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Time to Death of Mosquitofish (Gambusia holbrooki) during Acute Inorganic
Mercury Exposure: Population Structure Effects'
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Abstract. Times-to-death (TTD) of mother and offspring mos-
quitofish (Gambusia holbrooki) were examined during acute
exposure [0 mercury concentrations of approximately 1.0
mg/L. Median TTD were more similar for fish sharing a com-
mon mother (defined herein as a sibship) and microhabitat
during maturation than between sibships. Field populations
may exhibit structure similar to that of these sibships. Correla-
tions between broods (or other population subunits) and allo-
ryme genotype could be responsible for transient, genotype
effects noted during electrophoretic surveys attempting to mea-
sure population level response o toxicants.

Researchers continue to search for effective biomarkers of pop-
ulation level responses to toxicants. Shifts in allozyme frequen-
cies have become the focus of many such studies (Mulvey and
Diamond 1991 and references therein) because correlations
between tolerance to toxicants and allozyme genotype have
been noted for a variety of species (Nevo er al. 1978, 1981,
1984; Lavie and Nevo 1982, 1986). However, the exact rela-
tionship between contaminant stress and allele frequency as
well as the characteristics of genotype effects remain incom-
pletely defined in most studies (Newman ef af. 198%a). This is
unfortunate as a clear understanding of the nature of such dif-
ferential tolerance is essential to the effective use of allozyme
genotypes as unambiguous biomarkers,

Several characteristics of such genotype effects have been
previously defined in our laboratory using mosquitofish toler-
ance to inorganic mercury as a model. For example, time-to-
death (TTD) during acute mercury exposure was correlated
with allozyme genotype at three loci: isocitrate dehydroge-
nase-1 (ICD-1), malate dehydrogenase-1 (MDH-1), and glu-
cosephosphate isomerase-2 (GPI-2) (Diamond er al. 1989).
Acute exposure of mosquitofish to an alternate toxicant, arsen-
ate, suggested that some genotype effects (GPI-2) may not be
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specific to a toxicant (Newman et al. 198%). However, geno-
type effects at two loci (ICD-1 and MDH-1) on TTD during
mercury exposure were not observed for the arsenate exposure
(Newman ef al. 1989a). This suggested that these genotype
effects could have been specific for mercury or that the effects
were temporally unstable, A second acute mercury exposure
was undertaken two years later to determine the temporal stabil-
ity of the ICD-1, MDH-1 and GPI-2 effects. The only consis-
tent genotype effect was that associated with the GPI-2 locus
(Heagler et al. submitted). Biochemical examination suggested
that the most sensitive genotype (GPI-2****) was least tolerant
due to its distinct shift in Krebs cycle metabolites during mer-
cury stress (Kramer ef al. in press).

In contrast to the consistent GPI-2 effects, the ICD-1 and
MDH-1 effects were not detected again indicating that the
relationships between TTD and genotype at these particular loci
were unstable. Undefined population structure was identified as
a possible source of this instability as mosquitofish populations
can exhibit significant temporal and spatial structuring
(Kennedy et al. 1985). Structuring can be caused by a number
of factors. For example, mosquitofish exhibit nonrandom dis-
persal (Kennedy er al. 1985). The tendency of young mosquito-
fish to avoid predation by hiding in groups within clumps of
macraphytes could also contribute to population structure. In
the initial mercury study (Diamond er al. 1989), fish allozyme
genotype and TTD might have been correlated with undefined
lincages or spatially distinct, population subunits that differed
in tolerance to mercury. The ICD-1 and MDH- 1 effects on TTD
could then have been correlations produced during unintention-
ally biased sampling of a structured population. The present
study examined the hypothesis that the temporally unstable
genotype effects noted earlier for ICD-1 and MDH-1 loci re-
sulted from undefined population structure, Mosquitofish from
an antifically structured population were used to address this
hypothesis.

Materials and Methods

Collection Site and Sampling

Mosguitofish were taken from Risher Pond on the U.S. Department of
Energy’s Savannah River Site in South Carolina, the source of mosqui-



Time to Death of Mosquitofish

tofish in our previous studies (Diamond et al. 1989; Newman ef al.
1989a; Kramer et al. in press; Heagler er al. submitted). To our
knowledge, fish in this 1.1 ha pond have never been exposed to
clevated levels of any toxicant.

The fish were dip-netted in June 1990 and placed into 120-L., plastic
coolers filled with pond water and Stress Coat™, an Aloe Vera stress
treatment. Twenty-one, gravid females were taken to the laboratory,
assigned identification numbers, and transferred to individual brooding
chambers held in 40-L tanks.

Broods were reared separately to simulate the isolation thought to
contribute to population structuring in Risher Pond. Upon birth, the
offspring of individual mothers were transferred to individual 100-L,
30 cm deep plastic pools. To provide seeds for algal and macroinverte-
brate populations and a relatively natural habitat, each pool was filled
with approximately 250 g of dry leaves and pine straw gathered from a
Carolina bay (Flamingo Bay) and with water pumped from Upper
Three Runs Creek, both on the Savannah River Site. This stream has
water chemistry similar to that of Risher Pond (Newman 1986). The
offspring remained in the pools until the females reached sexual matu-
rity as determined by the presence of a dark abdominal spot. This
isolation of sibships (defined herein as offspring from a common
mother) into similar rearing conditions simulated the structuring of fish
populations that could occur in Risher Pond. The maintenance of the
pools consisted of refilling with Upper Three Runs Creek water to
compensate for evaporation. The fish were fed once a day with Tetra-
min™ Tropical Fish Food until beginning the exposure period. To
eliminate sex effects on TTD (Diamond et al. 1989), only female
offspring were used for exposure.

Exposure System

Individual exposure chambers were made from 4-L, plastic jugs and
mesh screening. The tops and 75 mm % 100 mm patches from the four
sides were removed and covered with mesh to allow free flow of water
through the chamber. The seventcen, surviving mothers or their off-
spring were placed in their individual chambers. These chambers were
numbered and put into a 720-L tank (Living Streams™ Model LS-
700}, Fish were allowed to acclimate to the exposure temperature 24 h
prior Lo exposure.

The exposure system was supplied with prechilled, Upper Three
Runs Creek water (18 C) from a Living Streams™ tank until the
initiation of the exposure. Two 112-L exposure tanks were supplied
with a continuous 273 tank-volume-per-day fow of creck water spiked
with mercuric chloride to a nominal concentration of 1.0 mg/L. The
water used in preparing the toxicant solution was pumped from the
Living Streams™ tank into a plastic barrel which was spiked with a
1.0 g/L Hg solution. The solution was delivered to the exposure tanks
by a peristaltic pump, The exposure tanks were aerated and cooled to
17 to 18 C with a refrigeration unit.

Exposure

Exposure chambers containing fish were transferred directly to the
exposure tanks. Each of the exposure tanks was spiked by thoroughly
mixing in the 1.0 g/l Hg solution to immediately bring the mercury
comeentration to exposure concentrations. The toxicant supply barrel
was filled with water spiked with the 1.0 g/L solution as well. Fish
were not fed during the exposure period. Every three hours, fish that
appeared dead were examined for ventilation or fin movement, and
gently prodded three to four times. Fish that still showed no movement
after prodding were scored as dead and removed. Weight, standard
length, number of eggs and embryos, and time-to-death to the pearest 3
h were recorded. Exposure duration (10 days) was determined by the
time necessary to kill all fish.

Two sets of exposures were tun, one with the mothers approximately
three weeks after they produced their broods, and one was run on their
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sexually mature, female offspring. The exposure system was identical
for both exposures except that the mothers were placed in individual
chambers whereas offspring from each brood were exposed together in
a single chamber.

Water Quality

Water samples for subsequent analysis were collected cvery 8 h and
stored at 4°C. Total alkalinity was determined by the potentiometric
titration method and specific conductance was determined with a
Sybron PM-TOCB conductivity bridge and a Fisher cell (cell con-
stant = 0.102 cm™"). Samples and standards for major cation and
anion analyses were passcd through Sepak™ reverse-phase columns
and analyzed with a Dionex 4020i ion chromatograph equipped with &
conductivity detector. Major cation concentrations (Mg®*, Ca®*,
Na®, and K*) were determined with an HPIC-CS3 separator column
and a dual cluant technigue with a 48 mM HCL/8 mM DAP (2.3
diaminopropionic acid monohydrochloride) eluant and a 12 mM HCLS
0,50 mM DAP eluant. The technique consisted of pumping the dilute
eluant for 8 min and then pumping the more concentrated eluant
through the column for the remainder of the 20 min run. Anions (C1™
and $0,%7) were determined with an HPIC-AS4A separator column
and a 0.42 g/L. Na,C0O,, 0.126 g/l NaHCO, eluant. Acid-extractable
mercury concentrations (USEPA 1983) were determined by a cold
vapor technique using a Perkin-Elmer 50A atomic ahsorption spectro-
photometer (APHA 1980).

Data Analvsis

The TTD data were analyzed with the SAS statistical package (Version
6.04; SAS Institute 1987). These analyses described the relationship of
mother TTD with offspring TTD as well as the relationship between
offspring TTD and the variables, brood and individual fish weight.
During initial model development, the confounding effects of fecun-
dity and fish age were examined also,

Variation in phenotype (tolerance) is comprised of several compo-
nents. Hartl and Clark (1989) defined phenotypic variance with the
general equation, P = p + G + E where P = the phenotype of an
individual, & = the population mean for the character, G = the devia-
tion from p resulting from the individual's genotype, and E = the
deviation from . resulting from the microenvironment of the individ-
ual (or consequences of development). IF genetic and environmental
effects are not additive then an interaction term can be included,

Under the assumption of no significant genotype-environment cova-
riance, the total phenotypic variance (0”,) in a characteristic such as
TTD is equal to the sum of the variance due to genolype l{urzs} and the
variance due to the environment (°,), The genetic variance can be
broken down into o, {sum of additive genetic effects over all pertinent
genes), o, (epistatic variation due to gene interactions) and a'zd (dom-
inance variance which is not subject to individual selection).

Hartl and Clark { 1989} defined “narrow sense”™ heritability to be the
additive genetic variance divided by the total phenstypic variance
{or? fa?,). “Marrow sense” heritability (h”) was calculated with the
equation b = h*/2 where b is the slope of the regression line of mother
TTD versus average brood TTD (Hartl and Clark 1989). Several esti-
mates of average offspring response were explored during initial anal-
ysis of heritability. Relationships between mother TTD versus mean
offspring TTD, mother TTD versus median offspring TTD, and loga-
rithms of mother TTD versus logarithms of median offspring TTD
were assessed,

As discussed above, additional factors involving o, (microhabitat
or developmental events), genotype-environment interactions and ge-
netic variance other than o, can contribute to variation in mercury
tolerance {u-zp‘]. Possible brood effects more inclusive than those asso-
ciated with “narrow sense™ henitability were explored using analysis of
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Table 1. Summary of water quality in exposure tanks
Mother Offspring
Variable Mean* Spas b Mean*® SD- N
Temp (*C) 17.92 047 10 17.18 1
D. oxygen (mg Oz/L) 9.43 0.47 10 937 1
pH 6.83 6.26-7.05 17 6.72 6.59-6.83 4
5. conductance (uS) 0.039 0012 10 0.035 1
Total alkalinity 5.05 2,01 17 5.50 1.41 4
{mg/L as CaCO3)
504 (mg/L) 4.16 157 17 2,72 1.24 ;|
Cl {mg/L) 285 0.01 17 287 0.19 4
Na (mg/L) (.85 0.15 13 1.41 012 4
K (mg/L} 0.08 0.07 13 0.36 0.10 4
Mg? (mg/L) 0.19 0.12 13 052 0.19 4
Ca (mg/L) 1.86 0.26 13 3.00 1.54 4
Hg (mg/L) 1.04 0.15 101 1.06 0.09 18
Hg breakdown for mothers:
Days 1-4 093 014 45
Days 5-10 1.12 0.01 56
*Standard deviation
ENumber of samples analyzed

“Median and range used for pH

YMean and standard deviation of the mother fish were estimated using two values that were below detection limit of 0.014 (mg/L). The
technique of Gleit (1985) as implemented by UNCENSOR (Newman et al 1989b) was used for this purpose

Table 2. Summary of ANCOVA results

Source df Sums of squares Mean square F value Pt>F
Model 17 8877.07 522.1% 298 0.0003
Error 115 2013432 175.08

Corrected Total 132 29011.39

Brood 16 8290.88 (Type I 518.18 296 0.004
Wet weight | 586.19 (Type I} 386.19 335 0.070

covariance (ANCOVA) as implemented in the SAS GLM procedure.
The fish wet weight was included in the analysis. When fish length,
fecundity (number of eggs and embryos within the female) and age
were incloded in the model initially, none of the covariates had associ-
ated p-values approaching significance (o = 0,03).

Results

Exposure

For the mother fish, the average mercury exposure concentra-
tion was approximately 1.04 mg/L. (Table 1). However, the
concentration for the first four days averaged 0.93 mg/L and
was increased to 1.12 mg/L for the remainder of the exposure.
No fish died during the first four days. For the offspring expo-
sure, the mercury concentrations averaged 1.05 mg/L for the
duration of the experiment. All treated fish died during the
exposure period.

Brood Effect

There was a significant brood effect on TTD of offspring { Table
2). An ANCOVA model employing the seventeen, exposed

broods had an r* of 0.306 (P = 0.0003). The specific brood
from which the individual originated, indicative both of the
genetic and environmental background of an offspring, had a
significant effect on the individual's TTD (P = 0.004). The
covariate, wet weight showed no significant effect on TTD.

“Narrow Sense” Heritability

Ten mother-offspring pairs were used for estimating “narrow
sense” heritability. Several mothers that died before testing or
had too few female offspring (N << 5) could not be included in
the analysis. Regression of mother TTD on brood TTD or
transformations of these variables failed to yield statistically
significant slopes (@ = 0.05). Inclusion of the covariates, size
(wet weight or length), fecundity or fish age failed to generate
significant results. Consequently, no statistically significant
“narrow sense” heritability was detected.

Discussion

The contribution of population structure to differential mercury
tolerance was examined to determine if structure could have
contributed to the previously observed relationships between
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mercury tolerance and allozyme genotype. The brood from
which an offspring originated had a significant effect on when it
died during mercury exposure, Offspring of a brood were raised
in a common environment, isolated from other broods. All
environments { 100-L plastic pools) were prepared and main-
tained in general proximity and with identical water and food
sources to eliminate extreme environmental differences be-
tween broods. Thus, small differences in microhabitat from
pool to pool (e.g., random differences in algal growth or tem-
perature), genetic factors and genetic-environment interactions
likely accounted for the significant differences observed be-
tween broods for tolerance to mercury. These differences may
have been further complicated by maternal effects (Meffe 1987,
1990). These differences remained after adjusting for variations
in the fish sizes between broods.

“Marrow sense” heritability of mercury tolerance was ex-
plored to determine if differences in TTD were strongly and
directly influenced by additive genetic qualities. After normal-
izing for weight, length, age, and fecundity effects, the data
indicated no statistically significant “narrow sense™ heritability,
This absence of detectable heritability may be attributed 1o a
lack of statistical power. A larger sample number of both moth-
ers and offspring may have shown significant heritability. Re-
gardless, broods sharing similar genetic backgrounds and com-
mon rearing environments did show significant differences in
TTD. Factors contributing to these differences included those
associated with “broad sense” heritability (o?y/o®,) and o,
{Hartl and Clark 1989),

MNonrandom dispersal of mosquitofish within an area
{Kennedy er al. 1985), the tendency for broods to remain to-
gether, and microhabitat differences can lead to population
structuring. Relative to our previous studies of acute mercury
exposure, this undefined structure likely contributed to the tran-
sient nature of the ICD-1 and MDH-1 genotype effects on TTD.
Likely, these effects reflect this structuring and, consequently,
are useless as biomarkers of population level response to toxi-
cants.

These findings have broader implications regarding the inter-
pretation and design of studies examining allozyme genotype
effects on contaminant tolerance. Because population structur-
ing can be significant in wild populations (Snyder et al. 1991)
and between laboratory stocks (Baird er al. 1991, Snyder et af,
1991), consideration should be given to the potential for similar
effects in other studies. If tolerance and allozyme genotype are
not related per se, but covary within population structure, the
use of shifis in allozyme genotype frequencies as biomarkers
may not be as straightforward as is presently assumed.
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