0.30)
to 10°C and 20°C. Sidell et al. (14) demonstrated that 4 weeks
are adequate for temperature acclimation in fish. Addition-
ally, compensatory changes in LDH-B4 activity in F. hetero-
clitus were completed within a 4-week period when these fish
were subjected to hypoxia (15) or temperature acclimation
(D.A.P., unpublished results). Therefore, a 6-week period
should be more than adequate for complete acclimation.

Abbreviations: LDH, lactate dehydrogenase; tM, mean annual tem-
perature; kcat, catalytic rate constant; ANOVA, analysis of variance.
*Present address: Hopkins Marine Station, Stanford University,
Pacific Grove, CA 93950-3094.
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After acclimation, livers were removed, weighed, and
frozen in liquid N2. Since the only LDH expressed in F.
heteroclitus liver is LDH-B4 (2), this tissue was used for
measurement of LDH-B4 activity, as well as LDH-B protein
and mRNA concentrations. These three assays were deter-
mined on each liver sample from the Maine and Georgia
populations (n = 24, 12 from each population).
Enzyme activity was determined from livers homogenized

in 50 mM sodium phosphate buffer, pH 7.0/1 mM EDTA/5
mM 2-mercaptoethanol, then centrifuged at 16,000 X g for 15
min. LDH activity was determined at 250C by measuring the
oxidation of NADH spectrophotometrically at 340 nm as a
function of time (Beckman DU-8 with a water-jacketed
cuvette holder). Saturating conditions at 250C, pH 7.5, were
empirically determined (0.1 M sodium phosphate, 2.64 mM
pyruvate, and 0.34 mM NADH), and these conditions were
used for all assays. The LDH-B4 allelic isozymes have the
same kcat under these conditions (5, 7) and, thus, the measure
of enzyme activity should be proportional to enzyme con-
centration. Enzyme activity determinations were alternated
between populations to avoid sample bias. LDH-B4 activity
was stable during the course of enzyme assays as determined
by repeated measurements on the same samples. Liver
homogenates were diluted so that the initial rate of oxidation
was less than 0.1 A340/min.
Immunoassay dot blots were performed with affinity-

purified antibody to F. heteroclitus LDH-B4 and an 125I-
labeled antibody to rabbit immunoglobulin as secondary
antibody (16). Protein-antibody complexes were quantified
with a y counter. The 1251 y counts from the serial dilution of
purified LDH-B4 (6) were used to transform sample counts
into ng of LDH. Protein concentration was determined by the
BCA (bicinchoninic acid) protein method (Pierce). Bovine
a-globulin was used as a standard.

Total RNA was purified from livers stored in liquid N2 by
protocols similar to those described by Chirgwin et al. (17)
and Turpen and Griffith (18). LDH-B mRNA was synthesized
in vitro by using an SP6 vector (SP64, Promega Biotec). The
synthetic LDH-B mRNA resolved as a single band on both a
1.5% agarose and a 4% acrylamide gel and was used as a
standard to determine the exact amount of LDH-B mRNA in
tissue samples.

All nucleic acid hybridizations were carried out by UV
crosslinking RNA and DNA to nylon membranes (Amer-
sham; Hybond-N). Filters were hybridized in a solution
containing 5 x SSPE (5 x SSPE = 0.8 M NaCl/10mM NaPO4,
pH 7.5/1 mM EDTA), Sx Denhardt's solution (19), 0.1%
NaDodSO4, 50% (vol/vol) deionized formamide, calf thymus
DNA at 100 ,g/ml, and yeast RNA at 50 ,g/ml at 37°C.
The amount of LDH-B mRNA was determined by dot

blotting. Blotted onto each filter were 20 ,g of total RNA, a
serial dilution of synthetic F. heteroclitus LDH-B mRNA, a
serial dilution of a Drosophila melanogaster actin clone, and
yeast RNA (as a negative control). The LDH-B-specific
probe was a 440-base-pair (bp) Pst I fragment isolated from
the coding region of an Ldh-B cDNA (20); there are only two
nucleotide substitutions between the northern and southern
Ldh-B alleles (unpublished data). The LDH-B-specific probe
was labeled by random priming using [32P]dCTP (21, 22). In
addition to the LDH-B-specific probes, the dot blots were
simultaneously probed with a deoxycytidine 5'-[a-[35S]thio]-
triphosphate-labeled D. melanogaster actin clone (23).
The amount of 32P- and 35S-labeled probe which hybridized

to the RNA was quantified by a liquid scintillation counter
employing windows specific for 35S and 32p. Spillover was
corrected according to Segel (24).
The integrity of all mRNA samples (whether degraded or

not) was verified by Northern analysis using LDH-B as a

probe (20). There was no noticeable size polymorphism for
LDH-B mRNA.

The genomic copy number of Ldh-B was determined by
dot-blot analysis. Samples (60 and 30 ,ug) of genomic DNA
were dot-blotted onto nylon filters along with a serial dilution
of a twice gel-purified Pst I 440-bp fragment of an Ldh-B
cDNA, pLDHBb (20), using calf thymus DNA as a carrier.
Genomic DNA dot blots were hybridized at 420C in the
presence of the 32P-labeled (21, 22) Pst I 440-bp fragment of
pLDHBb. Filters were washed extensively at 650C in 2x
SSPE once, in 2x SSPE and 0.2% NaDodSO4 twice, then at
20'C in 0.2x SSPE once. Under these conditions the Ldh-B
cDNA fragment did not cross-react with calf thymus DNA.

RESULTS
The LDH-B4 specific activities of acclimated fish from north-
ern and southern populations were significantly different
[analysis of variance (ANOVA) P < 0.005; Fig. 1A]. These
results could be due to a number of factors, including
differences in enzyme inhibitors, enzyme degradation, kcat,
LDH concentration, etc. Since saturating, but not inhibitory,
levels of cofactor and substrate were used, differential inhi-
bition did not seem likely. As demonstrated by repeated
determinations on the same samples, there was no apparent
enzyme degradation during the course of the specific activity
measurements. Because the kcat values are identical for the
allozymes (5, 7), we propose that the major parameter
responsible for the observed differences between populations
in specific activity was the result of variation in LDH-B4
enzyme concentration. As a test of this hypothesis, the
concentration of LDH-B4 from each liver was determined by
an immunoassay.
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FIG. 1. LDH-B4 enzyme and mRNA concentrations in two
populations acclimated to 20TC. (A) Concentration of LDH-B4 en-

zyme (Amol per min per mg of total protein) determined spectro-
photometrically. (B) Concentration of enzyme (ng of LDH-B4 per tkg
of total protein) determined by immunoassay. (C) Concentration of
LDH-B mRNA (pg of LDH-B mRNA per jig of total RNA) deter-
mined by employing a liquid scintillation counter. Boxes represent ±
2 SEM; the horizontal lines are the means.
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The immunoassay yielded results essentially identical to
those obtained from the specific activity measurements (Fig.
1B). The y counts from the immunoassay were linearly
related to the amount of LDH-B4 as indicated by the rela-
tionship between these counts and the amount of purified
LDH-B4 standard. Both the analysis of covariance (AN-
COVA; y counts as the dependent variable and amount of
protein loaded as the covariate) and the ANOVA, using only
the amount of LDH-B4 in 20 pg of total protein, indicated a
significant difference between populations (ANCOVA P <
0.001 or ANOVA P < 0.001).
The concentration of LDH-B mRNA was determined by

hybridizing with a probe that has less than 0.5% sequence
difference from either of the two Ldh-B alleles. The liquid
scintillation counts were linearly related to the amount of
LDH-B mRNA as indicated by the relationship between
these counts and the synthetic LDH-B mRNA. The concen-
trations of LDH-B mRNA were significantly different be-
tween populations (ANOVA P < 0.001; Fig. 1C). However,
the amounts of actin mRNA were not significantly different
(ANOVA P > 0.05). When the concentrations of LDH-B
mRNA and LDH-B4 enzyme were compared a significant
correlation was found (Fig. 2; r = 0.75, P < 0.01).
To determine whether the differences presented above

were also affected by physiological acclimation, fish from an
intermediate latitude were subjected to two acclimation re-
gimes: 100C and 200C (n = 60, 10 for each genotype and
acclimation regime). The concentration of LDH-B4 from
these acclimated fish was determined spectrophotometri-
cally. Acclimation, but not genotype, had a significant effect
on the LDH-B4 concentration (two-way ANOVA P < 0.005
and P > 0.40 for acclimation temperature and genotype,
respectively). There was approximately 1.4 times as much
LDH-B4 at 100C as at 200C.
The amount of Ldh-B genomic DNA is not significantly

different between populations (t test, P > 0.20). The hybrid-
ization appears to have been specific to Ldh-B because the
probe hybridized to only a single band of EcoRI-digested
genomic DNA and there was no detectable hybridization to
the calf thymus DNA. Since the Ldh probe did not cross-
react with the calf thymus DNA, it is unlikely that it hybrid-
ized to the other Ldh isozymic loci in F. heteroclitus (i.e.,
Ldh-A and Ldh-C). It is more likely for the probe to hybridize
with the calf Ldh-B DNA than with the other isozyme DNAs
because there is greater sequence similarity between the
same isozymes in different species than between different
isozymes within a species (20).
One trivial explanation for the observed differences in

LDH concentrations is the difference in body size in the two
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FIG. 2. Relationship between concentration of LDH-B4 mRNA
and LDH-B4 specific activity. These parameters are significantly
correlated (r = 0.75, P < 0.01). A single point was excluded from
analysis because it was more than two standard deviations below the
line that fits the relationship between the mRNA and enzyme.

populations. The effect of size-scaling does not present a
problem in this study because there is no significant relation-
ship between body weight and the amount of LDH-B mRNA
or enzyme activity within a population (r < 0.35, P > 0.2).

DISCUSSION
Temperature is one of the predominant environmental pa-
rameters that influences the physiology, distribution, and
survival of organisms (11, 12). Shifting enzyme activity is a
common adaptive strategy in response to a change in envi-
ronmental temperature (for reviews see refs. 11, 12, 25, and
26). Organisms adapt to variable thermal environments by
utilizing two general mechanisms: (i) evolutionary adaptation
(i.e., genetic), which is heritable and achieved by the selec-
tion of alternative genes, and (ii) physiological acclimation,
which is achieved by metabolic adjustments within an indi-
vidual's lifespan.
The velocity of a bisubstrate enzyme reaction, such as that

catalyzed by LDH, can be described by

V = kcat[E][S][N]l/{Km(Km + [NI) + [S](Km + [N])}

where kcat is the catalytic rate constant, [El is the enzyme
concentration, [S] is the substrate concentration, [N] is the
concentration ofcofactor (NAD+ or NADH), and Km and Knm
are the Michaelis-Menten constants for substrate and cofac-
tor, respectively. If one assumes that cofactor is saturating,
as suggested by Tischler et al. (27), then Eq. 1 reduces to

V = kcat[E][S]/(K~m+[S]).
Some of the parameters shown in this equation can be

altered only by evolutionary adaptation, while others can be
altered by both evolutionary and physiological mechanisms.
Although allosteric modifiers of enzymes can be affected by
physiological acclimation, the intrinsic kcat and Km of an
enzyme are genetically determined by its amino acid se-
quence and therefore can be altered only by evolutionary
change (for reviews see refs. 9, 11, 12, 28, and 29). Graves and
Somero (30) have demonstrated that in congeneric species of
barracudas living in different thermal environments the Km
for pyruvate of LDH-A4 isozymes shows temperature-
compensatory changes. Place and Powers (5, 7) demon-
strated that the LDH-B4 allelic isozymes of F. heteroclitus
vary in their Km values as a function of temperature. The
inhibition constants and heat denaturation kinetics also dif-
fered between these allozymes. Moreover, the LDH-B4
phenotypes are associated with differential development,
swimming performance, and survivorship (8-10). Allozyme
variations in other species have also been shown to be
associated with selectively important traits and, in some
cases, differential survival (28, 29, 31-33).

If the existing enzyme's catalytic properties are not suffi-
cient to compensate for temperature changes, organisms may
adjust enzyme concentration. However, unlike kcat and Kim
enzyme concentration, [El, can be a function of both evolu-
tionary adaptation and physiological acclimation. For exam-
ple, genetically based changes in enzyme concentration have
been demonstrated in salmonids, where variation in enzyme
activity is due to the additional expression of a phosphoglu-
cose isomerase isozyme in one case (34) and the lack of
expression of an LDH-A4 allozyme in another case (35). Our
results suggest that the LDH-B4 protein and LDH-B mRNA
concentration differences between F. heteroclitus popula-
tions are also genetically based, because these differences
remain even after extensive acclimation to a common tem-
perature (Fig. 1). Preliminary data on the LDH-B4 activity
from progeny ofcrosses between two geographically extreme
populations tend to support this hypothesis (16).

Evolution: Crawford and Powers
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LDH-B4 concentration is highly correlated with LDH-B
mRNA concentration (Fig. 2), which strongly suggests that
the differences in enzyme concentration are due to variation
in Ldh-B gene regulation. Evolutionary modification in a

regulatory element is well documented for D. melanogaster
alcohol dehydrogenase (ADH), where enzyme activity varies
when flies are selected for ethanol tolerance (36-39). This
increase in ADH activity is the result of a trans-acting
regulatory element. The changes in ADH concentration are

controlled by differential mRNA concentration and post-
translational regulation (40-42). Such regulatory changes in
enzyme activity are thought to be very important evolution-
arily because they allow activity to change independent of
changes in protein primary structure (37, 38, 43).
Although the variation in LDH-B mRNA concentration

could be the result of several different factors, it is not due to
a gene duplication, because there is no significant difference
between the populations in the number ofLdh-B gene copies.
The increased expression of LDH-B mRNA in the northern
population could be the result of transcriptional or post-
transcriptional regulation. Alternatively, structural differ-
ences in the LDH-B mRNA could alter their relative stabil-
ities, causing the northern form to accumulate more LDH-B
mRNA and thus more LDH-B4 protein than in its southern
counterpart. One could distinguish between these hypothe-
ses by determining the amount of LDH-B mRNA and the
transcription rate for each Ldh-B genotype.

In addition to the presumed genetic differences in LDH-B4
concentration, physiological acclimation can also alter en-
zyme levels. For example, when fish are acclimated to 10'C
and 20'C (near the tM values of the northern and southern
populations, respectively) there is approximately 1.4 times
more LDH-B4 in fish acclimated to the lower temperature.
Thus, the enzyme concentration at a given tM ([E]tM) is a

function of the genetically based intrinsic enzyme concen-
tration ([E]i) and the amount due to physiological acclima-
tion. Knowing the kcat and Km for each allelic isozyme as a
function of temperature (5, 7), one can calculate the reaction
velocity at a particular tM and determine the potential com-
pensatory contribution of each parameter.

If one assumes that (i) the substrate concentration of a

given Ldh-B genotype is equal to its Km at its tM and (ii) our
experimentally determined acclimation results are similar to
those occurring in natural populations, then at a given tM Eq.
2 reduces to

V = kcat[EIIM/2,

where v and kcat are at the tm.
The first assumption (i.e., Km = [SI) is supported by

empirical evidence. DiMichele and Powers (8) have shown
that at 10'C the lactate concentration in F. heteroclitus is
most similar to the Km of the northern LDH-B4 and at 20'C
most similar to the Km of the southern LDH-B4. Substrate
and Km are also similar for a variety of enzymes in other
organisms (11, 44). Thus, the assumption that the Km is equal
to the substrate concentration appears reasonable.
The second assumption, concerning the role of acclima-

tion, also appears valid. The ratio of the amount of LDH-B4
in natural populations from Maine to that in populations from
Georgia is 2.50 (D.L.C., unpublished data), which is essen-

tially identical to the ratio for experimentally determined
values from these populations (i.e., ratio of [E]tM = 2.49;
Table 1).

Table 1 illustrates the compensatory effect of the kinetic
differences between the allelic isozymes and the effect of an
increase in enzyme concentration due to both evolutionary
adaptation and physiological acclimation. If only the kinetic
differences of the allelic isozymes are considered, then the
reaction rate in the northern population would be 30-40% of

Table 1. Summary of parameters and predicted LDH-B4
reaction rates

Parameter Northern Southern Ratio

Specific activity, jsmol/(min-mg) 2.37 1.33 1.78
[Eli, ,uM 0.669 0.376 1.79
[E]lM,, uM 0.937 0.376 2.49
tM, C 7.8 20.4
Blood pH at tM 7.8 7.6

Lactate to pyruvate
kcat at tM, s-1 9.9 29.6 0.33
v at tM and [E]i, uM s-1 3.31 5.57 0.60
v at tM and [E]tM, uM s-1 4.64 5.57 0.83

Pyruvate to lactate
kcat at tM, s-1 117 294 0.40
v at tM and [Eli, ttM so1 39.1 55.2 0.71
v at tM and [EIM, tuM s-1 54.8 55.2 0.99

Kinetic parameters, determined previously (6, 7), are at constant
alkalinity ([OH]/[H] = 1) at tM. v is the enzyme reaction rate (Eq. 3).
[E]tM is the enzyme concentration, which is a function of the intrinsic
enzyme concentration [El1 and the increase in [E]j due to physio-
logical acclimation. Blood pH was determined previously (8).

that in the southern population. This is indicated in Table 1
by the ratio of the kcat values. Additional compensation is
achieved when one also considers the effect of the variation
in the intrinsic enzyme concentration. Due to the higher
LDH-B4 concentration in the northern population the reac-
tion rate is 60-70% of that in the southern population. If one
considers the contribution of thermal acclimation in addition
to the intrinsic differences alluded to above, the calculated
enzyme velocities are essentially equivalent for the popula-
tions at their respective tM values (Table 1).
These calculated enzyme velocities suggest that both phys-

iological and genetic mechanisms are necessary to achieve
complete thermal compensation. It is the blending of this
suite of characters that provide the necessary evolutionary
plasticity for adapting to a varying thermal environment.

We thank the people in the laboratories of B. Sidell and R. Kneib
for collecting fish from Maine and Georgia, respectively. This
research has benefited from the intelligent discussion with L.
Agellon, M. Koban, T. Lauerman, M. Powell, and R. Rowan. This
work was performed as part of D.L.C.'s Ph.D. thesis research while
he was at the Johns Hopkins University. It was supported by
National Science Foundation Grants BSR-82-07006 and BSR-
87-18425 to D.A.P.

1. Department of Commerce (1955) Surface Water Temperatures
at Tide Stations: Atlantic Coast North and South America
(GPO, Washington, DC).

2. Powers, D. A. & Place, A. R. (1978) Biochem. Genet. 16,
593-607.

3. Van Beneden, R. J., Cashon, R. E. & Powers, D. A. (1981)
Biochem. Genet. 19, 701-714.

4. Cashon, R. E., Van Beneden, R. J. & Powers, D. A. (1981)
Biochem. Genet. 19, 715-728.

5. Place, A. R. & Powers, D. A. (1979) Proc. Natl. Acad. Sci.
USA 76, 2354-2358.

6. Place, A. R. & Powers, D. A. (1984) J. Biol. Chem. 259,
1299-1308.

7. Place, A. R. & Powers, D. A. (1984) J. Biol. Chem. 259,
1309-1318.

8. DiMichele, L. & Powers, D. A. (1982) Science 216, 1014-1016.
9. Powers, D. A., DiMichele, L. & Place, A. R. (1983) in Iso-

zymes: Current Topics in Biological and Medical Research,
Genetics and Evolution, eds. Ratazzi, M. S., Scandalies, J. G.
& Whitt, G. S. (Liss, New York), pp. 147-170.

10. DiMichele, L. & Powers, D. A. (1982) Nature (London) 296,
560-563.

11. Hochachka, P. W. & Somero, G. N. (1984) Biochemical Ad-
aptation (Princeton Univ. Press, Princeton, NJ).

Proc. Natl. Acad. Sci. USA 86 (1989)



Proc. Natl. Acad. Sci. USA 86 (1989) 9369

12. Prosser, C. L. (1986) Adaptational Biology: Molecules to Or-
ganisms (Wiley, New York).

13. Crawford, D. L., Place, A., Cashon, R. & Powers, D. A. (1985)
Am. Zool. 25, 32 (abstr.).

14. Sidell, B. D., Wilson, F. R., Hazel, J. & Prosser, C. L. (1973)
J. Comp. Physiol. 84, 119-127.

15. Greaney, G. S., Place, A. R., Cashon, G. S. & Powers, D. A.
(1980) Physiol. Zool. 53, 136-144.

16. Crawford, D. L. (1988) Ph.D. Thesis (Johns Hopkins Univer-
sity, Baltimore).

17. Chirgwin, J. M., Przybyla, A. E., MacDonald, R. J. & Rutter,
W. J. (1979) Biochemistry 18, 5294-5299.

18. Turpen, T. E. & Griffith, 0. M. (1986) Biotechniques 4, 11-13.
19. Maniatis, T., Fritsch, E. F. & Sambrook, J. (1982) Molecular

Cloning:A Laboratory Manual (Cold Spring Harbor Lab., Cold
Spring Harbor, NY), p. 448.

20. Crawford, D. L., Costantino, H. R. & Powers, D. A. (1989)
Mol. Biol. Evol. 6, 369-383.

21. Feinberg, A. P. & Vogelstein, B. (1983) Anal. Biochem. 132,
6-13.

22. Feinberg, A. P. & Vogelstein, B. (1984) Anal. Biochem. 137,
266-267.

23. Fyrberg, E. A., Bond, B. J., Hersey, N. D., Mixter, K. S. &
Davidson, N. (1981) Cell 24, 107-116.

24. Segel, l. H. (1976) Biochemical Calculations (Wiley, New
York), 2nd Ed., pp. 373-376.

25. Shaklee, J. B., Christiansen, A. J., Sidell, B. D., Prosser,
C. L. & Whitt, G. S. (1977) J. Exp. Zool. 201, 1-20.

26. Sidell, B. D. (1983) in Cellular Acclimatization to Environmen-
tal Change, eds. Cossins, A. R. & Sheterline, P. (Cambridge
Univ. Press, Cambridge, England), pp. 103-120.

27. Tischler, M. E., Friedrichs, D., Coll, K. & Williamson, J. R.
(1977) Arch. Biochem. Biophys. 184, 222-236.

28. Hilibish, T. J. & Koehn, R. K. (1985) Science 229, 52-54.
29. Watt, W. B. (1985) in Isozymes: Current Topics in Biological

and Medical Research, Genetics and Evolution, eds. Ratazzi,
M. S., Scandalies, J. G. & Whitt, G. S. (Liss, New York), pp.
89-132.

30. Graves, J. E. & Somero, G. N. (1982) Evolution 36, 97-106.
31. Burton, R. S. & Feldman, M. W. (1983) Biochem. Genet. 21,

238-251.
32. Hilibish, T. J. & Koehn, R. K. (1985) in Proc. Eur. Symp. Mar.

Biol. 19th, ed. Gibbs, P. E. (Cambridge Univ. Press, Cam-
bridge, England), pp. 497-504.

33. Koehn, R. K. (1978) in Ecological Genetics: The Interface, ed.
Brussard, P. F. (Springer, New York), pp. 51-72.

34. Allendorf, F. W., Knudsen, K. L. & Leary, R. F. (1983) Proc.
Natl. Acad. Sci. USA 80, 1397-1400.

35. Ferguson, M. M., Knudsen, K. L., Danzmann, R. G. & Al-
lendorf, F. W. (1988) Biochem. Genet. 26, 177-189.

36. Ayala, F. J. & McDonald, J. F. (1980) Genetica 52/53, 1-15.
37. McDonald, J. F. & Ayala, F. J. (1978) Can. J. Genet. Cytol. 20,

159-175.
38. McDonald, J. F. & Ayala, F. J. (1978) Genetics 89, 371-388.
39. McDonald, J. F., Chambers, G. K., David, J. & Ayala, F. J.

(1977) Proc. Natl. Acad. Sci. USA 74, 4562-4566.
40. Anderson, D. G. & McDonald, J. F. (1983) Proc. Natl. Acad.

Sci. USA 80, 4798-4802.
41. King, J. J. & McDonald, J. F. (1987) Genetics 115, 693-699.
42. Laurie, C. C. & Stam, L. F. (1988) Proc. Natl. Acad. Sci. USA

85, 5161-5165.
43. Wilson, A. C. (1976) in Molecular Evolution, ed. Ayala, F. J.

(Sinauer, Sunderland, MA), pp. 225-234.
44. Walsh, P. J. & Somero, G. N. (1982) Can. J. Zool. 60, 1293-

1299.

Evolution: Crawford and Powers


