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ABSTRACT Beet armyworm, Spodoptera exigua (Hübner), is a freeze-susceptible and migratory
species, but can overwinter in temperate areas without diapause. Most developmental stages reared
under constant environments are able to induce a cold-hardening process in response to a brief
exposure to cool temperature. In this study, we analyzed the effect of daily temperature and
photoperiod cycles on the cold-hardening process. Rearing temperatures signiÞcantly affected cold
tolerance of larvae. In constant temperature regimes, as rearing temperature decreased, cold
tolerance increased. Cyclic temperature regimes caused a signiÞcantly higher cold tolerance than
did constant temperatures with the same daily average. In cyclic regimes with three combinations
of a thermophase temperature and three different cryophase temperatures below a developmental
threshold (138C), cryophase temperature had a signiÞcant effect on cold tolerance. Cold-hardening
induced by rearing temperatures was associated with decreases of supercooling points and increases
of hemolymph osmolalities and glycerol contents. A cyclic photoperiod produced a higher cold
tolerance than did constant dark or light. There was, however, no variation in cold tolerance among
different cyclic daylength regimes. These results indicate that ßuctuating temperature and photo-
period signiÞcantly affected cold tolerance of S. exigua.
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FLUCTUATING TEMPERATURES AND photoperiod are twoof
the main characteristics involved in Þeld climate en-
vironment. Most insects are able to perceive these
changing patterns to predict the harsh environmental
conditions and induce adaptation mechanisms such as
diapause or cold-hardening (Beck 1987, 1991). Cold
temperatures during winter have several adverse ef-
fects on most insect development and lead to cold
injury. Cold injury is classiÞed as freezing injury if it
is caused by internal ice formation and as nonfreezing
injury if it occurs after rapid cooling without freezing
(Lee 1989). Nonfreezing injury is subdivided on the
basis of the exposure time to low temperature. Short-
term exposure (over minutes or hours) results in di-
rect chilling injuryorcold shock,whichmaybecaused
by biological membrane malfunction (Quinn 1985,
Bale 1987). Long-term exposure takes several days or
months and leads to deformed morphs or signiÞcant
mortality in the absence of freezing, but its injury
mechanism is still not clearly understood (Kelty et al.
1996, Rojas and Leopold 1996).

Cold-hardening is a prerequisite for overwintering
insects to avoid cold injury (Denlinger 1991). A deep
supercooling mechanism is used mainly by freeze-
susceptible insects to prevent the ice formationwithin
the body. In contrast, extracellular ice formation is a
main cold-hardy strategy for freeze-tolerant species.
Both types of insect species use polyols and other
cryoprotectants for preventing osmotic shock and

protecting membrane functions (Duman and Hor-
wath 1983, Lee 1989, Storey 1990).

The beet armyworm, Spodoptera exigua (Hübner),
migrates long distances to Þnd suitable habitats
(Mikkola 1970). It is able to overwinter in temperate
zones, although it does not have diapause mechanism
(Fey and Carranza 1973). A polyphagous feeding
habit allows the species to keep growing on weeds in
crop Þelds during winter, although cold temperatures
slow its life cycle (Fey and Carranza 1973, Kim and
Kim1997).With the expansion of the greenhouse area
inKorea, populations of S. exiguahave increasedevery
year probably because of the yearly build-up of suc-
cessful overwintering populations. Beet armyworm
nowcauses signiÞcant economic damage onmost veg-
etable crops (Ahn et al. 1991, Gho et al. 1993).

The beet armyworm is freeze-susceptible and can
supercool at a temperature range of 210 to 2208C,
depending on its developmental stage (Kim and Kim
1997). In response to short-term exposure to sublethal
low temperatures, it can express a rapid cold-harden-
ing (KimandKim1997, Songet al. 1997). These results
suggest how the species can overwinter in temperate
zones without a diapause mechanism, because a cold-
hardeningmechanismwould be indispensable. Yet, all
previous reports have focused on cold tolerance and
rapid cold hardiness when S. exigua is reared in con-
stant environment. In this study, we compared cold
tolerance of S. exigua in a ßuctuating environment
with that in a constant environment. The acquired
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cold-hardening was investigated further by the quan-
titative assessment of supercooling points, hemo-
lymph osmolalities, and glycerol contents.

Materials and Methods

Insect Colony. Beet armyworm larvae and adults
used in experiments were obtained from a stock col-
ony maintained in our laboratory for '3 yr after being
collected from Welsh onion farms in Andong, Korea.
Larvae were reared on an artiÞcial diet (Gho et al.
1991) at 25 6 18C and a photoperiod of 16:8 (L:D) h.
Adults were fed on 10% sucrose. To minimize the
possibility of random genetic drift of our colony, at
least 30 pairs of adults in every generation were kept
in each mating and oviposition cage (30 by 30 by 20
cm).

Temperature and Photoperiod Treatments. Tem-
perature treatments were divided into constant and
cyclic regimes under a photoperiod of 16:8 (L:D) h.
Constant regimes included rearing temperaturesof 20,
25, and 308C. Cyclic regimes consisted of higher ther-
mophase and lower cryophase temperatures, each of
which had a 12-h period. Thermophase began at the
starting time of photophase. To compare the effects of
cyclic and constant temperatures on cold tolerance,
the average temperatures of two cyclic temperature
regimes (25:158C and 20:308C) were designed to be
the same as those of two constant regimes (20 and
258C). To determine the role of cryophase tempera-
tures below the developmental threshold (138C)
(Gho et al. 1993), we compared three cyclic temper-
atures of a 208C thermophase and three different
cryophase temperatures of 0, 5, and 108C.Photoperiod
treatments consisted of 0:24, 8:16, 12:12, 16:8, and 24:0
(L:D) h under a constant temperature of 258C. Light
intensity was '2,000 lux at photophase.

Freshly laid eggs (,12 h old) from the normal
rearing chamber (25 6 18C and a photoperiod of 16:
8 [L:D] h) were transferred to each treatment envi-
ronment. Third instar larvae (10.7 6 2.0 mg body
weight per larva) reared at each treatment chamber
were used for cold bioassay and supercooling point
measurement. Measurements of hemolymph osmola-
lity and glycerol contents used Þfth-instar larvae
(136.8 6 16.2 mg body weight per larva).

Cold Bioassay. Ten third-instar larvae were placed
in a 9-cm petri dish. The petri dish was provided with
Þlter paper for absorbing liquid materials from the
specimen tominimize the possibility of inoculative ice
nucleation (Lee 1991). The dish was placed in 2108C
freezer. Each measurement was replicated three
times. All bioassays were conducted during ther-
mophase. Survival of the larvae was determined at 5 h
after transfer directly from cold treatment to 258C
chamber. If specimens were able to move when they
were prodded with forceps once each in the head,
thorax, and abdomen, they were considered alive.

Supercooling Points. Supercooling points were
measured with a Pt100 thermocouple (Tanaka Metal
Jewelry, Tokyo, Japan) to detect the release of the
latent heat of fusion as body water froze. The speci-

mens were afÞxed to the thermocouple with plastic
tape. A thermocouple with an attached specimen was
placed in a Styrofoambox (30 by 20 by 15 cm), and the
box was placed into a freezer at 2708C. The cooling
rate was measured as 18C/min.

Hemolymph Osmolality and Glycerol Quantifica-
tion.Hemolymph samples were obtained from the
Þfth-instar larvae by cutting the abdominal prolegs.
After centrifugation at 15,000 3 g for 5 min to obtain
plasma, the supernatants were kept frozen at 2208C.
Osmolality was measured with a vapor pressure type
osmometer (model 5520, Wescor, Logan, UT). Glyc-
erol contents were measured with an enzymatic
method (Eggstein and Kuhlmann 1974) using a Sigma
diagnostic-kit (Procedure No. 339, Sigma, St. Louis,
MO). Each treatment consisted of at least 10 larval
hemolymph samples.

Statistical Analysis. Survival data were analyzed by
two-way analysis of variance using PROC GLM after
arcsine transformation (SAS Institute 1988). Means of
other continuousmeasurements, such as supercooling
points, osmolality, and glycerol concentration, were
comparedby the least signiÞcantdifference test at a 5
0.05.

Results

Effect of Cyclic Temperatures on Cold Tolerance.
At constant regimes, rearing temperature had a sig-
niÞcant effect on cold tolerance of S. exigua (Fig. 1).
As rearing temperature decreased, the cold tolerance
of the third-instar larvae increased (F 5 96.19; df 5 2,
30; P 5 0.0001). Exposure time also had signiÞcant
effect on the survival (F 5 270.49; df 5 4, 30; P 5
0.0001), but were different among temperatures (F 5
19.38; df 5 8, 30; P 5 0.0001).

Cyclic rearing temperatures produced signiÞcantly
highercold tolerance than thecorrespondingconstant
regimes with 258C (F 5 4.43; df 5 1, 20; P 5 0.0482)
and 158C (F 5 14.67; df 5 1, 20; P 5 0.0010) average
temperature (Fig. 2). Enhanced survival effect by

Fig. 1. Effect of constant rearing temperatures on cold
tolerance of third-instar larvae of S. exigua. Each point rep-
resents themeanof30observations.Verticalbars indicate the
SEM.
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cycling temperaturewith exposure timewas greater at
158C(F53.79; df54, 20;P50.0189) thanat 258C(F5
1.41; df 5 4, 20; P 5 0.2678).

Among three cyclic regimes made by a ther-
mophase temperature and three different cryophase
temperatures below a developmental threshold tem-
perature (138C), the cryophase temperature had a
signiÞcant effect on cold tolerance (Fig. 3). As the
cryophase temperature decreased, the larvae became
more cold-hardy (F 5 40.85; df 5 2, 36; P 5 0.0001).
The effect of exposure time on the survival varied
among different cryophase temperatures (F 5 5.41;
df 5 10, 36; P 5 0.0001).

Effect of Cyclic Temperatures on Supercooling
Temperature, Hemolymph Osmolality, and Glycerol.
The cold tolerance induced by rearing temperatures
was associated with the change of supercooling points
(Table 1). Different rearing temperatures resulted in
different supercooling temperaturesof the larvae(F5
3.12; df 5 4, 35; P 5 0.0269). The larvae reared under
cyclic temperature regimes had lower supercooling
temperature than those under constant temperatures
(F 5 8.67; df 5 1, 35; P 5 0.0057). There was, however,
no signiÞcant variation among different cyclic tem-
peratures (F 5 1.02; df 5 3, 35; P 5 0.3956).

Different rearing temperature regimes could in-
duce signiÞcantly different hemolymph osmolalities
(F 5 2.88; df 5 4, 105; P 5 0.0261) and glycerol

contents (F 5 2.54; df 5 4, 33; P 5 0.0585) of larvae
(Fig. 4). As the rearing temperature decreased at the
constant regimes (20:208C versus 30:308C), hemo-
lymph osmolalities (F 5 8.26; df 5 1, 105; P 5 0.0049)
and glycerol contents (F 5 6.71; df 5 1, 33; P 5 0.0141)
signiÞcantly increased. But, at the same average rear-
ing temperatures, there were no signiÞcant variations
between constant and cyclic regimes in osmolalities
between20:208Cand25:158C(F50.06; df51, 105;P5
0.8091)orbetween25:258Cand30:208C(F50.08; df5
1, 105; P 5 0.7824) and in glycerol contents between
20:208C and 25:158C (F 5 0.97; df 5 1, 33; P 5 0.3313)
or between 25:258C and 30:208C (F 5 0.80; df 5 1, 33;
P 5 0.3765).

Effect of Cyclic Photoperiod on Cold Tolerance.
Photoperiods had signiÞcant effect on cold tolerance
(F 5 78.62; df 5 9, 50; P 5 0.0001) of larvae (Fig. 5).
A cyclic photoperiodic condition produced a higher
cold tolerance of larvae than did either constant dark
or constant light (F 5 25.75; df 5 1, 50; P 5 0.0001).
But, there was no variation in cold tolerance within
different cyclic daylength regimes (F 5 0.23; df 5 2,
50; P 5 0.7134).

Fig. 2. Effect of cyclic rearing temperatures on cold
tolerance of third-instar larvae of S. exigua. The two temper-
atures of a cyclic mode indicate thermophase and cryophase
temperaturesona12-halternation.Eachpoint represents the
mean of 30 observations. Vertical bars indicate the SEM.

Fig. 3. Effect of different cryophase rearing tempera-
tures on cold tolerance of third-instar larvae of S. exigua. The
two temperatures of a cyclicmode indicate thermophase and
cryophase temperatures that alternate over a 12-h period.
Each point represents the mean of 30 observations. Vertical
bars indicate the SEM.

Table 1. Supercooling points (SCP) of the third-instar S. ex-
igua with different rearing temperature regimes

Rearing temp, (8C)
period (12:12 h)

n
SCP, 8C

mean 6 SD

25:25 11 214.0 6 1.60a
30:20 8 215.9 6 2.78b
20:10 12 216.3 6 3.22b
20:5 12 216.1 6 2.72b
20:0 7 217.9 6 1.32c

Means followed by different letters are signiÞcantly different at a
5 0.05 (LSD).
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Discussion

The mechanisms by which organisms increase their
cold tolerance have long been a central theme in the
Þeld of thermal biology. Rapid cold hardiness is a
short-term acclimation mechanism to cold tempera-
tures and occurs in many species of insects (Lee et al.
1987, Pullin and Bale 1988, Lee 1991). However, in-
sects in temperate zones are exposed to diurnal, daily,
and seasonal environmental changes, where they be-
come acclimated to different temperatures. The in-
volvement of the thermoperiod in cold hardiness has
been suggestedpreviously (Beck 1991).Kelty andLee
(1999)proved that rapidcoldhardeningofSarcophaga
crassipalpis Macquart was induced effectively by the
cooling rates applied in a similar way as natural ßuc-
tuations of diurnal temperatures.

In constant regimes, different rearing temperatures
had a signiÞcant effect on cold tolerance of S. exigua.
Cold tolerance in both freeze-tolerant (Zachariassen
1977, 1979)and freeze-susceptible (Ring1982, Somme
1982) insects can be enhanced by acclimation at low
temperatures. Chenet al. (1987) reported that a lower
rearing temperature led tomore signiÞcant cold-hard-
ening in both diapausing and nondiapausing S. cras-
sipalpis. This rearing temperature effect on cold tol-
erancewas explained by variation in glycerol contents
(Chen et al. 1987). Larvae of S. exigua in this study had
lower supercooling temperatures and higher hemo-
lymph osmolality and glycerol contents when reared
under lower rearing temperatures. It also showed that
the difference in glycerol levels of the 20:208C group
(8 mg/ml 5 87 mM) and the 30:308C group (5.5 mg/
ml 5 59 mM) also represented very well for the dif-
ference in osmolalities (390 versus 370 mOsm/kg)
between the groups. In general, cool temperature can
be a signal to synthesize various cryoprotectants in-
volving polyols such as glycerol and sorbitol (Lee
1989, Storey 1990). These polyols protect the organ-
isms from cold injury by stabilizing biological mem-
brane function and preventing osmotic shock in re-
sponse to cold temperatures (Quinn 1985, Lee 1989).

Cyclic temperatures resulted in signiÞcantly higher
cold-hardiness than did constant temperatures with
the same daily average. This cyclic temperature effect
was intensiÞed further with the progressively lower
cryophase rearing temperatures even under the same
thermophase temperature. Although reports of a di-
rect relationship between temperature cycles and
cold tolerance are limited, Lee et al. (1987) stressed
the importance of temperature ßuctuation on induc-
tion of rapid cold-hardening even in nondiapausing
insects. Temperature cycles also had a signiÞcant ef-
fect on polyol production, including glycerol and sor-
bitol in Eurosta solidaginis (Fitch) (Pio and Baust
1988). Compared with the corresponding constant
temperatures, cyclic temperature regimes in this study
decreased the supercooling temperature signiÞcantly.
We tried to explain the effect of cyclic temperatures
on the basis of polyol accumulation. Because the bio-
chemical mechanisms underlying insect cold harden-
ing include the accumulation of sugars and polyhydric

Fig. 4. Change in hemolymph osmolality and glycerol
concentration with rearing temperature cycles in the Þfth-
instar larvae of S. exigua. The two temperatures of a cyclic
mode indicate thermophase and cryophase alternating over
a 12-h period. Each bar represents the mean of 10 observa-
tions. Vertical bars indicate the SEM. Different letters above
the error bars indicate that means are signiÞcantly different
at a 5 0.05.

Fig. 5. Effect of different rearing photoperiods on cold
hardiness of third-instar larvae of S. exigua. Each point rep-
resents themeanof30observations.Verticalbars indicate the
SEM.

October 2000 KIM AND SONG: COLD TOLERANCE OF S. exigua 871

D
ow

nloaded from
 https://academ

ic.oup.com
/ee/article/29/5/868/344746 by guest on 17 M

ay 2023



alcohols, cellular proteins with isoforms adapted to
low temperature and modiÞcation of membrane lipids
(Hochachka andSomero1984, Storey1990,Lee1991).
However, hemolymph osmolality and glycerol con-
tents did not differ signiÞcantly between cyclic and
constant temperature regimes in our study. This result
did not explain the difference in cold tolerance be-
tween these two groups. We speculate that S. exigua
may use other major cryoprotectant other than glyc-
erol, which does not affect hemolymph osmolality so
much as glycerol. Although glycerol is a well-known
cryoprotectant in insects, otherpolyols and freeamino
acids arealsousedby insects (StoreyandStorey1990).
For example, a lepidopteran Enosima leucotaeniella
(Gotoet al. 1993), a dipteranChymomyza costata (Shi-
mada and Riihimaa 1990), and a coleopteran Crypto-
lestes ferrugineus (Fields et al. 1998) accumulate tre-
halose or proline but not glycerol during cold
acclimation. Different developmental stages assayed
might also be a reason for the mismatch between cold
tolerance and cryoprotectant levels.

Photoperiod also affected cold tolerance in S. ex-
igua,withgreater cold tolerance incyclic regimes than
in constant dark or light. Within the cyclic photope-
riod regimes, however, different daylength did not
affect cold toleranceof S. exigua.This suggests that the
ßuctuating environment plays a signaling role in elic-
iting cold hardening. Little response to daylength may
be explained by the fact that the species does not have
to measure daylength because it does not have dia-
pause mechanism.

Previous studies (Kim and Kim 1997, Song et al.
1997) showed that S. exigua can express its cold-hard-
ening mechanism in response to 58C for 2 h. Our
current results indicate that the cold hardeningmech-
anism of S. exigua can be induced by diurnal cyclic
environment and low rearing temperatures as well as
brief exposure to cool temperatures.

Acknowledgments

We thank Youngim Song for sharing her time in rearing
insects and measuring supercooling points. This work was
supported by the Korean Science and Engineering Founda-
tion and by the Special Grants Research Program of the
Korea Ministry of Agriculture, Forestry and Fisheries.

References Cited

Ahn,S.B., S.B.Lee, andW.S.Cho. 1991. Leaf feeding insect
pests and their damages on welsh onion and shallot Þelds
in Chonrabukdo and Chonranamdo districts. Res. Rep.
RDA 33: 66Ð73.

Bale, J. S. 1987. Insect cold hardiness: freezing and super-
coolingÑan ecophysiological perspective. J. Insect
Physiol. 33: 899Ð908.

Beck, S. D. 1987. Thermoperiod-photoperiod interactions
in the determination of diapause in Ostrinia nubilalis.
J. Insect Physiol. 33: 707Ð712.

Beck, S. D. 1991. Thermoperiodism, pp. 199Ð228. In R. E.
Lee and D. L. Denlinger [eds.], Insects at low temper-
ature. Chapman & Hall, New York.

Chen, C. P., D. L. Denlinger, and R. E. Lee. 1987. Response
of nondiapausing ßesh ßies (Diptera: Sarcophagidae) to
low rearing temperatures: Developmental rate, cold tol-
erance, and glycerol concetrations. Ann. Entomol. Soc.
Am. 80: 790Ð796.

Denlinger,D.L. 1991. Relationshipbetweencoldhardiness
and diapause, pp. 174Ð198. In R. E. Lee and D. L. Den-
linger [eds.], Insects at low temperature. Chapman &
Hall, New York.

Duman, J. G., and K. L. Horwath. 1983. The role of hemo-
lymph proteins in the cold tolerance of insects. Annu.
Rev. Physiol. 45: 261Ð270.

Eggstein, M., and E. Kuhlmann. 1974. Triglycerides and
glycerol determination after alkaline hydrolysis, p. 1825Ð
1831. In H. U. Bergmeyer [ed.], Methods of enzymatic
analysis, 2nd ed., vol. 3. Academic, New York.

Fey, R. E., and R. L. Carranza. 1973. Cotton pests: overwin-
tering of three lepidopterous species in Arizona. J. Econ.
Entomol. 66: 657Ð659.

Fields, P. G., F. Fleurat-Lessard, L. Lavenseau, G. Febvay, L.
Peypelnut, and G. Bonnot. 1998. The effect of cold ac-
climation and deacclimation on cold tolerance, trehalose
and free amino acid levels in Sitopholus granarius and
Cryptolestes ferrugineus (Coleoptera). J. Insect Physiol.
44: 955Ð965.

Gho, H. K., Lee, S. G., Lee, B. P., Choi, K. M., and Kim, J. H.
1991. Simplemass-rearingofbeet armyworm,Spodoptera
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