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Abstract—Previous studies demonstrated differential mortality among mosquitofish of different Gpi-2 genotypes during acute
mercury and arsenate exposures. Mercury-exposed mosquitofish also had Gpi-2 genotype-specific differences in glycolytic and
Krebs cycle metabolite pools. The mortality and metabolite data suggested that mosquitofish bearing specific Gpi-2 genotypes
might differ in metabolic efficiency, with less efficient Gpi-2 genotypes having higher standard metabolic rates (SMRs) and shorter
times to death during acute mercury exposure. Effect of Gpi-2 genotype on SMR was assessed with a factorial arrangement of six
Gpi-2 genotypes and two exposure sequences (Control 2 Control; Control 2 100 mg/L Hg). The SMRs were estimated by measuring
oxygen consumption using an indirect, closed-circuit, computer-controlled respirometer. A 48-h exposure to 100 mg/L of mercury
resulted in a 16.7% elevation of SMR above control levels (p 5 0.001). The Gpi-2 genotype and the number of heterozygous loci
per individual had no significant effect on SMR in mercury-exposed mosquitofish. The experimental results do not support the
hypothesis that Gpi-2 genotype-specific differences in glycolytic and Krebs cycle metabolite pools and mortality in mosquitofish
exposed to mercury are associated with differences in SMR.
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INTRODUCTION

Allozymes have been used as markers for the effects of
pollutants on the genetic structure of natural and experimental
populations [1–8]. Allozyme genotypes have also proved use-
ful in predicting individual differences in susceptibility to tox-
icants in laboratory exposures [3,9–14]. Although allozyme
studies of exposed populations may be conducted without con-
sidering the mechanisms underlying the observed effects, un-
derstanding the mechanisms would greatly increase the value
of allozyme studies.

Correlation between allozyme genotype frequencies and
contaminant exposure in natural and experimental populations
and differential susceptibility of specific allozyme genotypes
during laboratory exposures to toxicants have provided evi-
dence that variation in allozymes might be useful for detecting
the effects of toxicants on natural populations [14–16]. The
number of experiments investigating changes in allozyme fre-
quencies in exposed populations and differential sensitivities
of allozyme genotypes to toxicants continues to grow, but
studies investigating mechanisms underlying the correlation
between allozyme genotype and effects of toxicants are rela-
tively uncommon. Newman and Jagoe [17] noted that one of
the major problems associated with allozyme studies is that
the mechanism of genotype effect is frequently undefined and
is considered only speculatively.

Allozymes, allelic forms of an enzyme, are the protein prod-
ucts of DNA sequences. Most allozyme studies involve en-
zymes that catalyze essential biochemical reactions within the
cell—carbohydrate metabolism and adenosine triphosphate
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(ATP) production. The functional nature of allozymes and the
variability in stability and kinetic properties between allo-
zymes might provide clues to the physiological mechanisms
underlying differential response of allozyme genotypes to tox-
icants.

This study investigates the relationship between the stan-
dard metabolic rate (SMR) during acute mercury exposure and
the glucosephosphate isomerase-2 (GPI-2, E.C. 3.5.1.9) (Gpi-
2) genotype of eastern mosquitofish. Several previous exper-
iments found that mosquitofish, from the Risher Pond popu-
lation (Barnwell County, SC, USA), exposed acutely to mer-
cury and arsenate had Gpi-2 genotypes consistently correlated
with survival time. Mosquitofish homozygous for the rare Gpi-
2 allele (Gpi-238) always had the shortest time to death
[3,12,13]. The consistency of the response associated with the
Gpi-2 locus prompted studies of the biochemical differences
between Gpi-2 genotypes. Shifts in glycolysis and Krebs cycle
metabolites [18,19] indicated that during acute mercury ex-
posure, mosquitofish with the sensitive Gpi-2 genotype (Gpi-
238/38) have enhanced glycolytic activity in contrast to other
Gpi-2 genotypes. Glycolysis is the catabolic conversion of
glucose to pyruvate with the production of ATP. The rate of
glycolysis is limited by how quickly GPI converts glucose-6-
phosphate to fructose-6-phosphate. A large percentage of the
baseline oxygen organisms consume (SMR) is devoted to ATP
production. It is therefore reasonable to predict that mosqui-
tofish of different Gpi-2 genotypes, which have shown en-
hanced glycolytic activity, might exhibit elevated SMR. Ad-
ditionally, subsequent in vitro studies failed to support the
hypothesis that direct mercury inhibition of the GPI-2 allo-
zyme was responsible for the greater sensitivity of the Gpi-
238/38 genotype [20].

We hypothesized that the effect on survival associated with
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the Gpi-2 locus might be associated with inefficient uses of
energy substrates by the Gpi-238/38 genotype during acute tox-
icant stress. Therefore, we tested whether mosquitofish with
different Gpi-2 genotypes would exhibit differences in SMR
in response to acute mercury exposure. The effect of Gpi-2
genotype on SMR during mercury exposure was measured as
oxygen consumption. The experimental design focused pri-
marily on changes in SMR associated with the Gpi-2 locus;
however, the influence of multilocus heterozygosity on SMR
was also investigated.

MATERIALS AND METHODS

Fish populations, culture, and breeding

The breeding stock was obtained from the Risher Pond
(Barnwell County, SC, USA) population, which was used in
previous studies of the effects of toxicants on allozyme ge-
notypes [2–4,12,13,18–20]. Because some of the Gpi-2 ge-
notypes occur at low frequencies in the Risher Pond popula-
tion, mosquitofish were bred in the laboratory to obtain all six
Gpi-2 genotypes. The breeding yielded enough mosquitofish
to conduct an experiment with statistical power, greatly re-
duced the number of fish to genotype at the Gpi-2 locus, and
produced fish with approximately the same mass regardless of
Gpi-2 genotype. Fish were transported to the laboratory, and
maintained in 530- and 720-L artificial streams (Living Stream,
Toledo, OH, USA) at 208C. The breeding stock was anesthe-
tized using 85 mg/L of tricaine methanesulfonate (Sigma
Chemical, St. Louis, MO, USA), and a portion of the caudal
fin was clipped for electrophoretic determination of Gpi-2 ge-
notype. Male and female mosquitofish heterozygous and ho-
mozygous for the Gpi-238 allele were placed in outdoor cattle
tanks filled with well water during the summer months to
provide warm water temperatures and long photoperiods,
which promoted reproduction. Fish were fed Tetraminy flake
food (Tetra Sales, Blacksburg, VA, USA) daily. The breeding
stock also foraged on the natural growth of algae and inver-
tebrates present in the cattle tanks. Gravid females were netted
from the cattle tanks, brought into laboratory aquaria filled
with soft reconstituted water [21] at 258C, and placed in brood
chambers to prevent cannibalization of the young. Larval fish
were fed live brine shrimp nauplii and Tetraminy larval fish
food for live-bearers (Tetra Sales) until they were large enough
to eat regular flake food and adult brine shrimp. Juvenile mos-
quitofish were transferred to artificial streams and reared at
208C until they matured. Determination of the Gpi-2 genotype
for mature fish was accomplished using the procedures pre-
viously described for the breeding stock. Fish were then sorted
by Gpi-2 genotype and held at 208C in the artificial streams
until measurement of SMR.

Genotype

In addition to GPI-2, the following enzymes, which have
been routinely assayed in our studies of Risher Pond mos-
quitofish, were included: fumarate hydratase (FUM, E.C.
4.2.1.2), mannosephosphate isomerase (MPI, E.C. 3.5.1.8),
adenosine deaminase (ADA, E.C. 3.5.4.4), malate dehydro-
genase-1 (MDH-1, E.C. 1.1.1.37), and isocitrate dehydroge-
nase-1,2 (ICD-1 & 2, E.C. 1.1.1.42). Horizontal starch gel
electrophoretic methods were those described previously
[3,12,13].

Mercury exposure

All mercury exposures were conducted in reconstituted soft
water [21]. Both the control and the mercury-treated groups
of mosquitofish were starved for 24 h prior to exposure. Mos-
quitofish were exposed nominally to 100 mg/L of Hg (as
HgCl2) for 24 h prior to respirometry procedures in a 7-L
aerated aquarium maintained at 208C. Mosquitofish were
placed in chambers within the 7-L aquarium during the mer-
cury exposure in order to identify individuals by Gpi-2 ge-
notype. This experimental design allowed all genotypes to be
exposed during each respirometry session and minimized any
differences in metabolic rates attributed to measurement ses-
sion. The mercury exposure solution was renewed at hour 24
of the exposure, prior to placing fish in the respirometer for
an additional 24 h of exposure during oxygen consumption
measurement.

Experimental design

Effect of Gpi-2 genotype on SMR was assessed with a
factorial arrangement of all six Gpi-2 genotypes and two ex-
posure sequences. The control sequence was defined as two
24-h respirometry sessions conducted in reconstituted dilution
water separated by at least one week. The mercury exposure
sequence consisted of a 24-h respirometry session in recon-
stituted dilution water, followed at least one week later with
exposure to 100 mg/L Hg for 24 h, immediately followed by
a 24-h respirometry session conducted in 100 mg/L of Hg. Ten
fish of each genotype were assigned to the control sequence,
and 10 fish of each genotype were assigned to the mercury
exposure sequence. Wet mass of each mosquitofish was de-
termined after the second respirometry session in each ex-
posure sequence in order to minimize the effects of handling
stress on the fish. The response variable (DSMR) was calcu-
lated as the difference in SMR between the first and second
respirometry sessions in each exposure sequence.

Water quality parameters and mercury analysis

Temperature, specific conductance, dissolved oxygen, and
pH were monitored at 0, 24, 25, and 48 h during the exposure
period using a Microsonde water quality multiprobe (Hydro-
lab, Austin, TX, USA). Water samples for mercury analysis
were taken at 0, 24, 25, and 48 h; acidified with trace metal–
grade nitric acid; and stored at 48C until analysis. Total mer-
cury was determined by cold vapor atomic fluorescence spec-
troscopy using a Model 2 analyzer (Brooks Rand, Seattle, WA,
USA).

Respirometry techniques

Standard metabolic rates were obtained using a closed-cir-
cuit, computer-controlled indirect respirometer (Micro-oxy-
max, Columbus Instruments, Columbus, OH, USA). Each fish
was placed in a 50-ml Erlenmeyert flask (Bellco Glass, Vine-
land, NJ, USA) containing 35 ml of reconstituted soft water
or 100 mg/L mercury exposure solution. During each respi-
rometry session, metabolic rates could be obtained for 18 fish,
one blank, and one reference standard, an 8.4-V zinc air med-
ical battery (Duracell, Bethel, CT, USA), which consumed
oxygen at a known rate. Respirometry chambers were placed
in a dark environmental chamber at 20 6 18C. Oxygen con-
sumption of each fish was determined at 2.1-h intervals for
24 h. After the second respirometry session of an exposure
sequence, each fish was weighed to the nearest milligram and
frozen at 2708C until allozyme analysis was performed.
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Table 1. Average standard metabolic rate (SMR), mass-corrected SMR, and mass of mosquitofish by genotype and exposure sequence

Gpi-2 genotype

Variable

100/100

n
X̄

(SD)a

100/66

n
X̄

(SD)

100/38

n
X̄

(SD)

66/66

n
X̄

(SD)

66/38

n
X̄

(SD)a

38/38

n
X̄

(SD)

All fish

n
X̄

(SD)

Control sequence
SMR (ml O2/h)

Mass-corrected SMR
(ml O2/h/g)

Mass (g)b

10

10

10

0.034
(0.013)
0.154

(0.030)
0.219

(0.056)

11

11

11

0.028
(0.009)
0.161

(0.028)
0.174

(0.050)

10

10

10

0.031
(0.006)
0.162

(0.041)
0.199

(0.054)

8

8

8

0.027
(0.007)
0.157

(0.015)
0.175

(0.058)

10

10

10

0.032
(0.011)
0.181

(0.054)
0.180

(0.051)

11

11

11

0.031
(0.011)
0.147

(0.022)
0.213

(0.084)

60

60

60

0.030
(0.010)
0.160

(0.035)
0.194

(0.061)

Mercury sequence
SMR (ml O2/h)

Mass-corrected SMR
(ml O2/h/g)

Mass (g)b

10

10

10

0.035
(0.011)
0.176

(0.030)
0.203

(0.076)

11

11

11

0.031
(0.007)
0.176

(0.030)
0.184

(0.058)

10

10

10

0.037
(0.008)
0.183

(0.026)
0.209

(0.058)

9

9

9

0.038
(0.012)
0.191

(0.045)
0.214

(0.089)

10

10

10

0.035
(0.013)
0.193

(0.052)
0.199

(0.107)

10

10

10

0.033
(0.006)
0.180

(0.035)
0.188

(0.039)

60

60

60

0.035
(0.010)
0.183

(0.036)
0.199

(0.072)

a SD 5 standard deviation.
b There were no significant differences in mass among glucosephosphate isomerase-2 (Gpi-2) genotypes (p 5 0.70) or between exposure sequences

(p 5 0.69).

Table 2. Water quality parameters and mercury concentrations in exposure tanks averaged across seven
exposure sessionsa

Parameter

Treatment

Control
hour 0

Mercury
hour 0

Mercury
hour 24

Mercury
hour 25b

Mercury
hour 48

Temperature (8C)

Dissolved O2 (% saturation)

Specific conductance (mS/cm)

pH

Mercury (mg/L or ppb)

20.33
(0.65)
98.1
(1.3)

167
(2)
7.85

(0.60)
0.15

(0.03)

19.41
(0.26)
96.2
(2.4)

165
(2)
7.49

(0.08)
62.00

(13.22)

20.53
(0.51)
97.7
(2.7)

171
(2)
7.83

(0.03)
16.20
(4.33)

20.36
(0.59)
98.4
(1.3)

167
(2)
7.45

(0.03)
74.49

(16.15)

c

c

c

c

c

c

c

c

5.26
(2.15)

a n 5 7 for all observations; mean (standard deviation).
b The 100-mg/L mercury exposure solution was renewed between hours 24 and 25.
c The volume of exposure solution available at hour 48 was insufficient to measure these water quality

parameters.

Data analysis

Because SMR should be measured when fish are expending
no energy for activity [22], SMR for each individual was cal-
culated by taking the mean of the lowest 50% of all oxygen
consumption measurements. Deletion of the highest 50% of
all measurements reduced measurements that may have oc-
curred during periods of activity [23]. Differences in mass
among fish of different Gpi-2 genotypes and among fish in
different exposure sequences were determined using procedure
GLM of the Statistical Analysis System [24]. The results of
this analysis were used to decide whether mass should be used
as a covariate in the analysis of the SMR data. Analysis of
variance for a factorial experiment was used to determine the
effects of mercury exposure, Gpi-2 genotype, and heterozy-
gosity on DSMR with procedure GLM of the Statistical Anal-
ysis System [24].

RESULTS

Analysis of variance indicated no significant differences in
mass among Gpi-2 genotypes (p 5 0.70) or between exposure
sequences (p 5 0.69) (Table 1). Therefore, mass was not used
as a covariate in the analysis of the SMR data.

Water quality remained consistent among the seven acute
mercury exposures as well as throughout the 48-h duration of
each exposure (Table 2). Measured mercury concentrations
were lower than the target concentration of 100 mg/L. Mercury
concentration decreased between each 24-h renewal (Table 2).

Average SMRs and mass-corrected SMRs by Gpi-2 ge-
notype and treatment are reported in Table 1. Acute exposure
to mercury resulted in an increase in SMR. The mean SMR
of the mercury-exposed fish (0.035 6 0.010 ml O2/h) was
16.7% higher than the mean SMR of the control fish (0.030
6 0.010 ml O2/h). Analysis of variance indicated a significant
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Table 3. Results of analysis of variance comparing the effects of glucosephosphate isomerase-2 (Gpi-
2) genotype and number of heterozygous loci per individual on standard metabolic rate in mosquitofish

exposed acutely to mercury

Source df SS MS F p

Exposure sequence
Gpi-2 genotype
Exposure 3 genotype
Error
Total

1
5
5

108
119

0.000438
0.000026
0.000096
0.004373
0.004932

0.000438
0.000005
0.000019
0.000040

10.81
0.13
0.47

0.001
0.985
0.796

Exposure sequence
Heterozygosity
Exposure 3 heterozygosity
Error
Total

1
5
4

108
118

0.000467
0.000487
0.000476
0.003459
0.004889

0.000467
0.000097
0.000119
0.000032

14.59
3.04
3.71

,0.001
0.013
0.007

increase in DSMR (p 5 0.001) in mosquitofish acutely exposed
to mercury. However, no statistically significant Gpi-2 geno-
type 3 mercury exposure interaction was observed (Table 3).
The number of heterozygous loci per individual appeared to
have a significant effect on DSMR (p50.01) as well as a sig-
nificant interaction between heterozygosity and mercury ex-
posure (p50.007). Both the effect of heterozygosity and the
heterozygosity 3 mercury exposure interaction were highly
influenced by the observations for control fish heterozygous
at zero and four loci, which were represented by small sample
sizes (one individual). Exclusion of control fish heterozygous
at zero and four loci from the analysis eliminated the hetero-
zygosity effect as well as the interaction with mercury ex-
posure. Mercury exposure was the only significant effect re-
maining (p , 0.001).

DISCUSSION

The results of previous toxicological, biochemical, and
physiological studies suggested that mosquitofish with differ-
ent Gpi-2 genotypes might have different SMRs during mer-
cury exposure [3,12,13,18–20]. Mulvey et al. [2] found that
Gpi-2 genotype affected the probability of a mercury-exposed
female mosquitofish being gravid as well as the number of
late-stage embryos carried. Fitness differences among Gpi-2
genotypes in survival and reproduction during acute and chron-
ic mercury stress, respectively, could reflect differences in
metabolic rates during mercury exposure.

The SMRs measured in this study were similar to values
by other researchers. Cech et al. [25] obtained resting routine
metabolic rates of 0.042 6 0.007 ml O2/h in the closely related
western mosquitofish (Gambusia affinis) under conditions
similar to the control sequence in this study (208C, normoxia,
fish of similar mass). Resting routine metabolic rate includes
measurements made during periods of limited activity. For this
reason, it is usually slightly higher than the SMR [26]. Our
estimate of SMR was 0.030 60.01 ml O2/h for the control fish
in this study.

Significant effects of multilocus heterozygosity were ob-
served for SMR and for heterozygosity 3 exposure interaction.
A significant positive correlation between multilocus hetero-
zygosity and metabolic rate (measured as O2 consumption) has
been reported for several fish and molluscan species in a review
by Mitton [27]. In the present study, the relationship between
SMR and heterozygosity must be viewed cautiously because
of the small sample sizes in some heterozygosity categories.
The present study was designed primarily to test the effect of
Gpi-2 genotype on SMR during mercury exposure, and ad-

ditional variables were examined secondarily. Additional study
would be needed to confirm or reject the relationship between
multilocus heterozygosity and SMR.

Given the consistency of the response associated with Gpi-
2 genotype in previous studies, it is important to consider why
Gpi-2 genotype did not influence SMR during acute mercury
exposure. The SMR can be more thoroughly defined as the
energy needed to complete all the anabolic and catabolic ac-
tivities within the organism, with the majority devoted to aer-
obic ATP production [22]. Glucosephosphate isomerase (GPI)
is an enzyme central to carbohydrate metabolism and is sit-
uated at the branch-point between glycogen synthesis and gly-
colysis. Glucosephosphate isomerase interconverts glucose-6-
phosphate and fructose-6-phosphate, the first step in glycolysis
leading to ATP production [28]. Although GPI plays a central
role in carbohydrate metabolism and glycolysis, it is only one
of many enzymes mediating the cellular biochemical reactions
that sum to SMR. Differences in glycolytic and Krebs cycle
metabolites among Gpi-2 genotypes may occur during acute
mercury exposure [18,19]; however, the effect may not be large
enough to be detected as a significant increase in oxygen con-
sumption.

Several additional reasons might explain our failure to de-
tect a relationship between Gpi-2 genotype and SMR in mos-
quitofish exposed to mercury. Because the effect of Gpi-2
genotype on SMR might be small, a larger experiment might
be necessary to detect the effect. Differential survival among
Gpi-2 genotypes during mercury exposure may not be mani-
fested as differences in SMR. A measurement of metabolic
rate that includes energy allocated to activity might more ac-
curately match the behavior of the mosquitofish during pre-
vious exposures and detect effects of the Gpi-2 locus. It is
also possible that the exposed fish compensated for the increase
in SMR by switching to anaerobic metabolic pathways. The
respirometry methods used in this study were unable to mea-
sure anaerobic metabolism. Finally, an unknown mechanism
associated with a gene linked to Gpi-2 might be responsible
for effects previously associated with Gpi-2. Additional re-
search is required to determine what role Gpi-2 (or linked loci)
plays in determining susceptibility to acute toxicant stress
[3,12,13,29,30] and adaptation in populations chronically ex-
posed to toxicants [2,4].
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