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EFFECT OF LOW TEMPERATURE ON FEEDING
RATE OF AEDES STIMULANS LARVAE AND
EFFICACY OF BACILLUS THURINGIENSIS
VAR. ISRAELENSIS (H-14)

EDWARD D. WALKER

Department of Entomology, Michigan State University, East Lansing, MI 48824

ABSTRACT. Experiments were conducted to determine the effects of low temperature (0 and .4°C),
vs. a high temperature (22°C), on the feeding rate of Aedes stimulans larvae, and their susceptlblhty to
Bacillus thuringiensis var. israelensis (H-14) (B.t.i.). Third-instar Ae. stimulans slowed but did not halt
feeding at 0 and 4°C compared to 22°C. Susceptibility of larvae, as measured by LC;, values, to B.t.i. was
highest at 22°C (L.Cso = 0.1 ppm), and lower at 4°C (LCso = 0.2 ppm) and 0°C (LCs, = 0.9 ppm). The
data from the feeding and susceptibility experiments suggest that decreased efficacy of B.t.i. at low
temperatures may occur because the rate of larval feeding decreases. Low water temperature should be
a consideration during operational applications of B.t.i. for control of larvae in cold-water habitats, such

as the spring Aedes species.

INTRODUCTION

A range of environmental and biological fac-
tors affect the activity of Bacillus thuringiensis
var. israelensis serotype H-14 (B.t.i.) against
mosquito larvae, including water temperature,
sunlight, density of larvae, larval instar, concen-
tration of larval food, and certain water chem-
istry parameters such as concentration of dis-
solved organic matter (Becker et al. 1992).
Generally, toxic activity of B.t.i. decreases with
decreasing water temperature for both mosquito
and black fly larvae, so correspondingly the me-
dian lethal concentrations (LC,,s) increase for a
given formulation or experimental preparation
as temperature decreases (Wraight et al. 1981,
1987; Ignoffo et al. 1983; Lacey 1985; Mulla et
al. 1990).

At least 2 gaps exist in our understanding of
the relationship between temperature and activ-
ity of B.t.i. against mosquitoes. First, most stud-
ies have been done with temperatures ranging to
as low as 5°C (see studies cited above), yet water
temperatures often range to as low as 0°C in spring
Aedes larval habitats, particularly in March and
April when other conditions are optimal for ap-
plications of B.t.i. (Knepper and Walker 1989;
Knepper et al. 1991, 1994). Data are needed on
activity of B.t.i. in the critical temperature range
between 0 and 5°C. Second, whether larvae dis-
continue or retard feeding at low temperatures
is unknown, but if they do, then they may not
ingest sufficient B.t.i. to receive a lethal dose.
Thus, the apparent effect of low temperature on
decreased activity of B.t.i. may be indirectly me-
diated through decreased larval feeding activity.
The objectives of this study were: 1) to measure
feeding rate of larvae of a representative spring
Aedes species at low water temperatures, and 2)

to determine whether activity of B.t.i. is de-
creased or delayed at temperatures lower than
those previously examined in other studies.

MATERIALS AND METHODS

Aedes stimulans (Walker) larvae were collected
from a pool in Ingham Co., M1, in April 1991.
Larvae were held at 4°C in plastic buckets filled
with water and supplied with leaf detritus taken
from the habitat, until experiments were per-
formed beginning the day after collection.

To study the effect of temperature on feeding
of larvae, 10 3rd-instars were placed in glass tubes
with 10 ml of tap water, allowed no access to
food for 24 h, and held at 4°C. A suspension of
5 g of yellow brewer’s yeast in 1 liter of water
was prepared, divided into 3 portions, and al-
lowed to adjust to temperatures of 0°C (ice water
bath kept in a refrigerator), 4°C (refrigerator), or
22°C (incubator). Tubes containing larvae were
transferred to the ice water bath, the refrigerator,
or the incubator, and larvae allowed to acclimate
for 2 h. Then water from the tubes was drawn
down with a pipette, the yeast suspension (10
ml) added, and larvae allowed to feed at the ex-
perimental temperature. At various intervals in
minutes after the experiment began, tubes were
emptied and larval gut filling recorded by in-
spection under a dissecting microscope and grad-
ing by an index. The gut-filling index ranged from
0 to 9, where 0 indicated neither the thorax nor
any of the abdominal segments contained yellow
color (indicating the presence of yeast in the gut);
1 indicated that the thorax only had yellow color;
2 indicated that the thorax and first abdominal
segment had yellow color, and so on; a score of
9 was rated when the larval gut was completely
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Fig. 1. Rate of filling of guts (gut-filling index) of

3rd-instar Aedes stimulans held at 3 constant temper-
atures.

filled (i.e., thorax and all 8 abdominal segments
had yellow color). The intervals of time at which
tubes were removed depended upon the tem-
perature at which they were held. Twenty-seven
tubes of 10 larvae each were used for each tem-
perature, and the gut-filling index was averaged
for all 10 larvae for each time interval of the
experiment. The experiment lasted 250 min.
Least-squares regression was performed of gut-
filling index on time spent feeding, and slopes of

regression lines compared with analysis of co-
variance (ANCOVA) (Steele and Torrie 1980).

The effect of temperature on activity of B..i.
was determined as follows: Stock solutions of
B.t.i. (Teknar HP-D, lot #9602579, Zoecon Corp.,
Dallas, TX; ~1,500 AAU/mg) were prepared
with distilled water in dilution series starting with
10 ppm, 1 ppm, and then serial 2-fold dilutions
to 0.03 ppm. Larvae held in tubes of distilled
water were used as controls. Groups of 10 3rd-
instar Ae. stimulans were placed in tubes as be-
fore, acclimated to temperatures of 0, 4, or 22°C
as previously described, the water removed, and
then dilutions of the B.z.i. solution (held at the
3 different temperatures for 2 h as described
above) placed in the tubes with larvae. Three
tubes served as replicates for each dilution at
each temperature. Tubes were held at one of the
3 experimental temperatures, and larval mor-
tality was checked after 12, 24, and 48 h. Mor-
tality of larvae at 12, 24, and 48 h after exposure
to B.1.i. was compared among temperatures with
repeated-measures analysis of variance (ANO-
VA), given that each tube was inspected succes-
sively 3 times to count dead larvae. The LC,,
values for each temperature were estimated with
probit analysis using mortality data from the 48-h
time interval (Finney 1971). Slopes of the linear
regression of probit transformations of mortality
on log,,(dose of B.ti. in ppm) were tested for
homogeneity with ANCOVA.

RESULTS AND DISCUSSION

The feeding experiments with 3rd-instar Ae.
stimulans larvae showed that these mosquitoes
slowed but continued feeding at 0 and 4°C (Fig.
1). Larvae filled their guts with yeast (i.e., reached
a gut-filling index of 9) in 30 min at 22°C, 150
min at 4°C, and 200 min at 0°C. Pairwise com-
parisons of slopes of lines from regression of gut-
filling index on time spent feeding (see regression
equations in Fig. 1) showed that there was no
difference in gut-filling rates of larvae at 0 and
4°C (ANCOVA,F =0.03,df = 1, P > 0.05), but
that there were significant differences in gut-fill-
ing rates between larvae held at 0 or 22°C (AN-
COVA,F=36.9,df=1, P < 0.001), and between
larvae held at 4 or 22°C (ANCOVA, F = 66.0,
df = 1, P < 0.001).

In dose-response experiments where temper-
ature was varied and test animals checked at 12,
24, and 48 h after initiation, larval mortality was
apparent at all dosages, except O ppm controls,
at 12 and 24 h among larvae held at 22°C (Fig.
2). In contrast, mortality was scant among larvae
held at O and 4°C until 48 h after initiation of
the experiment (Fig. 2). Mortality of 100% was
not observed at any dose of B.t.i. for larvae held
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at 0°C; moreover, larval mortality in control tubes
at this temperature was negligible. Repeated-
measures ANOVA showed a highly significant
effect of temperature on mortality (F = 328.1, df
=2, P < 0.001), a highly significant effect of dose
on mortality (F = 112.2,df = 7, P < 0.001), and
a significant interaction between temperature and
dose (F = 30.6, df = 14, P < 0.001). Probit
analyses provided estimates of LCs, values at 48
h after initiation of the experiment, as follows:
0°C, 0.9 ppm (0.4-3.3 ppm, 95% CI); 4°C, 0.2
ppm (0.08-0.4 ppm, 95% CI); and 22°C, 0.1 ppm
(0.07-0.15 ppm, 95% CI). Pairwise comparisons
of slopes of lines from regression of percent mor-
tality of larvae, expressed as probits, on log,,
(dose of B.t.i.) showed that there were highly
significant differences in dose-response between
larvae held at 0 or 22°C (ANCOVA, F = 247.8,
df =1, P < 0.001), between larvae held at 0 and
4°C (ANCOVA, F = 9.36, df = 1, P < 0.001),
and between larvae held at 4 or 22°C (ANCOVA,
F =2458,df = 1, P < 0.001).

This study documents that 3rd-instar Ae. stim-
ulans larvae slowed, but did not discontinue, their
feeding activity at temperatures of 0 and 4°C.
Rate of gut filling was similar for larvae held at
0 and 4°C, but much more rapid for larvae held
at 22°C. The fact that larvae fed at the melting
point of water (i.e., 0°C) shows that de. stimulans
are capable of ingesting food (and B.z.i.) at very
low temperatures, but it does not demonstrate
that they assimilate nutrients or grow at these
temperatures. Whether Ae. stimulans larvae
would develop at the low temperatures in ex-
periments here is not known, but larvae of some
other northern Aedes species develop at temper-
atures as low as 1-2°C (Clements 1992:153). The
experimental results strongly suggest that com-
plete discontinuation of larval feeding is unlikely
to be the explanation for the decreased efficacy
of B.t.i. at low temperatures observed here.

An analysis of dose-mortality responses of Ae.
stimulans when they were provided B.t.i. at dif-
ferent temperatures shows that acute mortality
is lessened, and delayed, in larvae held at low
temperatures compared to 22°C. Because of this
delay, LC;, estimates could not be made with
probit analyses until 48 h after initial exposure
to the concentrations of B.t.i. In contrast, high
mortality at the higher concentrations of B.t.i.
occurred within 12 h. The median lethal con-
centration of B.t.i. at 0°C (0.9 ppm) was 9-fold
higher than that at 22°C (0.1 ppm), and 4-fold
higher than that at only 4°C (0.2 ppm). The neg-
ligible mortality observed at the 2 low temper-
atures at 12 and 24 h postexposure contrasts with
the readily observed mortality at these temper-
atures after 48 h. However, larvae at lower tem-
peratures will feed more slowly and may have
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Fig. 2. Mean percent mortality of 3rd-instar Aedes
stimulans at 12, 24, and 48 h of exposure to a range
of concentrations of Bacillus thuringiensis var. israel-
ensis (B.t.i.) with groups of larvae held at 3 different
constant temperatures.

accumulated a lethal dose of B.t.i. much slower
than larvae held at the high temperature. Thus,
slower feeding rate could explain the differences
in timing of mortality observed in the dose-re-
sponse experiment (Fig. 2). Another explanation
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is that activity of proteolytic enzymes in the gut
and binding of the B.t.i. toxins to midgut epi-
thelial cells, both physiological processes com-
prising part of the mode of action of B.1.i. (Porter
et al. 1993), were reduced at 0 to 4°C as well.
However, these processes were not studied spe-
cifically here. From an operational standpoint,
applications of B.¢.i. into woodland pool habitats
of spring Aedes when the water temperature is
in the range of 0-4°C may not achieve the desired
level of larval mortality. Water temperatures of
woodland pools with Ae. stimulans larvae com-
monly occur within this range (Westwood et al.
1983; Knepper et al. 1991, 1994), thus low water
temperature is an important consideration for
planning B.£.i. applications to spring dedes hab-
1tats.
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