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RicHARD E. LEE, Jr., CHENG-PING CHEN, DAvID L. DENLINGER

Traditionally studies of cold tolerance in insects have focused on seasonal adaptations
related to overwintering that are observed after weeks or months of exposure to low
temperature. In contrast, an extremely rapid cold-hardening response was observed in
nonoverwintering stages that confers protection against injury due to cold shock at
temperatures above the supercooling point. This response was observed in nondia-
pausing larvae and pharate adults of the flesh fly, Sarcophaga crassipalpis, nondiapaus-
ing adults of the elm leaf beetle, Xanthogaleruca luteoln, and the milkweed bug,
Oncopeltus fasciatus. The rapid hardening response is correlated with the accumulation

of glycerol.

ANY INSECTS RESPOND 'TO THE
approach of winter by entering a
period of dormancy (diapause)
and by making physiological adjustments
that increase their ability to tolerate low
temperatures. For the many species that can-

not tolerate tissue freezing, preparation for
winter usually involves a gradual accumula-
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Fig. 1. Effect of the duration of chilling at 0°C
before exposure to —10°C on the survival to adult
ecdysis in Sarcophagn crassipalpis. Flies were reared
at LD 15:9 and 25°C and tested 12 days after
pupariation as pharate adults in the red-eye stage
of development. Each value represents the mean
(= SEM) survivorship of three replicate trials of
ten flies each.

tion of a cryoprotectant such as glycerol and
other low molecular weight polyhydric alco-
hols and sugars. We report a response oper-
ating even in nondiapausing species that
provides a rapid protective mechanism
against cold injury that may enable insects to
respond to changing environmental tem-
peratures on a daily or even an hourly basis.

Flesh flies (Sarcophaga crassipalpis and Sar-
cophoga bullata) develop without diapause
when reared under long day lengths [light:
dark cycle (LD) 15:9] and at 25°C ().
Generation time is 1 month. In contrast,
flies reared at short daylength (LD 12:12)
enter an overwintering pupal diapause that
may persist for more than 100 days (I).
These flies are freeze susceptible and do not
tolerate tissue freezing in any stage of devel-
opment (2). The supercooling point refers
to the temperature at which spontaneous
nucleation of body water occurs. Though
both diapause and nondiapause pupae can
supercool to —20°C or below, the super-

cooling point is not indicative of the lower
lethal temperature: both types of pupac die
at temperatures far above the supercooling
point (2). This mortality occurring in the
absence of tissue ice formation is known as
cold shock, direct chilling injury or thermal
shock, and is known from a variety of
biological systems including bacteria, algae,
protozoa, higher plants, and mammalian
embryos, but is little known among the
insects (3).

We found that most nondiapausing larvae
and pharate adults of Sarcophaga do not
survive even a 2-hour exposure to —10°C
(Table 1). Survival was defined as successful
adult emergence. For the unchilled control
groups of larvae and pupae, emergence rates
were always greater than 95%. The lethal
eftects of chilling were not immediately evi-
dent since flies often continued development
for several days, but ultimately were unable
to survive to adult emergence. In contrast,
most flies survive if subzero exposure is
preceded by a 2-hour period of chilling at
0°C. As little as 30 minutes of chilling at 0°C
before exposure to —10°C doubled the rate
of survival in S. crassipalpis (Fig. 1), whereas
an hour of chilling resulted in a fourfold
increase. Therefore short-term chilling re-
sults in protection against the cold shock
injury that occurs at temperatures as much
as 10°C above the supercooling point. Simi-
lar responses were obtained for nondiapaus-
ing adults of the elm leaf beetle, Xanthoga-
leruca luteola, and the milkweed bug, Onco-
peltus fasciarus (Table 1).

This response is not restricted to nondia-
pausing stages. During the first month of
diapause, pupae of S. crassipalpis gradually
accumulate glycerol and concomitantly en-
hance their tolerance to low temperature.
Thus, early in diapause pupae are still vul-

Table 1. Effect of short-term chilling at 0°C before exposure to subzero temperatures on the survival of
various nondiapausing stages of insects. One group of flies (Sarcophaga) was transferred directly from
25°C to —10°C for an exposure period of 2 hours and returned to 25°C until adult emergence. A second
group was chilled for 2 hours at 0°C immediately before exposure to —10°C. A similar protocol was
used for the other species except that elm leaf beetles, Xanthogaleruca luteoln, were chilled for 4 hours at
0°C followed by exposure to —7°C for 1 hour and milkweed bugs, Oncopeltus fasciatus, were chilled for 2
hours at 0°C followed by exposure to —10°C for 3 hours. All paired values show statistically significant
differences (P < 0.001, z-test for two binomial proportions). Data-represent mean values = SEM.

Survival (%)

Stage
No chilling Chilling
Savcophaga bullata
Pupae 51.1 % 7.5 (45)% 84.1 + 5.5 (44)
Pharate adult, red-cye stage 0 (45) 91.1 + 4.2 (45)
Sarcophaga crassipalpis
Third instar larvae 0 (45) 88.9 + 4.6 (45)
Pharate adults, red-eye stage 5.0 + 2.8 (60) 98.9 % 1.3 (60)

Xanthogaleruca luteoln

Adults, 2 days old

15.0 + 7.9 (20)

90.0 =+ 6.7 (20)

Oncopeltus fascintus

Adults, mixed ages

33.3 % 8.6 (30)

93.3 + 4.5 (30)

*Numberts in parentheses are sample sizes.
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nerable to cold shock injury. Again, a brief
cold pulse enhances survival. Three days
after pupariation, diapausing pupac of §.
crassipalpis were exposed to —17°C for 1
day: no individual (# = 30) survived direct
exposure, whereas a 2-hour cold pulse (0°C)
before subzero exposure yielded a survival
rate of 91.1% (» = 45).

Rapid accumulation of glycerol may pro-
vide at least a partial basis for this cryopro-
tective response. Larvae and pharate adult
flies rapidly accumulate glycerol in response
to short-term chilling (4). After 2 hours of
exposure to 0°C, wandering larvae have
glycerol levels 2.4 times those of prechilled
values of 18.2 mM, whereas glycerol levels
in pharate adults increased nearly threefold
to 81.4 mM.

Accumulation of cryoprotective com-
pounds, particularly glycerol, is well known
to be associated with cold-hardening in in-
sects intolerant of freezing. These com-
pounds are believed to confer protection by
a number of colligative and noncolligative
mechanisms including the depression of
whole body supercooling points and hemo-
lymph melting points, the stabilization of
enzyme function at low temperature and
protection against desiccation during winter
(5). On the basis of the rapid acclimation
response that we observed, we propose that
glycerol may provide cryoprotection against
injury due to cold shock in nonoverwinter-
ing insects, although this suggestion does
not rule out the existence of other additional
mechanisms. The observed increase in glyc-
erol was not of a miagnitude to change
significantly colligative properties, however
recent evidence (6) suggests that specific
interactions between glycerol and other cel-
lular components may be of critical impor-
tance. For example, glycerol may alter the
nature of phase transitions of membrane
lipids during cooling and thereby protect
against cold shock (6).

The apparently widespread, but generally
unrecognized, capacity for rapid accumula-
tion of glycerol in response to low tempera-
ture exposure in a number of phylogeneti-
cally diverse insects lends additional support
to this hypothesis. Exposure of insect fat
body either in vivo or in vitro to cold causes
the activation of phosphorylase to the a
form which, in turn, catalyzes the rapid
breakdown of glycogen and the accumula-
tion of glycerol (7). Within 10 minutes after
the transfer of silkmoth pupal fat body to 0°
the percentage of phosphorylase # increases
2.3 times over initial levels to 30% (7). The
rapidity of this response is consistent with
that observed for the rate of hardening
observed in this study (Fig. 1). Acclimation
to warm temperatures reverses this process.
Rapid cold activation of phosphorylase, 2.5
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to 7.5 times that of control values within 2
hours of transfer, has been reported for
other active nonoverwintering insects in-
cluding crickets and locusts (7) and for
diapausing silkworm pupac (8). Thus, the
cold activation of phosphorylase and the
ensuing rapid accumulation of glycerol may
be a general adaptation of insects for protec-
tion against cold shock injury.

The rapid cold-hardening capacity we de-
scribe may be of considerable ecological
importance in early spring and late autumn.
Our results suggest that many insects, even
those in nondiapausing stages, have the
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ability to quickly enhance their cold toler-
ance in response to a rapid temperature
drop. Though such a mechanism, in the
absence of diapause, may not enable an
insect to survive the prolonged cold expo-
sure characteristic of winter, it should per-
mit the insect to adapt to diurnal changes in
temperature and enable the insect to survive
brief periods of exposure to low tempera-
ture. Our observation that cold shock injury
can be reduced by brief exposure to 0°C
suggests that methods can be developed for
long-term cryopreservation and storage of
Drosophila and other nondiapausing insects.
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