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Abstract

The purpose of this study was to investigate the uptake and elimination of perchlorate in eastern mosquitofish (Gam-
busia holbrooki). Fish were exposed to 0.1-1000 mg/1 sodium perchlorate for 12 h, 1, 2, 5, 10, and 30 days, and perchlo-
rate was determined in whole body extracts. Perchlorate was not detected in mosquitofish exposed to the low
concentrations of perchlorate (0, 0.1, and 1 mg/l sodium perchlorate), regardless of the exposure time, whereas it
was detected when fish were exposed to 10, 100, and 1000 mg/l1. The tissue concentrations were approximately 10 times
less than that in the water. There was no difference in the uptake of perchlorate depending upon the exposure time,
however, a difference in perchlorate uptake depending upon the concentration of the exposure dose (P < 0.001) was
observed. Uptake (K,) and elimination (K,) rate constants were 0.09 I/mg day and 0.70 day™~", respectively. The half-
life (T,,) of perchlorate was 0.99 day. Thus, it appears that perchlorate is rapidly taken up and eliminated in eastern
mosquitofish. These results are critical and may be used to develop models of fate, effects, and transport of perchlorate
in natural systems, as well as to assess ecological risk in affected ecosystems.
© 2005 Elsevier Ltd. All rights reserved.
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environmental perchlorate contamination. Perchlorate
has been found in ground and surface waters near
military installations and perchlorate manufacturing
plants (Smith et al., 2001; Urbansky, 2002). There have
been several studies that examined environmental fate,
transport, and degradation of perchlorate (Yoon et al.,
2002; Tipton et al., 2003) and others which have ex-
plored its remediation in environmental media (Urban-
sky, 1998; Hare, 2000). Because perchlorate is water
soluble and persistent in the environment, it is probable
that organisms such as fish are exposed to perchlorate
at contaminated sites (Smith et al., 2001). In fact,
Smith et al. (2001) found that perchlorate was present
in fish at concentrations greater than in the ambient
water. However, based on its physical properties,
namely the ionic nature and high water solubility, it
is not expected to bioconcentrate. Therefore, more
information on bioconcentration factors and toxicoki-
netics is needed to test this hypothesis. Although toxic-
okinetics of perchlorate have been examined in plants
(Urbansky et al., 2000; Susarla et al., 2000; Yu et al.,
2004), humans, and other mammals (Batjoens et al.,
1993; Fisher et al., 2000; Clewell et al., 2001; Yu
et al., 2002), little is known about its toxicokinetics
and tissue distribution in fish.

The purpose of this study was to determine the
uptake and the elimination of perchlorate into whole
body eastern mosquitofish (Gambusia holbrooki). This
species was chosen because: (1) it is widely distributed
in the United States, (2) it is of ecological importance,
(3) there is a large amount of literature on the biology,
ecology, and toxicology of this species, and (4) field
studies have shown that this species take up perchlorate
from environmental media (Smith et al., 2001).

Because perchlorate is a water soluble chemical, we
hypothesized that it will be rapidly taken up into the fish
and reach steady state. In order to determine bioconcen-
tration factors at various water concentrations and
exposure periods, mosquitofish were exposed to perchlo-
rate at various concentrations ranging from 0.1 to
1000 mg/1 for 2, 5, 10, and 30 days. In subsequent exper-
iments, uptake and elimination rate constants and mos-
quitofish were determined for fish exposed to 100 mg/l
perchlorate at for 12 h to 30 days (uptake) and 12h —
20 days (elimination).

2. Materials and methods
2.1. Test chemical

Sodium perchlorate (99% purity) was purchased
from EM Science (Gibbstown, NJ). Sodium perchlorate
was chosen over the ammonium salt to examine the
effects of perchlorate ion alone, without confounding
effects of ammonium toxicity.

2.2. Animals

Adult mosquitofish (0.86 + 0.34 g) were purchased
from a commercial hatchery (Ken’s Hatchery and Fish
Farm, Alapaha, GA). Upon arrival, fish were trans-
ferred into a 400-1 tank supplied with filtered, recircu-
lated reconstituted water (60 mg/l Instant Ocean® sea
salts in deionized water). They were allowed to acclimate
to laboratory conditions for at least 5 days prior to the
start of the experiments. A 12-h photoperiod was main-
tained. During that period, fish were fed ad libitum with
Aquatox® flake food (Zeigler Bros. Inc., Gardners, PA,
USA). The concentration of iodine in the food was
6 mg/kg (data provided by the manufacturer).

2.3. Uptake experiments

Bioconcentration factor vs. exposure time and concen-
tration: These experiments were carried out in a static
renewal system. Four hundred and fifty female mosqui-
tofish were randomly assigned to thirty 15-1 aquaria (15
fish per aquarium) and were exposed to 0, 0.1, 1, 10, 100,
and 1000 mg/1 (nominal concentration) sodium perchlo-
rate for 2, 5, 10, and 30 days with 5 replicates for each
exposure. The low concentrations were chosen based
upon perchlorate concentrations found in surface waters
(Smith et al., 2001), and the higher to ensure perchlorate
detection. Fish were fed Aquatox® flake food twice daily
ad libitum. Each aquarium was supplied with aeration
and 12-h photoperiod maintained. Feeding time and
daily observations, including behavior and number of
sick and dying fish, were recorded.

Aquaria water consisted of reconstituted water
(60 mg/l Instant Ocean® sea salts in deionized water)
with the appropriate amount of sodium perchlorate
stock solution added to each test aquarium. Every other
day, 1/3 of the water was changed, and the aquaria were
refilled with reconstituted water and the appropriate
amount of sodium perchlorate stock solution. Water
quality tests were conducted to determine dissolved oxy-
gen, salinity, pH, ammonia, and conductivity on days
between water changes. Water samples from each aquar-
ium were collected on the first day and last day of each
exposure and once a week for the longer exposures of
the experiment.

After each exposure, mosquitofish were euthanized in
3-aminobenzoic acid ethyl ester (MS-222, 0.5 g/1), rinsed
with deionized water, individually weighed and mea-
sured. Eight fish were then pooled and frozen in liquid
nitrogen for perchlorate analysis.

Uptake: This experiment was carried out as previ-
ously described. Adult mosquitofish were exposed to
sodium perchlorate at 100 mg/1 for 12 h, 24 h, 48 h, 10,
and 30 days. Fish were fed and sampled as previously
described. This concentration was chosen to maximize
the potential for detecting perchlorate in fish tissues.
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2.4. Elimination experiments

A renewal static system was also used to evaluate per-
chlorate elimination in mosquitofish. Two hundred and
sixty mosquitofish were exposed to 100 mg/I sodium per-
chlorate for five days in an 80-1 aquarium. This concen-
tration was chosen because it was high enough to ensure
detectable perchlorate in the fish tissues, but not high
enough to induce stress-related behaviors, overt mortal-
ity, or other signs of stress in the fish. Fish were then
transferred to 151 aquaria containing clean reconsti-
tuted water. Seven fish were collected from each aquar-
ium at 0, 1, 2, 5, 10, and 20 days, euthanized with
MS-222, rinsed with deionized water and individually
weighed and measured. There were five aquaria for each
sampling period. Fish were pooled and frozen in liquid
nitrogen for perchlorate analysis. Every other day, 1/3
of the water in the elimination aquaria was replaced.
Fish were fed as previously described. Water samples
were taken from each aquarium everyday during the
exposure period and at the fish collection during the
elimination phase.

2.5. Tissue extraction and extract clean-up

Perchlorate was extracted from fish tissue according
to the procedure previously described by Anderson
and Wu (2002). Briefly, fish samples rinsed three times
with deionized water were desiccated in a fume hood
for at least 48 h and extracted in 11-ml cells using
Milli-Q water (18 MQ) with a Dionex Accelerated Sol-
vent Extractor (ASE, 200, Dionex, Sunnyvale, CA).
Cells were heated for 5 min at 100 °C, filled with Milli-
Q water, and pressurized to 1500 psi. Total extraction
time was 15 min. At the completion of the extraction,
extract volume was recorded. Extracts (1 ml) were then
cleaned using silica solid-phase extraction (SPE) car-
tridges and then diluted to 5ml with Milli-Q water.
The diluted extracts were then filtered through a
0.45 pm Acrodisc® filter into 5-ml vial IC vials.

2.6. Water sample clean-up

Water samples (5 ml) were filtered through a 0.45 um
Acrodisc® filter into 5-ml vial IC vials and either ana-
lyzed directly for perchlorate ion or diluted with Milli-
Q water prior to analysis.

2.7. Ion chromatography analysis

Samples were analyzed on a Dionex DX-500 Ion
Chromatography System equipped with a GP50 pump,
a CD20 conductivity detector, and an AS40 automated
sampler (Yu et al., 2004). Ion separation was made with
a Dionex lonPac AS16 (4 mm) analytical column. An
eight-point standard curve consisting of 2.5, 5, 10, 20,

50, 100, 200, and 500 pg/l perchlorate was constructed
using a 100 pg/ml certified sodium perchlorate standard
(Accustandard, Inc.). Sodium hydroxide (100 mM) was
used as eluent at a flow rate of 1 ml/min. Resulting chro-
matograms were optimized and the perchlorate peak
(when present) was identified based on the retention
time of the standards. Perchlorate concentrations in
the tissues were determined based upon the area under
the perchlorate peak, the wet weight of the tissue,
and the volume extracted from each sample. Percent
recovery and detection limits were determined from
spiked perchlorate tissues (perchlorate solutions injected
into fish prior to extraction) and adding known amounts
of perchlorate to aqueous tissue extracts, respectively.

2.8. Data analysis

Results are presented as means + standard error. All
statistical tests were performed using SAS (version 8.0)
with significance level o set at 0.05. Uptake and elimina-
tion of perchlorate data were analyzed using non-para-
metric Kruskall-Wallis H test. This test was applied
because normalization of the data and homogeneity of
the variances were not satisfied.

The bioconcentration factor (ratio between the per-
chlorate concentration in the fish to the measured con-
centration in the water) was calculated. BCF among
concentrations were compared using non-parametric
Kruskall-Wallis test.

The uptake rate constants (K,) was calculated from
K, =K. Ci/C,y; Cs is the concentration in tissues at
steady state and C,, is the concentration in water (New-
man, 1995). When the fish were transferred to clean
water, the elimination rate constant (K.) was determined
by fitting a non-linear regression to the model C, =
Coe™%! | where C, is the concentration of perchlorate
in the whole body at the beginning of the experiment,
C; the whole body concentration of perchlorate at time
t, and ¢ is time (days). The half-life (¢,,,) of perchlorate
in whole body was estimated according to the equation
t1p = —In0.5/K, (Spacie and Hamelink, 1995; Sancho
et al., 1998). The 95% confidence interval was estimated
for K. via regression analysis. The 95% confidence inter-
val for the K, was obtained by calculating a K, for each
fish 7 at steady state (i.e, for all fish exposed to perchlo-
rate for 2 or more days), calculating the standard error
and multiplying the standard error by 1.96.

3. Results
3.1. Uptake of perchlorate
Uptake depending upon exposure time and concentra-

tion: Water quality was within the acceptable parameters
(Table 1; ASTM, 2003), and perchlorate concentrations
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Table 1
Time-weighted averages (+SD) of water quality parameters during perchlorate uptake and elimination experiments®

Exposure concentration (mg/1) Water quality parameters

pH Temperature Dissolved oxygen Conductivity NH;
(°C) (7o) (1S/cm) (ppm)
Uptake 0 6.85+0.15 19.77 £ 0.69 98.69 + 2.47 92.77 £ 2.61 0.51 +0.06
Uptake 0.1 6.82+0.17 19.99 +£1.1 89.16 +3.02 91.18 +2.24 0.68 + 0.06
Uptake 1 6.86 +0.19 20.26 +0.74 98.15+2.89 86.74 +1.83 0.51 £ 0.06
Uptake 10 7.04+0.2 20.6 +0.67 93.14 +2.81 87.92 +3.18 0.63 +0.07
Uptake 100 6.95+0.19 19.47 +1.03 88.3+1.91 149.71 £+ 10.96 0.64 +0.07
Uptake 1000 7.13+0.19 19.83 +0.95 90.28 + 1.75 486.62 +40.59 0.52 +0.07
Elimination 6.85+0.15 19.77 + 0.69 98.69 +2.47 92.77 +2.61 0.51 +0.06

* Average of 5 aquaria sampled every other day.

Table 2

Mean (£SD) measured (‘“‘actual’’) concentrations (mg/1)* of perchlorate in aquarium water in which eastern mosquitofish (Gambusia
holbrooki) were exposed to various nominal concentrations of perchlorate for 12 h to 30 day

Nominal concentration Actual concentration

12h 24 h 2 day 10 day 30 day
0 NDP NDP NDP NDP NDP
0.1 0.09 + 0.01 0.08 £ 0.02 0.08 £ 0.01 0.10 £ 0.04 0.18 £0.10
1 0.89 +0.12 0.91 +0.05 0.80 + 0.05 0.75 + 0.05 0.90 + 0.36
10 7.8 +£0.20 7.6+0.18 7.5+0.29 7.0 £0.32 7.10 £ 0.39
100 87.5+1.53 95.6 +0.33 96.0 + 18.0 92.0 + 15.0 88.0 + 4.0
1000 954 + 56.8 993 + 113 906.0 + 149.0 1100.0 £ 318.0 867.0 & 49.0

* Perchlorate quantified by ion chromatography. N = 5 water samples for each data point. Perchlorate concentrations are reported

on the basis of perchlorate ion, rather than sodium perchlorate.

® Not detected (detection limit = 0.001 mg/1).

within each aquarium were close to the nominal concen-
tration (Table 2). Two 10 g samples of the food were
analyzed for perchlorate, as above, and none was
detected. Percent recoveries of perchlorate from fish tis-
sues ranged from 81% to 92%. The detection limit for
perchlorate in water was 1 pg/l, and in aqueous tissue
extracts was 2.5 pg/l. Given that the extract volume used
ranged from 0.020 to 0.022 1, and the mass of fish used
ranged from 3.7 to 8.0 g, this would give tissue detection
limits of 0.006-0.015 pg/g.

Perchlorate was not detected in mosquitofish
exposed to the lowest concentrations of perchlorate
(0, 0.1, and 1 mg/l sodium perchlorate), regardless of
the exposure time (Table 3). Perchlorate was detected
in mosquitofish exposed to 10, 100, and 1000 mg/l
sodium perchlorate, but the whole body tissue concen-
trations were approximately 10 times less than the
exposure concentration (Table 3). There was no differ-
ence in the BCF values depending upon the exposure
time (P = 1.000). However, a difference in BCF values
was observed depending upon the exposure concentra-
tion (P <0.001).

Bioconcentration factors (BCF) for the uptake of
perchlorate into whole mosquitofish were determined

(Table 3). The highest BCF was found in fish exposed
to 10 mg/l sodium perchlorate for 2 days. The Krusk-
all-Wallis H test revealed a significant difference among
the treatment groups for each exposure period
(P =0.001).

Uptake depending upon short exposure times: The
results of this experiment indicated a rapid uptake of
perchlorate in eastern mosquitofish. The concentration
of perchlorate in whole body increased (P <0.01) up
to 24 after which the concentration remained stable
(Fig. 1A). This was assumed to be steady state.

3.2. Elimination of perchlorate

The concentration of perchlorate in water measured
after five days of exposure (73.72 + 2.00 mg/1) was close
to the nominal concentration. The concentration of per-
chlorate in the water before the first water change (day
2) was 0.016 4 0.001 mg/1.

The kinetic of perchlorate elimination in whole body
mosquitofish is presented in Fig. 1B. The uptake rate
constant (K,) of perchlorate was estimated to be
0.09 1/mg day, the elimination rate constant (K.) 0.70
per day, and the half-life (7',) 0.99 day.
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Table 3

Mean(4SD) bioconcentration® factor of perchlorate in eastern mosquitofish (Gambusia holbrooki) exposed to various concentrations

of sodium perchlorate (nominal concentration) for 2, 10, or 30 days

Nominal concentration (mg/1)°

Bioconcentration factor (mean =+ SD mass)®

2 day 10 day 30 day
0 ND (4.5 + 1.4)¢ ND (5.5 +2.6)¢ ND (5.2 +1.8)¢
0.1 ND (6.5 + 2.4)¢ ND (4.3 + 1.4)¢ ND (5.5 + 1.7)¢
1 ND (6.3 + 1.4)¢ 0.27 +0.61 (4.6 +1.1) 0.06 4 0.12 (4.5 4+ 1.9)
10 0.35+0.33 (6.3+2.2) 0.11+£0.15(52 £ 1.4) 0.18 £ 0.09(5.6 £ 2.1)
100 0.17 £ 0.07 (6.5 + 1.8) 0.1240.02 (5.3 +1.7) 0.14 £ 0.02 (4.8 + 1.4)
1000 0.09 £ 0.03 (4.9 +2.2) 0.06 4 0.02 (5.5 + 1.9) 0.13+£0.03 (6.1 £2.1)

# Concentration in the whole body tissues/measured concentration in the water, n = 5. Perchlorate ion concentrations measured by

ion chromatography.
® Mass of the composite fish sampled analyzed.

¢ Concentrations based upon perchlorate ion rather than sodium perchlorate.
4 Perchlorate not detected in tissues. Tissue detection limit = 0.006-0.015 mg/kg.
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Fig. 1. (A) Perchlorate uptake in eastern mosquitofish (Gam-
busia holbrooki) exposed to 100 mg/1 sodium perchlorate for 12,
24, 48, 240, and 720 h (means =+ standard error, n =4 for 12
and 24 h and n=1>5 for 48, 240 and 720 h). (B) Perchlorate
elimination in eastern mosquitofish after a 5-day exposure at
100 mg/1 (means =+ standard error, n = 5). Perchlorate concen-
trations are based upon the wet weight of the sample. Data
points with different letters are significantly different (P < 0.05,
Kruskal-Wallis test).

4. Discussion

The results of this study clearly indicate that perchlo-
rate is rapidly taken up, reaches steady state, and is rap-
idly eliminated in eastern mosquitofish. This is in
accordance with several studies rats (Rattus rattus),
which indicated that perchlorate was rapidly absorbed
when administrated orally in drinking water (Von Burg,
1995; Wolff, 1998; Clark, 2000).

The concentration of perchlorate in whole body of
mosquitofish when detected was always lower than the
exposure concentration. The highest BCF was found
at an exposure of 10 mg/l perchlorate. Although concen-
trations at this level have been found in field analyses
(Smith et al., 2001), in field situations, the measured con-
centrations are typically at most an order of magnitude
lower — most commonly in the range of 0.010-0.080 mg/1
(Smith et al., 2001; Anderson et al., 2004; Theodorakis
et al., in press). A low BCF was also found in tissues
of channel catfish exposed to 100 mg/l perchlorate for
5 days (Park, 2003). Thus, it appears that perchlorate
does not bioaccumulate in fish.

This information is in apparent contrast to field stud-
ies, in which perchlorate was detected in fish captured in
and around the Longhorn Army Ammunition Plant at
Karnack, Texas (Smith et al., 2001) and the Naval
Weapons Reserve Plant at Waco, Texas (Anderson
et al., 2004; Theodorakis et al., in press), with tissue con-
centrations greater than those in the water. In fact, in
some cases perchlorate was detected in the fish when it
was not detected in the water (Theodorakis et al., in
press). The exact same methodologies were used in
Smith et al. (2001), Theodorakis et al. (in press), and
in the current study. All field and laboratory samples
from the current study and the studies cited above were
conducted under the same Good Laboratory Practice
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guidelines, using the same set of Standard Operating
Procedures, and in all cases the data and analysis proce-
dures were audited by and internal, but independent,
Quality Assurance/Quality Control team to insure data
quality. Also, the samples from Smith et al. (2001) were
analyzed prior to, and those of Theodorakis et al. (in
press) were analyzed subsequent to, the samples in this
study. Finally, perchlorate has been frequently detected
in mosquitofish from field sites cited in the above studies
(Smith et al., 2001; Theodorakis et al., in press), which
would argue against the hypothesis that the field and
lab studies differed because of differences in false positive
rate or detection limit due to species differences. These
facts would argue against the hypothesis that the find-
ings of perchlorate concentrations in fish tissues greater
than water concentrations—as reported in Smith et al.
(2001) and Theodorakis et al. (in press)—were due to
false positives or other artifacts of analysis.

Therefore, there two possible explanations for the
discrepancy between field and laboratory studies may
be that: (1) there may be some other pathway of uptake,
e.g., through the food chain, that explains the higher
concentration in fish than in water in field situations,
or (2) the perchlorate water concentrations in the field
may be highly temporally variable, with large spikes in
perchlorate concentrations or short durations followed
by rapid declines in water concentrations. Evidence for
such dramatic fluctuations in perchlorate water concen-
trations has been found in previous field studies (Ander-
son et al., 2004). Also, the elimination rate can be highly
variable from fish to fish: at some points during the dep-
uration experiments perchlorate was detected in some
fish and not in others (Park, 2003, and the current
study). Thus, large fluctuations in perchlorate water
concentrations, coupled with variation in elimination,
could, at least partially, explain the findings of Smith
et al. (2001) and Theodorakis et al. (in press), where per-
chlorate was detected in fish when it was not detected in
water, but only in some individual fish in some species.

In addition, the uptake and accumulation of perchlo-
rate in fish may be affected by the concentrations to
which they are exposed. This has been found for a wide
variety of other contaminants. For example, in aquatic
organisms exposed to metals, there is an inverse relation-
ship between the exposure concentration and BCF, with
high values occurring with low exposure concentrations
(indicating hazard) and low values occurring with
high exposure concentrations (indicating no hazard)
(McGeer et al., 2003). Findings in this study show that,
with the exception of the highest dose group, BCF was
influenced by exposure concentration. This is an impor-
tant consideration since BCF is one of the criteria used
in determining toxicity in aquatic environments.

Perchlorate was rapidly eliminated when the mos-
quitofish were transferred to clean water. Perchlorate
in mosquitofish had a lower elimination rate and higher

half-life than any tissue in the catfish (Park, 2003). This
fact could be considered as the effect of body size
on elimination of perchlorate between both species
because it has been reported that elimination of
water-soluble chemicals in fish is affected by allometric
(size) relationship (Newman, 1995). The half-life of per-
chlorate was very short, approximately 1 day. In rats
the perchlorate half-life ranged from 8 to 20 h (Clark,
2000).

The results obtained in the present study are critical
and may be used to develop models of fate, effects,
and transport of perchlorate in natural systems, as well
as to assess ecological risk in affected ecosystems.
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