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ABSTRACT The effects of two widespread environmental pollutants, perchlorate and hexavalent
chromium, were assessed on the efÞcacy of Bacillus thuringiensis subsp. israelensis (Bti) and Bacillus
sphaericus (Bsph) against fourth instars of Culex quinquefasciatus Say (Diptera: Culicidae) in 24-h
laboratory bioassays. Although 250 mg/liter perchlorate, a level somewhat higher than would be
considered ecologically relevant, did not affect the control provided by either larvicide, presence of
1.04 mg/liter hexavalent chromium, an ecologically relevant concentration, increased the efÞcacy of
both Bti and Bsph by 21 and 80%, respectively. In the presence of hexavalent chromium, improved
suppression could be expected fromBacillus applications at the current label rates. However, because
hexavalent chromium has been shown to affect many taxa, we propose that the potential exists for
increased susceptibility of nontarget organisms to Bacillus products in polluted habitats.
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Currently, Bacillus thuringiensis subsp. israelensis
(Bti) and Bacillus sphaericus (Bsph) are commonly
used control agents for mosquitoes because of their
speciÞcity, effectiveness, and low risk to humans and
the environment (Becker et al. 2003). However, the
efÞcacy of these materials is known to be affected by
pollutants. For example, Bsph is considered superior
to Bti in habitats heavily contaminated with organic
waste (Karch et al. 1991, Amalraj et al. 2000), although
newer formulations of Bti suitable for organically en-
riched habitats are now becoming available (Gunas-
ekaran et al. 2002). The effects of inorganic pollutants
on the efÞcacy of both Bti and Bsph are largely un-
known.

Perchlorate (ClO4
�) is a common and persistent

(Urbansky 1998) inorganic pollutant. This chemical is
used as an oxidant in rocket fuels, roadside ßares,
airbags, Þreworks, and other combustibles (Sorensen
and Trumble 2004). In addition, some perchlorate may
be produced by atmospheric processes (Dasgupta et
al. 2005). In vertebrates, perchlorate interferes with
iodide uptake by the thyroid gland (Wolff 1998). Al-
though federal regulations recommend perchlorate in
drinking water be at or below 24 �g/liter (Committee
to Assess the Health Implications of Perchlorate In-
gestion 2005), protective levels for ecosystems have
not been established. Sorensen et al. (2006) showed
that perchlorate contamination increased larval mor-
tality and prolonged larval development ofCulex quin-
quefasciatus Say (Diptera: Culicidae), an important

vector of West Nile virus and encephalitis viruses.
These Þndings are of importance because drinking
water or irrigation water in �50% of the United States
has been found to be contaminated with perchlorate
(U.S. EPA 2005a), and 44 states have sites where per-
chlorate was manufactured or used at one time (U.S.
EPA 2002).

In California, �400 wells and drinking water
sources contain perchlorate above the 0.1 �g/liter
detection limit; these wells are used extensively for
irrigation, which makes the contaminant more bio-
available over large areas. In addition, California con-
tains a number of industrial or military sites with per-
chlorate contamination, particularly in Los Angeles,
San Bernardino, and Riverside counties. In Nevada,
the now-closed Kerr-McGee Plant for rocket fuel has
been responsible for up to 455 kg of perchlorate leach-
ing daily into the Colorado River (Hogue 2003). This
river is a primary source of drinking and irrigation
water for several cities in the southwestern United
States, including Los Angeles, Las Vegas, San Diego,
Phoenix, and Tucson. Mosquitoes can develop in al-
most any available standing water source, including
temporary pools and small containers (Becker et al.
2003). Perchlorate present in small containers will
concentrate with evaporation, increasing the consid-
erable potential for mosquito larvae to develop in
environments with highly elevated concentrations of
perchlorate.

Similarly, water and soil contamination with hexava-
lent chromium are also signiÞcant worldwide problems
(http://www.worldbank.org/nipr/polmod.htm). Chro-1 Corresponding author, e-mail: mary.sorensen@email.ucr.edu.
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mium has been used extensively for many industrial
applications, including metal alloys, metal plating,
chrome colors and dyes, cement manufacturing, and
wood preservatives (Kotas and Stasicka 2000). Although
trivalent chromium is an essential trace element for most
biota, hexavalent chromium [chromium(VI)] is both
toxic and carcinogenic (Zhang and Li 1987, Smith et al.
1989, Elbetieha and Al-Hamood 1997). Federal regula-
tions limit chromium(VI) in drinking water to 0.05 mg/
liter (Eisler 1986), and, like perchlorate, effects of chro-
mium on insects are not well understood. Chromium has
been demonstrated to have toxicity to some aquatic in-
sects (Vuori and Kukkonen 1996, Leslie et al. 1999,
Canivetet al. 2001)andat leastone terrestrialdetritivore
(Megaselia scalaris;Trumble and Jensen 2004). Like per-
chlorate,chromium(VI)wasshowntohavethepotential
tocausereducedsurvival andprolongeddevelopmentof
Cx. quinquefasciatus (Sorensen et al. 2006).

In the San Fernando Valley of southern California,
the U.S. Environmental Protection AgencyÕs (EPAÕs)
monitoring wells have detected concentrations of
chromium as high as 1.0 mg/liter (Los Angeles Re-
gional Water Quality Control Board 2004) and in the
eastern part of the state a plume containing �12 mg/
liter is nearing the Colorado River (Lifsher 2004). The
San Fernando Valley Basin houses and contributes to
the Los Angeles Reservoir, the endpoint of the Los
Angeles Aqueduct and a major source of water for the
Los Angeles metropolitan area. The purpose of this
research was to evaluate the potential for perchlorate
and chromium(VI) to interfere with or interact with
Bacillus microbial larvicides.

Materials and Methods

Eggs were collected as needed from a Cx. quinque-
fasciatus colony maintained at the University of Cal-
ifornia, Riverside, and hatched in a shallow pan (30 by
20 by 5 cm) containing high-performance liquid chro-
matography (HPLC)-grade water (Milli-Q Water Sys-
tem, Millipore Corporation, Billerica, MA) and �5 ml
of mosquito food. Food consisted of a 3:1 (wt:wt)
mixture of ground mouse chow (mouse/rat diet, Har-
lan/Teklad, Madison, WI) and brewerÕs yeast (MP
Biochemicals, Aurora, OH) rehydrated with 50 ml of
HPLC-grade water to �4 g of powdered food. Second
instars were transferred to bioassay containers by us-
ing an eyedropper. Bioassays were conducted in
100-ml glass jars with plastic lids containing 90 ml of
HPLC-grade water. Each test jar was stocked with 20
larvae and given four drops of food and two drops of
food daily thereafter. In all trials, each treatment was
replicated four times. Because perchlorate was shown
to have an effect on Cx. quinquefasciatus only at high
levels (Sorensen et al. 2006), the perchlorate treat-
ment (250 mg/liter) applied here represents some of
the most contaminated sites publicly reported (U.S.
EPA 2005b). Hexavalent chromium (1.04 mg/liter)
dosage was chosen to be high yet still ecologically
relevant (within the range of reported levels). All
controls consisted of bioassay jars stocked as de-
scribed previously but without contaminant added.

Bioassay jars were maintained in an incubation cham-
ber at 28 � 1�C, 75% RH, and a photoperiod of 14:10
(L:D) h.

When larvae reached the fourth larval stadium, they
were starved for 24 h. After the starvation period, each
jar received 10 ml of HPLC-grade water containing
the Bti or Bsph treatment. Concentration levels for Bti
(0.25Ð1.5 �g/liter) and Bsph (0.005Ð0.08 mg/liter)
were chosen to encompass the LC50 level for Cx.
quinquefasciatus without causing 0 or 100% mortality,
based on data from preliminary trials (M.A.S., unpub-
lished data). Controls received 10 ml of HPLC-grade
water. Mortality was assessed at 24 h, and larvae that
did not respond to tapping on the container were
counted as dead. Although the standard bioassay for
Bsph calls for assessing mortality at 48 h, a 24-h bio-
assay was used because of high control mortality at
48 h due to the additional stress from contaminant
treatments. Each contaminant [perchlorate or chro-
mium (VI)] was combined with at least three con-
centrations of each pesticide (Bti or Bsph).

Perchlorate was added to bioassay containers as
ammonium perchlorate (CAS 7790-98-9, NH4ClO4,
99.999%, Aldrich Chemical Co., Milwaukee, WI).
Chromium(VI) treatments were created using chro-
mium trioxide (CAS 1333-82-0, CrO3, 99.8%, Fisher
ScientiÞc, Pittsburgh, PA). In water, ammonium per-
chlorate dissociates readily; concentrations are re-
ported here as concentration of ClO4

�. Chromium
trioxide dissolved in water will form chromic acid
(H2CrO4), but it also may undergo a number of other
reactions, including complexing with dissolved or-
ganic and inorganic molecules. Chromium(VI) is
therefore reported here as concentration of elemental
chromium. Bacillus thuringiensis subsp. israelensis
treatments were created using the commercial Bti
product Gnatrol (lot V01B-600FL-1, 600 international
toxic units [ITU]/mg, Valent Biosciences Corpora-
tion, Libertyville, IL). Bacillus sphaericus treatments
were created using the Vectolex technical powder (lot
117-140-W5-01, 1483 ITU/mg, Valent Biosciences).

To determine whether contaminant treatment
signiÞcantly altered the effect of Bti or Bsph on
mosquitoes, we performed an analysis of covariance
(ANCOVA) (SAS Institute, Cary, NC; www.sas.com)
with log dose of Bti or Bsph as the covariate, treatment
as the type of contaminant added (chromium, per-
chlorate, or control), and mortality (expressed as the
probit transform) as the dependent variable. To de-
termine the LC50 values and associated standard er-
rors, probit analyses were used (Minitab, Inc. 2000).

Results

B. thuringiensis subsp. israelensis. Even at the ex-
ceptionally high rate of 250 mg/liter, perchlorate con-
tamination did not change the efÞcacy of Bti at 24 h
postexposure against Cx. quinquefasciatus (Fig. 1A)
(ANCOVA: F1, 17 � 3.13; P� 0.097). This lack of effect
was consistent with our previous studies, indicating
that perchlorate has minimal impact on mosquito
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growth and survival unless ecologically meaningful
concentrations are exceeded (Sorensen et al. 2006).

In contrast, larvae reared in 1.04 mg/liter chromi-
um(VI) were signiÞcantly more susceptible to Bti
thancontrol larvae(Fig. 1B)(ANCOVA:F1, 29 �10.98;
P � 0.001). The ANCOVA model did not include a
signiÞcant interaction term, indicating that the probit
lines are parallel and the effect of pollutant was equal
across concentrations of Bti. The LC50 value for chro-
mium (VI)-exposed larvae decreased by 21% com-
pared with the control group LC50 (Table 1). Given
that chromium(VI) occurs in the environment at lev-
els exceeding those tested in this study (Kotas and
Stasicka 2000), and this pollutant causes reduced
growth and increased mortality inCx. quinquefasciatus
larvae at even 0.16 mg/liter (Sorensen et al. 2006), an
increase in the efÞcacy of Bti may be expected.

B. sphaericus. Similar to the results obtained with
Bti, 250 mg/liter perchlorate did not change the tox-
icity of Bsph to Cx. quinquefasciatus larvae (Fig. 2A)

Fig. 1. Mortality of fourth instars of Cx. quinquefasciatus reared in water contaminated with 250 mg/liter perchlorate (a) or
1.04 mg/liter hexavalent chromium (b) and then treated with Bti. Dose of Bti is plotted on a log scale. Vertical bars represent SE.

Table 1. Activity of Bacillus microbial control agents against
fourth instars of Cx. quinquefasciatus reared in water contaminated
with perchlorate or hexavalent chromium

B. thuringiensis var.
israelensis

B. sphaericus

n LC50 SE n LC50 SE

Control 9 0.532 0.027 17 0.019 0.002
250 mg/liter

Perchlorate
9 0.410 0.039 18 0.010 0.002

Control 15 0.478 0.025 17 0.019 0.002
1.04 mg/liter

Chromium(VI)
15 0.377 0.023 18 0.003 0.002
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(ANCOVA: F1, 34 � 2.84; P � 0.099). However, 1.04
mg/liter chromium(VI) signiÞcantly increased Bsph
efÞcacy (Fig. 2B) (ANCOVA: F1, 34 � 6.24; P� 0.016).
Results must be interpreted with caution because of
the covariate � treatment interaction (ANCOVA: F34 �
4.78 P � 0.013), indicating that probit lines are not
parallel and the effect of the pollutant was not equal
across concentrations of Bsph. Figure 2B shows that
the dose response of the chromium(VI) group was
fundamentally different than that of the control: the
linear relationship for response ofCx. quinquefasciatus
to Bsph is greater for the chromium treatment than for
the controls. The chromium(VI)-exposed group had
an LC50 value �80% less than that of the control group
(Table 1). Thus, as seen with Bti, an increase in larval
Cx. quinquefasciatusmortality would be expected with

Bsph applications made in the presence of ecologically
relevant levels of chromium(VI).

Discussion

It is unlikely that perchlorate at most sites will have an
impact on the use of Bacillus larvicides to control mos-
quitoes. A previous study tested the effects of perchlor-
ate on vertebrates at up to 100 mg/liter (Bernhardt et al.
2006), a concentration probably occurs at only a few
sites. Toxic effects on larval mosquito growth and sur-
vival were found at 25 mg/liter perchlorate (Sorensen et
al. 2006), which is beyond the upper limit of what is
reported to occur in the environment, even when con-
sidering thepotential forevaporativeconcentration(So-
rensen and Trumble 2004). Therefore, it is unlikely that

Fig. 2. Mortality of fourth instars of Cx. quinquefasciatus reared in water contaminated with 250 mg/liter perchlorate (a)
or 1.04 mg/liter hexavalent chromium (b) and then treated with B. sphaericus. Dose of Bsph is plotted on a log scale. Vertical
bars represent SE.
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lower levels of perchlorate occurring in most contami-
nated habitats would alter the efÞcacy of Bacillus mi-
crobial control agents.

Chromium(VI), however, caused an increase in the
efÞcacy of Bti and Bsph at ecologically relevant con-
centrations. A level of 1.04 mg/liter is within the range
of chromium contamination found in contaminated
ßowing freshwater systems in the United States. Con-
centrations of chromium(VI) in suspended particu-
lates, which would be available in part to mosquito
larvae, can reach 2000 mg/kg in these habitats (Eisler
1986), greatly increasing the potential exposure. In
such environments, mosquito control could be achieved
with less product. However, the label instructions for
Aquabac (Becker Microbial Products, Greely, CO), an
example of a commercial Bti product, call for an ap-
plication rate of �0.008 mg/liter, assuming a 1-m water
depth. Similarly, label instructions for Vectolex (Va-
lent Biosciences Corporation), assuming a 1-m water
depth, call for 0.04 mg/liter. These representative ap-
plication rates for Bti and Bsph are much higher than
the LC50 values reported here and in other studies
(Zahiri and Mulla 2003, Su and Mulla 2004, Zahiri et
al. 2004), and they are designed to provide the max-
imum amount of control possible, even under adverse
conditions or variable water depths that will likely
exceed 1 m. Given these label rates of application, no
change in the procedures for use of Bacillusmicrobial
agents would be necessary.

Of possible concern is an increase in susceptibility of
nontarget organisms to Bti or Bsph if these organisms are
concurrently exposed to chromium(VI). Boisvert and
Boisvert (2000) list 17 families in four orders that are
negativelyaffectedbyBtiat labelapplicationrates. Inthe
presence of chromium(VI), we would predict, based on
our results here, that nontargetBacillus-sensitive species
may be at more of a risk from Bsph than from Bti in
insecticide-treatedwaters contaminatedwithchromium
(LC50 for Bti only changed by 21%, whereas the LC50 for
Bsph changed by 80%). This prediction assumes that
mosquito susceptibility is representative of other inver-
tebrates; more research will be required to test this pre-
diction.

Many factors are known to increase the effectiveness
ofBacillus larvicides, including increased water temper-
ature, decreased larval density, decreased sunlight, low
salinity, lack of interspeciÞc competition, shallow water,
and absence of macrophytes covering the water surface
(Becker et al. 1992, Charbonneau et al. 1994, Nayar et al.
1999). This study demonstrates that although perchlor-
ate affects neither Bti nor Bsph efÞcacy, the presence of
at least one type of metal pollution, chromium(VI), will
increase the efÞcacy of both Bti and Bsph. Further test-
ing will need to be done to determine whether habitat
pollution with other anthropogenic contaminants will
cause a similar effect.
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