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ABSTRACT Most overwintering insects do not survive internal freezing and must avoid low
temperatures or enhance the capacity of their body fluids to supercool to survive low tem-
perature exposure. Recent reports have demonstrated that the application of ice-nucleating
active microorganisms markedly dimirishes supercooling. Topical application of as little as 20
ppm of a suspension of a freeze-dried preparation of the ice-nucleating active bacterium
Pseudomonas syringae van Hall was sufficient to elevate the mean supercooling point of the
overwintering adults of the Colorado potato beetle, Leptinotarsa decemlineata (Say), from
—8.7 to —4.7°C. Previous reports have demonstrated that topical application of these biological
ice nucleators to insects whose mouths have been sealed still reduces supercooling capacity;
however, the anatomical route by which these agents make contact with body water is unclear.
Application of the P. syringae suspension to the ventral abdomen did not significantly increase
the supercooling point (—5.5°C) compared with beetles treated with the non-ice-nucleating
active (control) bacterium Escherichia coli (Migula). However, application of the ice-nucleating
agent to the thoracic spiracle, ventral cervix, or abdominal spiracle elevated supercooling point
values above those of beetles treated on the ventral abdomen. These data are instructive in
the development of methods for the use of ice-nucleating active microorganisms for the bio-
logical control of overwintering pests.
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BECAUSE MOST OVERWINTERING insects cannot
survive internal ice formation they must select pro-
tected hibernacula or promote supercooling of
their body fluids (Lee 1991). Supercooling refers
to the maintenance of the liquid state at temper-
atures below the freezing point; the lower limit of
supercooling, at which temperature ice forms
spontaneously, generally is termed the supercool-
ing point or the temperature of crystallization. In
some insects the supercooling point may extend
>30°C below the freezing point, though more
commonly the body fluids of overwintering insects
supercool by 5-20°C. Seasonally, freeze-intolerant
insects typically depress their supercooling points
before the onset of low winter temperatures.

A number of factors are known to influence su-
percooling capacity such as physiological status,
developmental stage, feeding status, and various
environmental factors including photoperiod, tem-
perature, and desiccation stress (Salt 1961, Zacha-
riassen and Hammel 1976, Duman et al. 1985,
Bale et al. 1989, Neven et al. 1989). Spontaneous
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ice nucleation within insect body fluids is deter-
mined primarily by the activity of internal ice nu-
cleators; more efficient nucleators catalyze ice nu-
cleation at relatively high subzero temperatures.
Several species of ice-nucleating active bacteria
and fungi have the remarkable capacity to catalyze
ice formation at temperatures as high as —2°C
(Lindow et al. 1978, Green and Warren 1985, Pou-
leur et al. 1992). Recent studies have shown that
the application of these microorganisms to insects
markedly elevates the supercooling point by 10 de-
grees or more (Fields 1991, 1993; M. R. Lee et al.
1992; R. E. Lee et al. 1993, 1995). These results
suggest that ice-nucleating microorganisms may be
used for the biological control of overwintering in-
sect pests by decreasing their supercooling capac-
ity and, hence, their chances of winter survival
(Strong-Gunderson et al. 1990; Fields 1991, 1993;
Lee et al. 1993, 1995).

The Colorado potato beetle, Leptinotarsa de-
cemlineata (Say), is a major pest of potatoes in
North America. This species is particularly difficult
to control because it has rapidly developed resis-
tance to a broad range of insecticides (Casagrande
1987). In production areas where overwintering
adults must survive exposure to low temperatures,
the potential exists to employ cultural manipula-
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tions which aggregate beetles into areas where in-
sulating mulch can be removed to create sudden
cold shocks to increase winter mortality (Kung et
al. 1992, Milner et al. 1992). The use of ice-nucle-
ating bacteria to decrease the capacity of overwin-
tering adults to supercool would enhance the ef-
fectiveness of these cold shocks and further
increase mortality.

Recent studies have investigated both natural re-
lationships between ice-nucleating active microor-
ganisms and overwintering insects (Kaneko et al.
1991a, b; Lee et al. 1991; Tsumuki et al. 1992) and
the use of these organisms for the biological control
of insect pests (Strong-Gunderson et al. 1990, 1992,
1994; Fields 1991, 1993; Fields et al. 1993, 1995;
Lee et al. 1993, 1995). Application of a freeze-dried
preparation of the ice-nucleating active bacterium,
Pseudomonas syringae, caused a significant eleva-
tion of the supercooling point from —7.6 to ~3.7°C,
when applied to diapausing adults of the Colorado
potato beetle (Lee et al. 1994). Although ingestion
of the ice-nucleating active bacteria readily causes
an elevation of the supercooling point, topical ap-
plication of the agent to insects whose mouths are
sealed to prevent oral intake also has a marked re-
duction of their supercooling capacity (Strong-Gun-
derson et al. 1989, 1990). These data suggest that
the bacteria readily make contact with insect body
water by way of undescribed routes. The purpose
of the current study was to determine the effect of
applying various concentrations of ice-nucleating ac-
tive bacteria on the supercooling point of adult bee-
tles and the effect of varying the anatomical site of
bacterial application on the supercooling point.
These results provide insight concerning the devel-
opment of procedures for controlling overwintering
insect pests.

Materials and Methods

Sources and Maintenance of Ice-Nucleating
Active Agent and Insects. For the dose-response
experiment, overwintering adults of the Colorado
potato beetles were collected in late August in cen-
tral Wisconsin, and held unfed at 4°C, in the dark,
in slightly moistened sand. For the anatomic site
experiment, adult beetles that had emerged re-
cently from their hibernacula in the spring from
similar sites in central Wisconsin were used.

A commercial preparation of lyophilized, UV ir-
radiated P. syringae was provided by Genencor
(Rochester, NY) and stored at —20°C. The P. syr
ingae preparation had an ice-nucleating activity of
2.02 X 10* ice-nucleating sites per gram. Suspen-
sions of this ice-nucleating active bacterium were
prepared in sterile distilled water. Escherichia coli
(ATCCH# 35421) was obtained from American Type
Culture Collection (Rockville, MD) and main-
tained aerobically at 37°C on Bacto Nutrient Agar
(Difco, Detroit, MI) with 2.5% glycerol. Non-ice-
nucleating active E. coli was harvested from 3-d-
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old cultures and suspended at a density of 10%

. cells per milliliter in distilled water.

The ice-nucleating activities of the control E.
coli suspension and the P syringae suspension
were assayed by a standard drop-freezing test (Vali
1971, Lindow et al. 1978). For each suspension a
set of 40 droplets, each containing 10 ul of the
control or test suspension, were equilibrated to
0°C, then cooled at a rate of 0.6°C/min until all of
the droplets froze. The temperature at which 50%
of the set of 40 drops froze (Tsy) was determined
from a cumulative freezing histogram, and taken
as a measure of the ice-nucleating activity of the
suspension tested. A 1,000-ppm aqueous suspen-
sion of P. syringae has a Txy of —1.8°C compared
with that of the E. coli suspension which had only
—15.1°C (Steigerwald et al. 1995).

Insect Treatments. Various concentrations of the
ice-nucleating active bacterium P. syringae were ap-
plied to beetles to determine their effect on the
supercooling point. Beetles (n- = 11) were placed
dorsal side up in a sterile petri dish (100 by 15 mm)
and sprayed with an aqueous suspension (total of 2
ml) containing the ice-nucleating active agent. Dis-
tilled water was applied by the same method as a
control. Treated beetles were transferred to a ster-
ile, dry petri dish. After allowing 15 min for the
inoculant to dry, no liquid was visible on the surface
of the beetle. The beetles were transferred to a 1.5-
ml polypropylene microcentrifuge tube and the su-
percooling point was measured by placing a 36-
gauge copper-constantan thermocouple in direct
contact with the dorsal surface of the insect. These
tubes were inserted into glass tubes suspended in a
refrigerated bath, equilibrated to 0°C, and cooled at
~0.6°C/min. The cooling profile was recorded using
a multichannel data logger (Omega, PM 500), and
the supercooling point recorded as the lowest tem-
perature reached before the release of the latent
heat of fusion.

To compare the effect on the supercooling point
of applying the ice-nucleating active bacterium with
various anatomic sites on the adult beetles, a 0.5-ul
drop of either 10 non-ice-nucleating active sus-
pension of E. coli per milliliter, or an aqueous sus-
pension  containing 20,000 ppm of the
ice-nucleating, lyophilized, UV-irradiated P. syrin-
gae, was applied to 1 of the following 4 sites: tho-
racic spiracle, 2nd abdominal spiracle, midline on
the ventral abdominal surface, and ventral midline
of the cervix between the head and thorax. The bee-
tles were restrained using modeling clay and the
drop was applied manually onto the insect using a
micropipeter. Because the application of an agent
to the thoracic spiracle of L. decemlineata required
manipulation of the insect wing, sham-operated
controls were performed, applying the non-ice-nu-
cleating active agent E. coli to the thoracic spiracle.
After allowing 15 min for the beetles to dry, the
supercooling point was determined as described
above.
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Fig. 1. Effect of topical application of an aqueous sus-
pension of either distilled water or various concentrations of
the ice-nucleating active bacterium P. syringae on the su-
percooling point of the Colorado potato beetle. Supercool-
ing point values were compared using the Kruskal-Wallis
test (H = 38.1, P < 0.0001), and the Dunn multiple com-
parisons test (P < 0.03). Sample size for each treatment was
7-22 individual determinations. Mean values identified by
different letters are statistically distinguishable. )

Statistical Analysis. Supercooling point values
for different treatment groups were compared us-
ing the Mann~Whitney or Kruskal-Wallis tests fol-
lowed by the Dunn multiple comparisons proce-
dures, when appropriate. Significance was judged
at P < 0.05.

Results

Effect of Bacterial Concentration on the El-
evation of the Supercooling Point. All beetles
used in this experiment were collected in the au-
tumn immediately before overwintering in repro-
ductive diapause. The mean *SEM supercooling
point of beetles sprayed with distilled water was
—8.7 + 0.5°C, with individual values ranging from
—6.1 to —10.9°C. Small volumes of distilled water
normally supercool extensively, typically remaining
unfrozen to —15°C or below. The beetles treated
with distilled water thus served as a non-ice-nucle-
ating active control for the P. syringae suspensions
and for the possible effects of moisture on the sur-
face of the insect.

The purpose of this experiment was to deter-
mine the minimum concentration of P. syringae
that was effective in elevating the supercooling
point (Fig. 1). Although a suspension of 10 ppm P.
syringae did not significantly elevate the super-
cooling point (—6.5 * 0.7°C) above that of the con-
trol, a 20-ppm suspension significantly increased
the supercooling point to —4.7 % 0.3°C, with in-
dividual values ranging from —3.1 to —8.1°C. The
highest concentration (200 ppm) used in this study
produced a mean supercooling point of —3.8 =*
0.2°C. Furthermore, at this concentration >% of
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Table 1. Mean supercooling point £+ SEM after appli-
cation of an aqueous suspension of either a non-ice-nu-
cleating active bacterial control E. coli or the ice-nucle-
ating active P. syringae to 4 anatomic sites on the
Colorado potato beetle

Anatomic site
of application

Treat-.

Q
ment n Temp, °C

E. coli (non-ice-nucleating active bacterial control)

Thoracic spiracle 28 —6.5 +0.2a
P. syringae (ice-nucleating active bacterium)

Ventral abdomen 32 —-55=*0.2ab

Abdominal spiracle 32 —4.7 = 0.2b,c

Ventral cervix 20 —5.1 £ 0.3b,c

Thoracic spiracle 26 —4.5 £ 0.3¢c

Supercooling point values were compared using the Kruskal-
Wallis nonparametric test (H = 33.4, P < 0.0001), and the Dunn
multiple comparisons test (P < 0.05). Mean values identified by
different letters are statistically distinguishable.

the beetles had supercooling points at or above
—3.3°C with values as high as —2.9°C.

Anatomic Site of Bacterial Application. The
supercooling points of untreated beetles that had
recently emerged from overwintering ranged from
—4.1 to —7.7°C. The mean, —6.6 * 0.2°C, was not
significantly different (Mann—Whitney, U = 273.0,
P = 0.68) from beetles treated with the non-ice-
nucleating control suspension of E. coli, —6.5 *
0.2°C. The suspension of E. coli applied to the tho-
racic spiracle served as a control for possible ef-
fects of insect manipulation, surface moisture, and
bacterial suspension.

Significant differences occurred among the 4
groups treated with P. syringae and the control
group treated with E. coli (Table 1; Kruskal-Wallis,
H = 334, P < 0.0001). Application of the P. syr-
ingae suspension to the ventral abdomen resulted
in a mean supercooling point (—=5.5 * 0.2°C;
range, —3.2 to —7.4°C) that was not significantly
different from beetles treated with the non-ice-nu-
cleating active bacterium E. coli. However, treat-
ment of the thoracic spiracle with P. syringae pro-
duced supercooling point values (—4.5 * 0.3°C)
that were significantly higher than those of beetles
treated on the ventral abdomen, but similar to val-
ues for beetles treated on the ventral cervix and
abdominal spiracle (Table 1). In the thoracic spi-
racle treatment group some individuals froze at
temperatures as high as —2.5°C, whereas half of
the 22 individuals froze above —4°C.

Discussion

Previous investigations have demonstrated that
ice-nucleating active bacteria or fungi can be used
to decrease the supercooling capacity of insects
from at least 5 orders of insects (Coleoptera, Dip-
tera, Hemiptera, Homoptera, and Lepidoptera)
represented by >18 species (Lee et al. 1992, 1993,
1995; unpublished data). This study examined the
efficacy of using an ice-nucleating active bacterium
to decrease insect cold-hardiness by reducing the







