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the low temperature treatment. The median lower lethal

temperature (LLT50) was calculated from the mortality of male

or female adults by probit analysis.

Survival time at moderately low temperatures

 Fifteen or twenty males or females collected between

November 1997 and April 1998, or between December 1998

and March 1999 were put together into a Petri dish with mois-

tened tissue papers in the plastic container, and then transferred

to an incubator at 5 or -5°C. Another Petri dish containing bee-

tles was buried in crushed ice in a styrene foam container (38 ×

26 × 23 cm). This was kept in a refrigerator (ca. 4°C) to avoid

melting the ice. By doing so, temperatures inside the dishes

were maintained at ca. 0°C and near 100% relative humidity. To

check whether the adults were alive or not, the dishes were

taken out from the incubator or ice every week, and warmed up

gradually to 20°C (ca. 0.26°C/min). After removing dead indi-

viduals, dishes containing the survivors were again cooled as

mentioned above. This procedure was repeated until all the indi-

viduals died. Thus, the adults were exposed to cyclic warming,

3 to 4h, every week in the course of this experiment.

Polyol and sugar determination

Adults collected or taken from outdoors between September

1997 and April 1998 were homogenized individually with 4 ml

of 80% ethanol and 100 µg of erythritol added as an internal

standard. Low molecular weight carbohydrates and polyols were

detected by high performance liquid chromatography (HPLC) as

described by Watanabe & Tanaka (1999).

Measurements of dry body weight and water content

 The adults collected in the field on 2 December 1998, 17

January 1999 and 15 March were individually dried in an oven

at 60°C for 2 days. Water content was calculated from the dif-

ference between before and after the thermal treatment.

RESULTS

Winter survival and ambient temperatures

More than 90% of male and female beetles survived

until the end of February (Fig. 1A). On and after 6 March

when mating behaviors were first observed, the survival

rate decreased rapidly in both sexes.

Seasonal change of the minimum ambient temperatures

was shown in Fig. 1B. The temperatures often dropped

below 0°C between mid December and mid February.

The lowest recorded ambient temperature was -3.5°C in

early January.

Seasonal change of SCP and lower lethal temperature

Both SCP and LLT50 of adults changed seasonally (Fig.

2). Adults that were swarming on October had a relatively

high SCP (ca. -7°C) in both sexes. The SCP lowered rap-

idly in November, reached a lowest level between

December and the following February (ca. -18°C), and

raised again from March onwards (-7 to -8°C in April).

LLT50 value was relatively high (ca. -9°C) in October, but

6

Fig.1 Seasonal changes of survival rate in H. axyridis adults

(A, N = 30 kk ll, duplicated) and the 10-day-minimum tem-

peratures at the artificial hibernation site (B). The date when

first mating was observed is shown by an arrow in Fig.1A.

Fig.2 Seasonal change of supercooling point (SCP, dotted

line with open symbols) and 50% lower lethal temperature

(LLT50, solid line with closed symbols) in male (A) and female

(B) H. axyridis collected in the field or taken from outdoors.

Each point shows mean ± SE. N = 15 to 20 kk ll (SCP) and

20 kkll (LLT50).



lowered to less than -16°C in December and the fol-

lowing February. It rose again in overwintered adults col-

lected in April. Seasonal changes of SCP and LLT50 were

almost consistent, but a proportion of winter adults

7

Fig. 3 Seasonal change of survival time at moderately low (non-freezing) temperatures (5, 0, -5°C) in male and female adult H.

axyridis. Each point shows mean. N = 20 kkll.



appeared to die without being frozen at -20°C; more than

30% of the individuals were not frozen at -20°C from the

data of SCP, but none of them survived after exposure to

-20°C for 1 day.

Seasonal change of survival time at moderately low

(non-freezing) temperatures

 The tolerance at moderately low temperatures was

evaluated by transferring beetles from outdoors to 5, 0 or

-5°C and by determining how long they survived at each

temperature. The seasonal pattern of tolerance differed

among the temperatures the beetles were exposed to (Fig.

3). In both sexes, the survival time at 5 or 0°C was

longest in adults that were swarming in November (ave.

ca. 340 or 380 days at 0°C, 220 days at 5°C), and then

gradually decreased as the season progressed. The adults

survived significantly longer at 0°C than at 5°C at any

time of the experimental period except for males in April

(t-test, p < 0.05). On the other hand, the survival time at

-5°C was relatively short in the adults that were swarming

in early December (ca. 100 days), then it increased rap-

idly, reaching a maximum between the end of December

to the following February (ca. 200 days), and then rapidly

shortened again until the end of March (ca. 30 days). The

adults were able to stand and move their legs and

antennae at 5 or 0°C, whereas at -5°C, they were com-

pletely paralyzed irrespective of the date of transfer.

Seasonal changes of polyol and sugar contents

Beetles showed seasonal changes in myo-inositol con-

tent (Fig. 4). In mid November when the first swarming

was observed, the amount of myo-inositol was still small

(male, 0.2 ± 0.1 µg/mg wet body weight; female, 0.3 ±

0.2 µg) (mean ± SE). It increased rapidly thereafter,

reached a maximum level of more than 13 µg (1.3% of

the body weight) in the following January, and then

declined rapidly in March (male, 0.03 ± 0.01 µg; female,

0.01 ± 0.01 µg). Although trace amounts of glucose and

scyllo-inositol were detected (< 0.2 µg), no consistent

seasonal change was observed.

Seasonal change for myo-inositol content (log value)

correlated negatively with that for SCP (male, r2 = 0.90, p

< 0.01; female, r2 = 0.80, p < 0.05) and that for LLT50

(male, r2 = 0.79, not significant; female, r2 = 0.87, p <

0.05), while correlated positively with that for chilling

tolerance at -5°C (male, r2 = 0.98, p < 0.01; female, r2 =

0.94, p < 0.01).

Relationships between myo-inositol and water content

 I also examined whether the increase of myo-inositol

content per wet body weight was in part caused by water

loss. The water content of overwintering adults was ca.

53% in early December (male, 53.7 ± 0.9%; female, 53.0

± 0.9%)(n = 20 pairs, mean ± SE), 56% in mid-January

when the myo-inositol content peaked (male, 56.1 ±

0.9%; female, 56.2 ± 0.8%)(n = 20 pairs) and 57% in late

March when the myo-inositol had already declined (male,

57.3 ± 0.6%; female, 56.9 ± 0.8%)(n = 20 pairs). This

indicated that water loss did not contribute to the eleva-

tion of myo-inositol content based on the wet body

weight.

DISCUSSION

 Many freeze-intolerant species change their super-

cooling ability seasonally: SCP often lowered only during

winter (Sømme, 1982). This was also the typical case in

adult H. axyridis. Although seasonal change of the SCP

was almost consistent with that of the lower lethal tem-

perature, there appeared to be considerable mortality

without being frozen. Judging from the data for winter

ambient temperatures in this study site (minimum,

-3.5°C), low temperatures would represent little threat to

overwintering adults of H. axyridis, and if there were,

chilling injury would be more possible than freezing

injury.

 Survival times at moderately low (non-freezing) tem-

peratures also varied seasonally, but the seasonal trends

differed among the temperature conditions exposed; sur-

vival time at -5°C peaked in January, the coldest month,

but at 5 and 0°C in autumn. One possible explanation for

such different seasonal trends is that the survival time at 5

and 0°C is not a good index of the chilling tolerance for

this beetle, while that at -5°C could be better. Several

lines of evidence support this explanation. First, the bee-

tles were able to move at 5 and 0°C, but were paralyzed

completely at -5°C. This suggests that 5 and 0°C do not

result in cold stress for the beetles in comparison with

-5°C. The temperature of -5°C would result in more cold

damage, especially in swarming adults (early December)

which have not acquired enhanced cold tolerance yet.

Second, although the survival time at 5 and 0°C showed

similar seasonal trends, the beetles always survived much

longer at 0°C than at 5°C. This may indicate that the mor-

tality at higher temperature is caused by depletion of

energy reserves or water rather than by chilling injury.

Because the chilling trial was done under relatively humid

environments, the survival time at 5 and 0°C seems to

represent the degree of starvation tolerance rather than

that of cold tolerance. Thus, the set up of low tempera-

tures the insects were exposed to should be chosen care-

fully when we evaluate chilling tolerance.

 Low-molecular weight sugars and polyols including

glycerol, trehalose and inositol have been reported as

8

Fig. 4 Seasonal change of myo-inositol content in male and

female adults of H. axyridis. Males, solid line with closed sym-

bols; females, dotted line with open symbols. Each point shows

mean ± SE. N = 5 kkll.
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