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Abstract The ragweed beetle, Ophraella communa, is

a potential biological control agent of common ragweed

that appeared in Nanjing City in 2001 and has since

dispersed throughout southeast China. We compared the

cold hardiness of five different O. communa populations

by measuring the supercooling point (SCP), water and

glycerol contents of adult beetles. All indices of cold

hardiness varied significantly among the sampled popu-

lations. Male beetles from the most northerly population

(Nanjing) had the lowest water content of any sampled

and, although female beetles from Nanchang and Miluo

had water content similar to those from Nanjing, they

were still lower than those of females from Fuzhou and

Wuchang. Beetles from the most southerly population

(Fuzhou) had the highest SCP, although Nanchang males

were not significantly different from Fuzhou males.

Glycerol content yielded resolution of populations as

follows: Nanjing [ Wuchang = Miluo = Nanchang

[Fuzhou, with beetles from Nanjing yielding twice the

glycerol content of Fuzhou beetles. These results suggest

that overwintering O. communa use freeze avoidance to

survive winter cold and that geographically separated

populations of O. communa are diverging with respect to

their baseline cold hardiness in accordance with the

severity of low temperatures experienced during the

coldest winter months in each locality. The apparent

ability of O. communa to rapidly adapt to different

climatic conditions is predicted to facilitate its continued

range expansion across mainland China, with consequent

benefits in terms of fortuitous biological control of

common ragweed.
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Introduction

Because insects are ectothermic, the low tempera-

tures experienced during winter months can impede
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the establishment and persistence of perennial pop-

ulations in temperate regions. However, insects

have evolved various physiological mechanisms to

improve their cold-hardiness, and hence their sur-

vival, under winter conditions (Bale 2002; Chen and

Kang 2002a; Danks 1996; Lee 1991; Sinclair 1999;

Wang and Kang 2005). In general, insects that

survive subzero temperatures in winter are classified

as being either freeze tolerant or freeze intolerant

(Salt 1961; Asahina 1969). The latter employ mech-

anisms that prevent ice nucleation within cells,

whereas the former control ice crystal nucleation

and growth in various ways to prevent cellular

damage. Many insects improve their physiological

tolerance of cold by increasing the concentrations of

antifreeze-like compounds in their bodies (Salt 1961;

Goto et al. 2001; Holden and Storey 1994; Montiel

1998; Palmer and Siebke 2008; Worland and Convey

2008). Furthermore, different geographic populations

of an insect species may vary significantly in cold

tolerance, largely because of adaptation or acclima-

tion to different climatic conditions (Chen and Kang

2002b; Palmer and Siebke 2008; Régnière and Bentz

2007; Worland et al. 2004).

Glycerol is perhaps the most common of various

‘polyols’ that insects may use to resist freezing at

subzero temperatures (Goto et al. 2001; Ishiguro et al.

2007; Liu et al. 2007). Prior to the onset of winter,

many insect species accumulate reserves of glycogen

that are subsequently broken down into glycerol

during the coldest months of winter in order to

improve cold-hardiness (Ishiguro et al. 2007; Li et al.

2002; Muise and Storey 1999; Tsumuki 1990;

Tsumuki and Kanehisa 1978). Glycerol concentra-

tions can be seen to increase in both intracellular and

extracellular compartments in all body parts and, in

some cases, reserves may approach 20% of body

mass (Pfister and Storey 2006). Since glycerol

formation consumes both water and glycogen, it not

only increases the viscosity of body fluids at low

temperatures, but simultaneously reduces the amount

of water available to participate in ice formation

within and between cells. Thus, glycerol accumula-

tion is typically associated with both reduced super-

cooling points (SCPs) and lower water content

(Holmstrup et al. 1999; Nedvěd et al. 1998; Neven

1999; Rivers et al. 2000). With regard to insects, the

SCP refers to the temperature at which spontaneous

nucleation of body water occurs and lethal ice crystals

form in the insect tissue (Zachariassen 1985; Régnière

and Bentz 2007). The SCP is often [20�C below the

freezing point of body fluids, and is thus often

considered a measure of maximum cold hardiness

(Lee 1991). In some species, e.g., Sarcophaga crass-

ipalpis (Lee and Denlinger 1985), Dendroctonus

frontalis (Tran et al. 2007) and Pyrrhocoris apterus

(Hodkova and Hodek 1994), the SCP also represents

the lower lethal temperature. For these reasons, the

SCP is an important ecological index of cold-

hardiness in insects (Carrillo et al. 2005).

The ragweed beetle, Ophraella communa LeSage

(Coleoptera: Chrysomelidae), is native to North

America (Futuyma 1990; Palmer and Goeden

1991), and is a potential biological control agent of

invasive annual ragweed, Ambrosia artemisiifolia L.

(Asterales: Asteraceae) that is now widely distributed

across Australia, Japan, Korea and China (Zhou et al.

2010a). In Japan, O. communa was first discovered in

Chiba Prefecture in 1996 (Takizawa et al. 1999;

Yamazaki et al. 2000) and, by 2004, had spread to all

prefectures of Japan (except Hokaido and Okinawa)

and the islands of Kyushu and Shikoku (Shiyake and

Moriya 2005; Tamura et al. 2004; Watanabe and

Hirai 2004). It fortuitously appeared on common

ragweed in the suburb of Nanjing City, Jiangsu

province, China in 2001 (Meng and Li 2005). It is

now distributed in more than seven provinces in

South China and has significantly impeded the spread

of common ragweed in some areas (Zhou et al.

2010b). Earlier studies indicated that O. communa

was adapted to subtropical conditions, the optimum

temperature range for development falling within the

average temperature range of subtropical regions of

China where most invasive ragweed is present (Zhou

et al. 2010a). However, the current distribution of

O. communa includes more temperate regions of

China at higher latitudes where temperatures during

the coldest months of the year are significantly

lower. The purpose of the present study was to

compare the baseline cold hardiness of O. communa

populations from different geographical regions in

order to gain insight into the potential for further

range expansion in China. To this end, we used

laboratory measurements to compare the SCP, water

and glycerol content of adult O. communa from

various populations.
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Materials and methods

Host plants

Seeds of ragweed were germinated in soil in an

unheated greenhouse and the resulting seedlings were

transplanted individually into 15 cm diameter plastic

pots, watered every four days, and fertilized with a

solution of 13:7:15 (N:P:K) twice a month. The

plants were maintained in an unheated greenhouse

and used in experiments when they reached 50 cm in

height.

Insects

Ophraella communa pupae were collected in mid-

August, 2009, from five different provinces in south-

east China (Fig. 1) by picking ragweed leaves with

pupae attached. More than 800 pupae were randomly

collected from 40 common ragweed plants at each

collection site, 20–25 pupae per plant. The geographic

coordinates of the collection sites and their climatic

characteristics are reported in Table 1. All pupae were

transported to a laboratory at the Institute of Plant

Protection, Hunan Academy of Agricultural Sciences,

in Changsha City, Hunan Province where they were

stored in transparent plastic boxes (19 9 12 9 6 cm)

covered with organdy mesh fabric at 26–27�C, a

relative humidity of 70 ± 5% and a photoperiod of

14:10 (L:D) until emergence of adults five to six days

later. Newly emerged adults were sexed and males

and females were held separately on potted ragweed

plants, 20 adults per plant. Each plant was isolated in a

ventilated, aluminum frame cage (40 9 40 9 60 cm)

under the same laboratory conditions as above, and

adults were used in experiments when they were two

days old.

Measurement of water content

For assessment of water content, we chose adults of

uniform size (i.e., similar weight). The fresh weight

of adult beetles (n = 10 per population) was obtained

by weighing them individually on an electronic bal-

ance (AB204-S, sensitivity B0.1 mg, Mettler Toledo,

Switzerland). Beetles were then dryed in an oven at

70�C for 48 h and reweighed. The dry weight of each

individual was then subtracted from its fresh weight

to calculate the water content (WC), which was

expressed as a percentage of fresh body weight.

Determination of supercooling points (SCPs)

Adult beetles (n = 30 of each gender from each

population) were hand-picked from ragweed plants

and then starved for 12 h. Each adult beetle was fixed to

a thermocouple that was attached to an automatic data

recorder (uR100, Model 4152, Yokogawa Electric Co.,

Fig. 1 Map of southeast

China depicting locations of

sampled O. communa
populations
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Seoul, Korea) via a bridge. The thermocouple with the

adult was then lowered into a freezing chamber at

-25�C and the body temperature of the adult beetle

was monitored as it decreased at a rate of about 1�C per

minute from 26�C (Liu et al. 2007). The SCP was taken

to be the temperature recorded by the thermocouple

just before the sudden increase in temperature caused

by the emission of the latent heat of crystallization

(Wang et al. 2006).

Glycerol assays

Adult beetles (n = 5 of each gender from each

population) were hand-picked from ragweed plants

and then starved for 12 h prior to analysis. The

whole-body glycerol content of beetles was deter-

mined using an enzymatic assay (337-40A, Sigma

Chemical Company). Individual adults (n = 5 per

population) were homogenized in 25 mM sodium

phosphate buffer (pH 7.4) and then centrifuged at

12,000 g for 10 min at 25�C. The supernatant was

then deproteinized with 6% (w/v) perchloric acid,

and the protein precipitate that formed was removed

by centrifugation (12,000 g for 5 min). The superna-

tant was then neutralized with 5 M potassium car-

bonate to pH 7.0. Glycerol levels were determined

spectrophotometrically by measuring sample absor-

bance at 540 nm (Yoder et al. 2006).

Data analysis

Data were checked for normality and homoscedasticity

as appropriate and, if needed, were arcsine square-root

or log-transformed before analysis by factorial

ANOVA with location and gender as independent

fixed factors, followed by one-way ANOVAS where

the sexes were compared separately (SAS Institute

2004). Fisher’s protected LSD test (a = 0.05) was

used to separate treatment means when more than two

groups were compared. Linear regression was used to

test for a relationship between body weight and SCP.

Results

Water content

Collection location had a significant effect on the

water content of O. communa beetles (F4,90 = 11.559,

P \ 0.001) but gender did not (F1,90 = 1.520, P =

0.221), although there was a significant location*

gender interaction (F4,90 = 5.655, P \ 0.001). Both

male (F4,45 = 9.008, P \ 0.001) and female (F4,45 =

7.994, P \ 0.001) beetles varied among populations

in water content. The water content of female beetles

was significantly lower in the Nanchang, Miluo and

Nanjing populations than in the Fuzhou and Wuchang

ones, whereas male water content was lower in the

Nanjing population than in all others (Fig. 2). Male

water content was higher than that of females in the

Nanchang population (F1,18 = 8.23, P = 0.01), and

lower than that of females in the Wuchang population

(F1,18 = 4.62, P \ 0.05), with no significant effect of

gender in the other three populations (Fuzhou: F1,18 =

1.92, P = 0.18; Miluo: F1,18 = 2.42, P = 0.14;

Nanjing: F1,18 = 3.93, P = 0.06).

Table 1 Location of O. communa collections and average climatic conditions

Province Coordinates Mean annual

temperature (�C)

Mean January

temperature (�C)

Mean July

temperature (�C)

Mean annual

rainfall (cm)

Elevation

(m ASL)

Fuzhou N: 25�56013.820 0

E: 119�21019.880 0
19.6 10.5 28.7 134.3 25

Nanchang N: 28�09006.80 0

E: 115�54057.560 0
17.1 4.1 28.0 156.8 23

Miluo N: 28�50002.260 0

E: 113�14058.470
17.2 3.9 28.6 134.5 57

Wuchang N: 30�19022.860 0

E: 114�15014.960 0
15.8 2.4 28.7 110.0 28

Nanjing N: 32�22016.490 0

E: 119�01023.150 0
15.4 1.7 28.0 110.6 29
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Supercooling points

There was no effect of location on beetle weight

(F4,290 = 0.702, P = 0.591) but females were con-

sistently heavier than males (11.1 ± 0.04 vs. 7.0 ±

0.02 mg, F1,290 = 8876.302, P \ 0.0001) and the

location*gender interaction was not significant

(F4,290 = 0.175, P = 0.951). Location had a signif-

icant effect on SCP (F4,290 = 18.542, P \ 0.001),

whereas gender did not (F1,290 = 2.814, P = 0.095)

and the location*gender interaction was not signifi-

cant (F4,290 = 0.531, P = 0.713). There was signif-

icant variation among populations in the SCPs of

both males (F4,145 = 7.179, P \ 0.001) and females

(F4,145 = 12.631, P \ 0.001). With the exception of

the Nanchang males, male and female beetles of the

Fuzhou population had significantly higher SCPs

than beetles of the same gender in other populations,

the latter being similar to one another (Fig. 3). There

was no effect of gender on SCP in any popula-

tion (Fuzhou: F1,48 = 1.70, P = 0.201; Nanchang:

F1,48 = 0.07, P = 0.796; Miluo: F1,48 = 0.42, P =

0.523; Wuchang: F1,48 = 0.07, P = 0.792; Nanjing:

F1,48 = 0.41, P = 0.523). The frequency distribution

of SCPs varied noticably among the five populations,

lower SCPs tending to increase in frequency at higher

latitudes (Fig. 4). Thus, the distribution of SCPs was

skewed toward higher values in the Fuzhou beetles

and lower values in the Wuchang and Nanjing

beetles. Linear regression suggested no significant

relationship between body weight and SCP for

either males (F148 = 0.52, P = 0.473) or females

(F148 = 0.08, P = 0.782).

Glycerol content

There were significant effects of location (F4,37 =

34.522, P \ 0.0001) and gender (F1,37 = 5.976, P =

0.019) on O. communa glycerol content, but the loca-

tion*gender interaction was not significant (F4,37 =

1.494, P = 0.224). Both males (F4,20 = 19.57, P \
0.001) and females (F4,20 = 34.622, P \ 0.0001)

varied among populations in glycerol content

(Fig. 5). The Fuzhou beetles had the lowest glycerol

content, the Nanchang, Miluo and Wuchang beetles

were intermediate, and the Nanjing beetles yielded

values higher than all other populations. Glycerol

content was not significantly affected by gender

in any population (Fuzhou: F1,8 = 0.03, P = 0.863;

Nanchang: F1,8 = 0.61, P = 0.479; Miluo:

F1,8 = 3.44, P = 0.137; Wuchang: F1,8 = 0.17,

P = 0.704; Nanjing: F1,8 = 1.88, P = 0.247).

Discussion

The physiological processes of cold tolerance in insects

are mediated in complex ways and affect a variety of

important life history traits (Régnière and Bentz 2007).

Thus, geographic variation in insect cold hardiness

is often of interest to entomologists and ecologists

Fig. 2 Mean (?SE) water content (percent fresh weight) of

O. communa adults from five geographic populations (n = 10).

Columns bearing the same letters were not significantly

different (LSD, a = 0.05) from others of the same gender

(males: upper case letters, females: lower case letters). Asterisks
indicate a significant difference (ANOVA, P \ 0.05) between

males and females within a population

Fig. 3 Mean (?SE) supercooling points (�C) of O. communa
adults from five geographic populations (n = 30). Columns

bearing the same letters were not significantly different (LSD,

a = 0.05) from others of the same gender (males: upper case
letters, females: lower case letters). There were no significant

differences (ANOVA, P [ 0.05) between males and females

within populations
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(Chen and Kang 2002b; Palmer and Siebke 2008;

Worland et al. 2004). Of the climatic factors we

compared among our sample locations, the most notable

variation was in mean January temperature which

declined sharply with increasing latitude (Table 1).

Whereas many chrysomelid beetles have been reported

to rely on freezing tolerance to cope with cold temper-

atures (Zachariassen et al. 2008), the adults of some

species use ‘freeze avoidance’ (sensu Bale 1993) when

overwintering (e.g., Hiiesaar et al. 2009) and our results

indicate that O. communa uses the latter strategy.

Previous work has shown that the cold hardiness of

freeze-avoiding insects may be associated with

increased glycerol content, reduced water content, and

reduced SCP temperature (Yoder et al 2006; Ishiguro

et al. 2007; Liu et al. 2007). For example, Sformo et al.

(2010) examined the extremely cold tolerant beetle

Cucujus clavipes puniceus (Coleoptera: Cucujidae) in

Alaska and found that decreasing temperature during

the onset of winter resulted in a five-fold reduction in

body water content and concomitant increases in

glycerol content. Generally, reduced water content

serves to elevate the concentration of cryoprotectant

substances such as glycerol and thus enhance cold

hardiness (Danks 2000; Liu et al. 2007). Since our study

examined newly emerged adults held under standard-

ized summer conditions, the data reported here reflect

inherent differences in the baseline cold hardiness of

the sampled populations, rather than their ability to

acclimate to the onset of cold weather.

Fig. 4 Frequency distributions of supercooling points of adult O. communa from five geographic populations

Fig. 5 Mean (?SE) glycerol content (lg/mg) of O. communa
adults from five geographic populations (n = 30). Columns

bearing the same letters were not significantly different (LSD,

a = 0.05) from others of the same gender (males: upper case
letters, females: lower case letters). There were no significant

differences (ANOVA, P [ 0.05) between males and females

within populations
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Our results indicate that male beetles of the most

northern O. communa population (Nanjing) had sig-

nificantly lower water content than those of popula-

tions at lower latitudes, but the trend for females was

inconsistent, those from Nanchang and Miluo being

similar to those from Nanjing (Fig. 2). Since water

content is inversely related to fat content, some

variation in the former is likely attributable to variation

in nutritional condition. Nanchang males had higher

water content than their female counterparts, whereas

the reverse was true for Wuchang males, suggesting

that water content may be constrained by different

factors in males and females. Furthermore, Wuchang

lies in the Yangtze valley, a region with many lakes

and moist conditions, a factor that may explain their

relatively high water content in such a northern

location. A study of cold tolerance in Chilo suppres-

salis populations in China revealed a similar pattern of

geographic variation (Zhang et al. 2005).

SCPs have been used as an index of cold hardiness

in many insects (Liu et al. 2007; Palmer and Siebke

2008; Worland and Convey 2008). High supercooling

points are typically attributed to the absence of ice-

nucleating agents or an accumulation of cryoprotec-

tant elements, or some combination of both (Milonas

and Savopoulou-Soultani 1999). Males and females

of the Fuzhou population had significantly higher

SCP values than their counterparts in other popula-

tions, although Nanchang males were not signifi-

cantly different from Fuzhou males or those of any

other population (Fig. 3). The frequency distributions

of SCP values revealed some skew towards lower

values in the three northern populations, an effect that

appeared more pronounced among males, whereas

values were more normally distributed in the two

southern populations (Fig. 4). However, the data for

glycerol content resolved populations into three

distinct groups without any gender-based ambiguity.

The northern population had the highest glycerol

content and the southern the lowest, with the three

other populations intermediate and not significantly

different from one another (Fig. 5).

The observed differences among O. communa pop-

ulations in baseline glycerol content suggest diver-

gence among populations in baseline cold hardiness

and this presumably correlates with their ability to

acclimate to cold weather conditions. However, the

biosynthesis of glycerol can be up- or down-regulated

as a function of acclimation. Holden and Storey (1994)

showed that feedback inhibition of aldolase regulated

the biosynthesis of glycerol in Epiblema scudderiana

(Lepidoptera: Tortricidae) such that an adequate

glycerol pool was maintained during winter months,

with cessation of synthesis at warmer temperatures.

Thus, further studies are warranted to test for possible

differences in the capacity of these populations to

respond to cold weather with increased glycerol

biosynthesis, and possibly seasonal changes in water

content and SCP.

Common ragweed is an invasive weed in China

with impacts on both agriculture and human health

due to the allergenicity of its pollen. The present

distribution of O. communa in China largely overlaps

the range of common ragweed, especially throughout

subtropical regions where the beetle is favored by

warm temperatures (Zhou et al. 2010a) and high

relative humidity (Zhou et al. 2010b). The biology of

O. communa facilitates good phenological synchrony

with its host plant in China, it is quite host specific to

A. artemesiifolia (Meng and Li 2005), and there is

potential for substantial impact on stand establish-

ment and seed production in some areas (Meng et al.

2007). At present, the beetle occurs as far north as

Tianchang (Anhui Province), Xuyi and Xuzhou

(Jiangsu Province) (Meng et al. 2007). The results

of the present study indicate that O. communa

populations possess ecological plasticity with respect

to cold hardiness that may facilitate further range

expansion of this fortuitous biological control agent

into more temperate regions of mainland China.
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