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Abstract

:

Simple Summary


The chrysomelid beetle Agasicles hygrophila is an effective natural enemy used in the biocontrol of the invasive weed Alternanthera philoxeroides. However, few studies have focused on the cold acclimation of A. hygrophila. We investigated the effects of exposure to different sub-lethal low temperatures for different durations on biological indices of adult male and female A. hygrophila and subsequently selected an appropriate acclimation temperature to enhance low-temperature tolerance. We found that A. hygrophila can acclimate to the cold and that this acclimation can enhance the cold tolerance of this beetle at −10 °C. Moreover, an appropriate acclimation temperature and time were found to enhance the survival and longevity of captive-bred A. hygrophila adults, which has ecological relevance for the biological control of A. philoxeroides in cold areas of northern China.




Abstract


Agasicles hygrophila Selman and Vogt is used in the biological control of the invasive weed Alternanthera philoxeroides (Mart.) Griseb. However, with the northward establishment of A. philoxeroides in China, the weak adaptivity of A. hygrophila to cold weather has resulted in the ineffective control of A. philoxeroides in northern China. Cold acclimation can significantly enhance insect cold tolerance, enabling them to cope with more frequent climate fluctuations. To improve the biological control efficacy of A. hygrophila in cold climates, we compared the effects of rapid cold hardening and acclimation on A. hygrophila under laboratory conditions. On initially transferring adults from 26 to −10 °C for 2 h, mortality reached 80%. However, when pre-exposed to 0 °C for 2 h and then transferred to −10 °C for 2 h, adult mortality was reduced to 36.67%. These findings indicate that cold acclimation can enhance the cold tolerance of A. hygrophila under laboratory conditions. However, the beneficial cold acclimation effects waned after more than 15 min of recovery at 26 °C. Exposure to 15 °C for 24 h or gradual cooling from 0 to −10 °C at 1 °C·min−1 also induced cold acclimation, indicating that long-term cold and fluctuating cold acclimation are also potentially effective strategies for enhancing low-temperature tolerance.
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1. Introduction


Rapid cold hardening (RCH), a transitory adaptation to an extremely cold temperature that follows brief exposure at sub-lethal temperatures [1], is commonly observed in insects in the orders Coleoptera, Diptera, and Hemiptera, as well as in mites [2,3]. The hardening could have included the production of Heat Shock Proteins and cold-resistant substances [1]. The life cycles of many insect species include an overwintering stage, and insects that have recently passed through this stage tend to have greater cold resistance than before or at a more prolonged time after overwintering [4]. The ability of insects to endure brief spells of rapid cold acclimation can increase their survival under markedly changeable low-temperature conditions, particularly in spring and autumn when temperatures are liable to undergo considerable fluctuations or sharp declines [5]. Insects typically show plasticity with respect to low-temperature tolerance, which is essential for ensuring the growth, development, and reproduction of the insects in regions in which low temperatures are likely to be encountered. Indeed, phenotypic plasticity may account for the differences in the low-temperature tolerance shown by different geographical populations of the same insect species and can be considered to reflect the adaptive evolution of insects living in a given environment for a prolonged period [6]. For example, it has been demonstrated that when Drosophila melanogaster from temperate and tropical regions are kept at different temperatures for several generations, rearing temperatures determine changes in the cold tolerance of flies, rather than those of the collection sites [7].



Cold acclimation has been observed in both diapausing and non-diapausing females of the predatory mite Euseius finlandicus [8], and rapid cold acclimation has also been reported in numerous insect species, including Cryptolestes ferrugineus (Stephens), Oryzaephilus surinamensis (L.), Rhyzopertha dominica (F.), Sitophilus oryzae (L.), Corythucha ciliata (Say), Euseius finlandicus, and Tribolium castaneum (Herbst) [8,9,10]. Although these insects may overwinter at all stages, winter diapause has not been observed [11]. However, newly emerged R. dominica adults are more resistant to long-term low temperatures than the larvae [12]. Similarly, among the different stages of C. ferrugineus, adults are characterized by the highest cold tolerance [13]. These findings thus indicate that in several insect species, the adults may have cold acclimation ability and that the cold tolerance of adults may be notably higher than that of the pre-adult stages [12,13]. Important considerations with respect to insect cold tolerance are the supercooling point (SCP) and freezing point (FP), which respectively refer to the temperatures at which insect body fluids begin to freeze and eventually freeze [14]. The SCP and FP of insects are influenced by multiple endogenous and exogenous environmental factors, including developmental stage, age, body size, weight, rearing conditions, and external temperature, and are often used as indicators of insect cold tolerance [15,16].



Alternanthera philoxeroides (Mart.) Griseb, commonly referred to as alligator weed, is an amphibious plant species in the family Amaranthaceae that is native to South America [17], although it was introduced into suburban Shanghai, China, from Japan as a forage crop in the late 1930s, and subsequently spread to eastern China in the 1950s and southern China in the 1960s and 1970s, mediated by human activities [18,19]. However, the high reproduction rate of this plant has led to its rampant growth and spread, which has had adverse effects on agriculture, forestry, animal husbandry, and fisheries in those areas in which it has colonized and become established [20]. Agasicles hygrophila (Coleoptera: Chrysomelidae) was first introduced into China from Florida to control alligator weed in 1986 and has since been successfully used in this regard in southern China [21,22]. Temperature is an important factor influencing the growth, development, behavior, and evolutionary pathway of A. hygrophila [23], with low temperature having particularly pronounced effects on the occurrence, distribution, reproduction, and dispersal of this beetle. Recently, with the northward spread and establishment of A. philoxeroides in China, it has been established that A. hygrophila has a weak adaptation to cold weather and has therefore proved ineffective in the control of A. philoxeroides in these recently colonized northern regions. Accordingly, it is reasoned that enhancing the cold tolerance of A. hygrophila could make an important contribution to extending its distribution and establishment in northern China, and thereby improve its biocontrol efficacy.



In the subtropical and temperate regions of China, temperatures often drop below freezing during winter, thereby threatening the survival and successful overwintering of insects [24]. To prevent physiological or even fatal damage caused by low-temperature stress, insects have developed a series of physiological mechanisms to protect against the adverse effects of low temperatures [25]. Cold acclimation and the duration of the winter diapause are determined by a combination of cooling and changes in photoperiod during the periods from autumn to winter and winter to spring. Notably, however, insects can also rapidly acclimate to the cold in response to brief exposures (a few minutes) to low temperatures, which can protect against cold shock damage and thus enhance survival [2,26].



In this study, we compared the rapid cold acclimation ability of A. hygrophila adults, and we estimated the SCP of all stages to determine suitable insect statuses for cold acclimation and estimated the sublethal low temperature range. We compared and evaluated the rapid cold-hardening ability of A. hygrophila adults. To determine a standard cold shock exposure (identification temperature), we estimated the effect of rapid cold acclimation on the 80% survival rate. To quantitatively compare the effects of cold acclimation, we describe the cold acclimation reaction of this species. We also examined the persistence of rapidly cold hardening, according to the effective cold acclamation temperature and time, and determined the longevity of treated insects after cold acclimation. Finally, we discuss the ecological consequences of cold acclamation in terms of development, longevity, and biological control benefits.



The specific objectives of this study were to (1) determine whether A. hygrophila adults have cold acclamation ability; (2) establish the SCP and FP for the different stages of A. hygrophila; (3) identify suitable cold acclimation temperatures and times; and (4) assess the influence of cold acclamation on beetle longevity.




2. Materials and Methods


2.1. Experimental Host Plants and Insects


We planted A. philoxeroides in a greenhouse at the Institute of Plant Protection (IPP) of the Chinese Academy of Agricultural Sciences (CAAS), Haidian District, Beijing, China. The seedlings were subsequently transplanted into plastic pots (45 × 35 × 35 cm) containing a humus/soil mix at a density of 45–50 plants per pot, which were watered three times weekly. When the plants reached heights of between 20 and 30 cm, we collected leaf-bearing stems for experimentation.



Specimens of adult A. hygrophila were collected from Changsha, Hunan Province, China, and subsequently bred at the IPP under conditions of 26 ± 1 °C, 75 ± 5% relative humidity, and a 14:10 light:dark photoperiod. The adults used for experimentation had been reared in captivity for 13 generations on potted A. philoxeroides. The adult beetles reach maturity after 3 days and, compared with the pre-adult stages, have relatively stronger cold tolerance; we used adult beetles within 3 days of emergence.



To assess potential differences in the cold tolerance of the different sexes, male and female A. hygrophila were separately exposed to low temperatures. Groups of 10 males and 10 females were placed in Petri dishes, with each treatment being performed in triplicate. The criterion used to assess beetle survival was a response to touching the abdomen with a brush. If there was no response, the individual was assumed to have died.




2.2. The SCP and FP of Different A. hygrophila Life History Stages


In this study, we determined the SCP and FP of A. hygrophila using the thermocouple method with a multichannel SH temperature tester (SH-16; Huaxuan Technology, Shenzhen, China). The measurements were performed in a medical cryogenic storage box (DW−25L262; Haier, China) at −20 °C, in which one end of the thermometer was connected to a thermocouple temperature probe and the other end to a computer. Treatment groups included 10 adult males, 10 adult females, and 10 larvae at each larval instar; each treatment was performed using three replicates. Before measuring the SCP, we initially affixed a thermistor probe to selected A. hygrophila specimens using transparent tape, and then placed these in an ultralow temperature refrigerator for measurement. During the measurement process, the thermometer collected data via the corresponding software, which was inputted into the computer. Data were recorded five times per second, and the software automatically generated a temperature change curve. When the insect’s body temperature dropped below 0 °C, as its fluids started to freeze from releasing heat, then the insect’s body temperature suddenly rose, the lowest temperature was recorded as the SCP, and the temperature then suddenly rose to the FP.



Based on the findings of this experiment, we selected adult beetles to examine cold acclimation, which was designed to approximate the range of identification temperatures recorded in the SCP and FP treatments, and in subsequent experiments, we determined the identification temperatures and times.




2.3. Determination of the Identification Temperature of A. hygrophila


The identification temperature refers to the lowest temperature within the sublethal range that an insect can tolerate for a certain length of time. To determine the identification temperature of adult beetles, we assessed their responses to a gradient of temperatures, considering the sublethal temperature between the SCP and FP of these adults.



To determine the identification temperature of beetles, we subjected these insects to low-temperature treatments within the range between 5 and −14 ± 0.5 °C, starting at 5 °C, and subsequently reducing the temperature in 1 °C steps until reaching −14 °C. Each 1 °C step was considered a treatment. Treatment groups comprised either 10 adult males or females in 9cm-diameter plastic Petri dishes, the bottoms of which were lined with dry filter paper. Each treatment was performed using four replicates. Both water and food were withheld during the experimental period to prevent interference with the influence of freezing on cold tolerance at low temperatures. We also subjected an experimental group to cold acclimation and low temperatures in a biochemical incubator, in which we recorded mortalities of 10% and 80% ± 10% after treatment at −9 °C and −10 °C for 2 h, respectively, and thus considered −10 °C to be the 80% lethal temperature for A. hygrophila. As controls, beetles were maintained in a biochemical incubator at 26 ± 1 °C and 75 ± 5% relative humidity under a 14:10 light:dark photoperiod.




2.4. Effects of Rapid Cold Hardening on A. hygrophila Viability


To examine the effects of cold acclimation on the cold tolerance of A. hygrophila, based on the SCP and FP of A. hygrophila adults between −11 and 0 °C, we selected a temperature near the SCP as the identification temperature and a temperature near the FP as the cold acclamation temperature. We also subjected A. hygrophila adults to cold acclimation for 1, 2, 3, and 4 h, and accordingly established a 2 h cold acclimation to be the most suitable, as exposure to low temperatures for this length of time did not cause any appreciable physiological damage. Thus, to assess the rapid cold hardening of A. hygrophila adults, we examined the responses to a series of temperatures in the sublethal temperature range (−5, −2.5, 0, 2.5, 5, 7.5, and 10 ± 1 °C), to which the beetles were exposed for 2 h. Having thus been cold-hardened, the beetles were subsequently subjected to identification temperature stress for 2 h, after which they were maintained at 26 ± 1 °C to assess the cold hardness and recovery of A. hygrophila. As the adults may remain in a state of cold hardness or frostbite during the initial 24 h of the recovery period, mortality was accessed on day 2 after having been returned to 26 °C.




2.5. Persistence of Rapid Cold Resistance


As the adults recovered at different temperatures and times after cold acclimation, we established that cold acclimation had a phenotypically plastic effect on the reduction in mortality at the identification temperature. To determine the extent to which the rapidly acquired cold hardness wanes on the return of beetles to a high temperature, we subjected adults reared at 26 °C to low temperatures of 0 and 10 °C for 2 h, after which they were returned to 26 °C for periods ranging from 5 to 60 min extending in 5 min intervals. Thereafter, the beetles that had been allowed to recover for different lengths of time were exposed to a temperature of −10 °C for 2 h, following which they were returned to 26 °C. After a resumption of feeding for 2 days, the mortality of the acclimated beetles was assessed.




2.6. Effects of Different Acclimation Methods on the Cold Tolerance of A. hygrophila


To compare differences in the cold tolerance acquired by adults subjected to rapid cold acclimation, long-term cold acclimation, and fluctuating cold acclimation, we determined the mortalities of A. hygrophila cultured at the cold acclimation temperature before exposure to the identification temperature. We used the following four treatments: Treatment 1, Control: adult beetles were maintained in a 26 °C incubator. Treatment 2, Rapid cold hardening: adult beetles were reared at 26 °C for 3 days and then placed in low-temperature incubators at 0 or 5 °C for 2 h. Treatment 3, Long-term cold acclimation: adult beetles were reared at 26 °C for 3 days, and then placed at 15 °C for 24 h. Treatment 4, Fluctuating temperature cold acclimation: adult beetles were initially exposed to −5 °C or 0 °C for 2 h and then gradually cooled to the identification temperature at a rate of 1 °C min−1.




2.7. Effects of Cold Acclimation on A. hygrophila Longevity


After the rapid cold hardening at 0 or 10 °C for 2 h, the longevity of A. hygrophila adults were documented, and there were 20 males and females in each group.




2.8. Data Analysis


Before analysis, the data were assessed for normal distribution. The SCP and FP of different beetle instars were analyzed using ANOVA. Repeated-measures ANOVA (LSD, p < 0.05) was used to analyze differences in the mortalities of males and females exposed to each temperature and for each time treatment combination. The figures were prepared using GraphPad Prism 6.01 (GraphPad Software Inc., San Diego, CA, USA). p-values of 0.05 or lower were considered to be indicative of a significant difference.



One-way ANOVA (followed by Tukey’s multiple comparison test) was used to determine significant differences between different rapid cold-hardening treatments on survival and SCP using SPSS v. 16.0 (SPSS, Chicago, IL, USA). A two-way ANOVA was used to determine the different cold acclimation responses of males and females.





3. Results


3.1. The SCP and FP of Different A. hygrophila Life History Stages


The SCP and FP of 1st-instar larvae were approximately −14 and −10 °C, which were established to be the lowest recorded among the different life history stages of A. hygrophila. Comparatively, the SCP and FP recorded for the pupae and adults were similar at approximately −10 and −4 °C, with slightly lower values being recorded for the 2nd and 3rd larval instars (Table 1).




3.2. Determination of the Identification Temperature of A. hygrophila


We found that all beetles survived when exposed to temperatures of −7 °C or higher for 2 h. When exposed to −8 °C for 2 h, we recorded 20% adult mortality (F7.24 = 175.8, p = 0.002), which was statistically different from that of adults reared at 26 °C. The mortalities of adults exposed to −9 °C and −10 °C for 2 h were approximately 30% and 80%, respectively, the latter of which was statistically different from that of adults exposed to −8 °C for 2 h (F7.24 = 175.8, p < 0.0001). Based on these findings, we used exposure to a temperature of −10 °C for 2 h as the identification temperature treatment (Figure 1). In addition, for all assessed temperature treatments, we detected no significant differences in the mortalities of adult males and females.




3.3. Effects of Rapid Cold Hardening on A. hygrophila Viability


After rapid cold acclimation at 0, 2.5, 5, 7.5, and 10 °C for 2 h, we detected reductions in the mortalities of A. hygrophila adults exposed to the identification temperature. The mortality at identification temperatures was markedly reduced after a 2 h period of rapid cold hardening (Figure 2). However, in terms of mortality, we detected no significant differences among the 2.5 °C-incremental hardening temperatures (F1.14 = 17.20, p = 0.1257). There were significant reductions in the mortality of A. hygrophila at 0 and 5 °C (F6.14 = 13.09, p < 0.0001), and we found that a rapid cold-hardening temperature of 5 °C reduced the mortality of adult females at the identification temperature to a greater extent than that of adult males. These findings thus indicated that cold acclimation treatments at 0 and 10 °C for 2 h were the most effective in enhancing the cold resistance of A. hygrophila. Following exposure to a temperature of 0 °C for 2 h, we detected a reduction in adult mortality to 36.7% (F6.14 = 13.09, p < 0.001), and mortality at the identification temperature was also lower in beetles exposed to 5 °C or 10 °C (F6.14 = 13.09, p < 0.001). Exposure to 5 °C for 2 h was found to result in an approximate 50% reduction in female mortality at the identification temperature (F6.14 = 13.09, p < 0.001), whereas pre-exposure to temperatures of 0 and 5 °C considerably enhanced the cold resistance of A. hygrophila when adult beetles were exposed to low temperatures for 2 h. However, having been subjected to cold acclimation at −5 °C, we recorded a notable reduction in the survival of A. hygrophila when exposed to the identification temperature for 2 h (F6.14 = 0.015, p = 0.9087).




3.4. Persistence of Rapid Cold Resistance


We found that after 15 min of having returned beetles to 26 °C following rapid cold acclimation, the acquired cold tolerance of A. hygrophila returned to pre-acclimation levels. Following cold acclimation treatments, we transferred adults to the normal rearing temperature of 26 °C for periods ranging from 5 to 60 min at 5 min intervals. Having allowed recovery at 26 °C for these different durations, the beetles were exposed to −10 °C for 2 h, and we accordingly found that recovery at 26 °C for a period of 15 min or longer essentially negated the effects of cold acclimation in reducing mortality at the identification temperature (Figure 3). The highest mortality was recorded following cold hardening at 0 °C for 2 h (36.67%), although no significant differences were detected between those beetles allowed to recover for 15 and 30 min (F2.3 = 0.222, p = 0.813). Contrastingly, the mortality of beetles allowed to recovery for 15 min following exposure to 0 °C for 2 h was found to differ significantly from that of untreated control beetles (F10.22 = 6.804, p < 0.001). However, the cold tolerance of adults acquired by rapid cold hardening at 0 °C for 2 h was soon lost within 30 min on the return of adults to 26 °C. Accordingly, the degree of mortality occurring at the identification temperature differs depending on the length of post-cold hardening recovery.




3.5. Effects of Different Acclimation Methods on the Cold Tolerance of A. hygrophila


Although we established that exposure to 15 °C for 24 h contributed to reducing the mortality of female A. hygrophila at the identification temperature, the mortalities did not differ significantly from those recorded for the control group (F4.2 = 3.000, p = 0.643). In contrast, the mortality of males, which had been reduced from 83.33% to 40.00%, was found to differ significantly from the level of control group mortality (F4.2 = 6.000, p = 0.0147).



Rapid cold hardening and fluctuating-temperature cold acclimation had different effects depending on temperature and duration. When we initiated low-temperature treatment at −5 °C, we recorded a reduction in the mortality of beetles at the identification temperature, with the resulting mortality being found to differ significantly from that of control group beetles (F2.12 = 6.485, p = 0.048). Contrastingly, we detected no significant differences in mortality following rapid cold hardening at −5 °C for 2 h (F2.12 = 0.516, p = 0.512). When commencing the low-temperature treatment at 0 °C, both rapid and fluctuating-temperature cold acclimation effectively reduced adult mortality at the identification temperature, with the effect obtained using rapid cold acclimation being superior to that obtained in response to fluctuating-temperature cold acclimation (Figure 4). We found that the mortality of adults cooled from 0 °C at a rate of 1 °C min−1 was similar to that of the control adults, which experienced no cold treatment and were not exposed to the identification temperature, whereas mortality was significantly reduced in response to rapid cold hardening at 0 °C for 2 h (F6.14 = 13.09, p < 0.001).




3.6. Effects of Cold Acclimation on A. hygrophila Longevity


Exposure to the identification temperature contributed to a clear decline in the longevity of males and females, as a consequence of suffering irreversible cold-induced damage (Figure 5). Furthermore, we detected differences in the average lifespans of adult males and females, with the latter being characterized by superior cold tolerance.



We also established that the longevity of adults that were cold-acclimated at 0 °C was notably higher than that of beetles acclimated at other temperatures, with mortality on the third day of cold exposure being considerably lower than that at any other acclimation temperature.





4. Discussion


In this study, we investigated the mortality of A. hygrophila adults when subjected to the identification temperature following rapid cold acclimation, long-term cold acclimation, and fluctuating-temperature cold acclimation. Our findings indicated that the mortality of adult A. hygrophila increases with a decline in temperature and prolongation of exposure time. Furthermore, when subjected to different acclimation procedures, we detected significant reductions in the mortality of A. hygrophila adults at the identification temperature and found that the protective effect of cold acclimation can readily wane when the beetles are returned to a temperature of 26 °C. In subsequent analyses to evaluate the effects of cold acclimation on A. hygrophila adults, we assessed the longevity of these beetles, which provided evidence to indicate that cold acclimation may enhance the cold tolerance of these beetles.



The SCP can be used to measure the response of natural populations of animals to climate change [27]. In this study, we selected the SCP and FP as parameters for determining the cold tolerance of target insects, thereby providing a representative coverage of the physiological and biological aspects of the responses to low temperatures. The determination of these indicators can serve as reference values for the subsequent low-temperature acclimation of a species. In this regard, the conditions that induce rapid cold hardening may differ for freeze-intolerant and freeze-tolerant insect species [6]. Although freeze-intolerant species may survive to the FP, a certain proportion of the population is killed or fatally injured before freezing. The occurrence of and change in this mortality becomes obvious at the identification temperature. Whereas cold acclimation is readily detected in freeze-intolerant insects and cold-intolerant insects, A. hygrophila is a cold-susceptible insect, which is a phenotype between cold-tolerant and cold-intolerant insects [28,29]. In the present study, we established that the sub-lethal low-temperature zone for A. hygrophila adults determined by the SCP and FP coincides with an approximate temperature range of −10 to 0 °C, and accordingly selected temperatures within the sub-lethal range to conduct our cold acclimation experiments.



The physiological regulation of tolerance to extreme temperatures may differ depending on whether a species is active in summer or winter [30]. In the present study, we determined the mortality, longevity, and other physiological indicators of cold acclimation of A. hygrophila during winter. Given that the cold tolerance of insects may undergo seasonal changes, it is conceivable that the cold tolerance of A. hygrophila adults in summer differs from that characterized in this study. The cold tolerance of A. hygrophila may also differ according to geographical population, rearing procedures, and age. Thus, as biological indicators are likely to be influenced by changes in the microenvironment, follow-up studies should be conducted to determine the cold tolerance of these insects in other seasons to gain a more comprehensive understanding of their survival potential.



When exposed to a gradient of cold temperatures, we detected a significant reduction in the mortalities of A. hygrophila adult males and females. At temperatures lower than −7 °C, there was a marked increase in mortality, with 80% adult mortality being recorded among those beetles exposed to −10 °C for 2 h. This indicates that there was a significant reduction in the mortality of adults. However, when exposed to 0 or 10 °C for 2 h before exposed to −10 °C for 2 h, adult survival was significantly adversely affected at temperatures within the vicinity of −10 °C. Exposure to 0 or 10 °C was found to induce rapid cold acclimation, with the latter of these two temperatures promoting a more pronounced effect. In this regard, although the findings of some studies have indicated that a 30 min exposure to temperatures within the sublethal temperature region is sufficient to induce cold acclimation [31], in the present study, we established that a 2 h exposure at 0 or 10 °C was necessary to promote a significant increase in cold resistance of the adult males and females of A. hygrophila.



Cold acclimation is a physiological strategy that is widely adopted by ectotherms to adapt to sudden changes in temperature and has been documented in numerous insects within a temperature range of between 0 and 10 °C [31,32,33,34,35]. Among coleopteran species, it has been established that in several species, a period of cold acclimation can contribute to enhancing their cold tolerance [36,37,38], and studies that examine plastic responses such as cold acclimation will contribute to predicting the effects of climate change on species distribution and survival [39]. In the present study, we found that both the males and females of A. hygrophila undergo cold acclimation and that individuals thus acclimated are characterized by significant reductions in mortality on subsequent exposure to low temperatures.



In many insects, a reduction in cold tolerance coincides with an increase in the post-acclimation recovery time, with the protective effect of cold acclimation disappearing after a certain threshold of recovery, as has been observed in Corythucha ciliata [9], Liriomyza trifolii, and Liriomyza sativae [40]. Consistently, in the present study, we found that unless adults of A. hygrophila are maintained at low temperatures, the effects of cold acclimation may disappear, as indicated by our finding that beetles reverted to a cold-susceptible phenotype within 15 min of recovery at 26 °C.



Rapid cold acclimation is now believed to be a common phenomenon in many insects, in which it plays an ecologically important role in survival [6]. Appropriate cold treatment does not affect the developmental duration and offspring fitness [41]. We suspect that this type of acclimation might also benefit A. hygrophila adults and their offspring under natural conditions. In the winter in northern and eastern China, temperatures may drop to below 0°C in the colder regions. Cold acclimation can contribute to reducing the mortality of A. hygrophila during the overwintering and early spring seasons, which has ecological relevance for its survival.



In this study, we found exposure to certain temperatures for defined lengths of time can enhance the survival of A. hygrophila adults at the identification temperature, although we also established that their longevity was affected by constant exposure to low temperatures. Freezing can also cause mechanical damage to cells and tissues, as a consequence of dehydration or metabolic perturbation [42]. Given that the identification temperature lies within the range of low temperatures that are sublethal to A. hygrophila adults, beetles subjected to a preliminary rapid cold acclimation treatment would predictably be detrimentally affected by a sudden increase in temperature. However, in this regard, we detected a difference in the longevity of adult males and females, with the latter surviving longer than the former, indicating that A. hygrophila females may be physiologically better adapted to survive when exposed to low temperatures with the accumulation of antifreeze physiological substances.



Studying insect cold resistance entails assessing the survival of individuals subjected to different combinations of cooling rates, exposure periods, and minimum temperatures under laboratory conditions [5], and in this regard, it has been found that there are no significant differences in the cold tolerances of field-collected and laboratory-reared second-generation populations [43]. Except for treatment temperature, control group beetles were reared in identical conditions to the cold-acclimated beetles. In addition, comparisons of laboratory and field survival can provide an estimate of winter mortality that may be caused by factors other than low temperatures [44,45]. The cold acclimation of A. hygrophila adults may enhance their survival and overwintering potential in certain regions of northern China, which would have important implications for controlling the northward spread of A. philoxeroides in China.



The distribution of A. hygrophila is determined by several factors relating to climate, including survival at low temperatures and overwintering capacity [46]. When initially introduced in China, populations of A. hygrophila were unsystematically released in several spatially dispersed areas, although they subsequently became established in Yunnan, Hunan, Fujian, and Hubei provinces and Chongqing City, whereas populations failed to become established in Hebei, Beijing, and other northern regions of China [15]. In addition, there were no overwintering populations found in Jingzhou City in Hubei province [47]. With the global warming, the lowest temperature in China may increase, so the increase of cold tolerance may help insects in successful wintering. If by subjecting A. hygrophila adults to a period of cold acclimation we can enhance the cold tolerance of these beetles, thereby reducing mortality when exposed to lower ambient temperatures and increasing the probability of overwintering in colder areas, we believe it would be feasible to establish populations in areas that they have hitherto failed to colonize, which would contribute to reducing the cost of A. philoxeroides control.




5. Conclusions


In this study, we established that adults of the chrysomelid beetle A. hygrophila undergo rapid cold hardening in response to short-term exposure to low temperatures of 0 or 10 °C for 2 h, 15 °C for 24 h, or a gradual cooling from 0 to −10 °C at 1 °C min−1. However, the cold tolerance thus acquired tends to gradually wane on the return of these beetles to a rearing temperature of 26 °C. In the context of climate warming, rapid cold hardening may enable A. hygrophila adults to overwinter in the warmer regions of northern China.







Author Contributions


Conceptualization, J.G. and Y.P.; methodology, Y.P. and Q.W.; validation, Y.P. and Q.W.; analysis, Y.P., J.J., X.L. and C.L.; writing—original draft preparation, Y.P.; writing—review and editing, J.G. and J.J.; project administration, J.G. and Y.P.; funding acquisition, J.G. All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by the National Natural Science Foundation of China (32172486) and the China Postdoctoral Science Foundation (2022M713426).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Conflicts of Interest


The authors declare that they have no conflict of interest. The funding providers had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.




References


	



Bowler, K. Acclimation, heat shock and hardening. J. Therm. Biol. 2005, 30, 125–130. [Google Scholar] [CrossRef]

	



Shintani, Y.; Ishikawa, Y. Relationship between rapid cold-hardening and cold acclimation in the eggs of the yellow-spotted longicorn beetle, Psacothea hilaris. J. Insect Physiol. 2007, 53, 1055–1062. [Google Scholar] [CrossRef] [PubMed]

	



Lee, R.E., Jr.; Chen, C.P.; Denlinger, D.L. A rapid cold-hardening process in insects. Science 1987, 238, 1415–1417. [Google Scholar] [CrossRef] [PubMed]

	



Bale, J.S.; Hayward, S.A. Insect overwintering in a changing climate. J. Exp. Biol. 2010, 213, 980–994. [Google Scholar] [CrossRef]

	



Coulson, S.J.; Bale, J.S. Characterisation and limitation of the rapid cold hardening response in the house fly Musca domestica. J. Insect Physiol. 1990, 36, 207–211. [Google Scholar] [CrossRef]

	



Bai, Y.; Dong, J.J.; Guan, D.L.; Xie, J.Y.; Xu, S.Q. Geographic variation in wing size and shape of the grasshopper Trilophidia annulata (Orthoptera: Oedipodidae): Morphological trait variations follow an ecogeographical rule. Sci. Rep. 2016, 6, 32680. [Google Scholar] [CrossRef] [PubMed]

	



Ayrinhac, A.; Debat, V.; Gibert, P.; Gkister, A.; Legout, H.; Moreteau, B.; Vergilino, R.; David, J.R. Cold adaptation in geographical populations of Drosophila melanogaster: Phenotypic plasticity is more important than genetic variability. Funct. Ecol. 2004, 18, 700–706. [Google Scholar] [CrossRef]

	



Broufas, G.D.; Koveos, D.S. Rapid cold hardening in the predatory mite Euseius (Amblyseius) finlandicus (Acari: Phytoseiidae). J Insect Physiol. 2001, 47, 699–708. [Google Scholar] [CrossRef] [PubMed]

	



Ju, R.T.; Xiao, Y.Y.; Li, B. Rapid cold hardening increases cold and chilling tolerances more than acclimation in the adults of the sycamore lace bug, Corythucha ciliata (Say) (Hemiptera: Tingidae). J. Insect. Physiol. 2011, 57, 1577–1582. [Google Scholar] [CrossRef]

	



Burks, C.S.; Hagstrum, D.W. Rapid cold hardening capacity in five species of coleopteran pests of stored grain. J. Stored Prod. Res. 1999, 35, 65–75. [Google Scholar] [CrossRef]

	



Hagstrum, D.W.; Flinn, P.W. Survival of Rhyzopertha dominica (Coleoptera: Bostrichidae) in stored wheat under fall and winter conditions. Environ. Entomol. 1994, 23, 390–395. [Google Scholar] [CrossRef]

	



Smith, L.B. Effects of cold-acclimation on supercooling and survival of the rusty grain beetle, Cryptolestes ferrugineus (Stephens) (Coleoptera: Cucujidae) at sub-zero temperatures. Can. J. Zool. 1970, 48, 853–858. [Google Scholar] [CrossRef]

	



Abdelghany, A.; Suthisut, D.; Fields, P. The effect of diapause and cold acclimation on the cold-hardiness of the warehouse beetle, Trogoderma variabile (Coleoptera: Dermestidae). Can. Entomol. 2015, 147, 158–168. [Google Scholar] [CrossRef]

	



Lee, R.E.; Denlinger, D.L. Cold tolerance in diapausing and non-diapausing stages of the flesh fly, Sarcophaga crassipalpis. Physiol. Entomol. 1985, 10, 309–315. [Google Scholar] [CrossRef]

	



Lee, R.E.; Elnitsky, M.A.; Rinehart, J.P.; Hayward, S.A.L.; Sandro, L.H.; Denlinger, D.L. Rapid cold-hardening increases the freezing tolerance of the Antarctic midge Belgica antarctica. J. Exp. Biol. 2006, 209, 399–406. [Google Scholar] [CrossRef] [PubMed]

	



Kawarasaki, Y.; Teets, N.M.; Denlinger, D.L.; Lee, R.E. The protective effect of rapid cold-hardening develops more quickly in frozen versus supercooled larvae of the Antarctic midge, Belgica antarctica. J. Exp. Biol. 2013, 216, 3937–3945. [Google Scholar] [CrossRef] [PubMed]

	



Kawarasaki, Y.; Teets, N.M.; Denlinger, D.L.; Lee, R.E. Alternative overwintering strategies in an Antarctic midge: Freezing vs. cryoprotective dehydration. Funct. Ecol. 2014, 28, 933–943. [Google Scholar] [CrossRef]

	



Julien, M.H.; Skarratt, B.; Maywald, G.F. Potential geographical distribution of alligator weed and its biological control by Agasicles hygrophila. J. Aquat. Plant Manag. 1995, 33, 55–60. [Google Scholar]

	



Ma, R.Y.; Wang, R. Invasive mechanism and biological control of alligator weed, Alternanthera philoxeroides (Amaranthaceae), China. Chin. J. Appl. Environ. Biol. 2005, 11, 246–250. [Google Scholar]

	



Buckingham, G.R.; Doucias, D.; Theriot, R.F. Reintroduction of the alligatorweed flea beetle (Agasicles hygrophila Selman and Vogt) into the United States from Argentina. J. Aquat. Plant Manag. 1983, 21, 101–102. [Google Scholar]

	



Stewart, C.A.; Emberson, R.M.; Syrett, P. Temperature effects on the alligator weed flea-beetle, Agasicles hygrophila (Coleoptera: Chrysomelidae): Implications for biological control in New Zealand. In Proceedings of the IX International Symposium on Biological Control of Weeds, Stellenbosch, South Africa, 19–26 January 1996; pp. 393–398. [Google Scholar]

	



Zhao, L.L.; Jia, D.; Yuan, X.S.; Guo, Y.Q.; Zhou, W.W.; Ma, R.Y. Cold hardiness of the biological control agent, Agasicles hygrophila, and implications for its potential distribution. Biol. Contr. 2015, 87, 1–5. [Google Scholar] [CrossRef]

	



Bonnot, G.; Peypelut, L.; Febvay, G.; Lavenseau, L.; Fleurat-Lessard, F.; Fields, P.G. The effect of cold acclimation and deacclimation on cold tolerance, trehalose and free amino acid levels in Sitophilus granarius and Cryptolestes ferrugineus (Coleoptera). J. Insect Physiol. 1998, 44, 955–965. [Google Scholar] [PubMed]

	



Scharf, I.; Segal, D.; Bar, A.; Gottlieb, D. Negative effects of fluctuating temperatures around the optimal temperature on reproduction and survival of the red flour beetle. J. Therm. Biol. 2022, 103, 103165. [Google Scholar] [CrossRef] [PubMed]

	



Howe, R.W. A summary of estimates of optimal and minimal conditions for population increase of some stored products insects. J. Stored Prod. Res. 1965, 1, 177–184. [Google Scholar] [CrossRef]

	



Lutterschmidt, W.I.; Hutchison, V.H. The critical thermal maximum: History and critique. Can. J. Zool. 1997, 75, 1561–1574. [Google Scholar] [CrossRef]

	



Toxopeus, J.; Sinclair, B.J. Mechanisms underlying insect freeze tolerance. Biol. Rev. Camb. Philos. Soc. 2018, 93, 1891–1914. [Google Scholar] [CrossRef] [PubMed]

	



Bale, J.S. Classes of insect cold hardiness. Funct. Ecol. 1993, 7, 751–753. [Google Scholar]

	



Sinclair, B.J. Insect cold tolerance: How many kinds of frozen? Eur. J. Entomol. 1999, 96, 157–164. [Google Scholar]

	



Pörtner, H.O.; Farrell, A.P. Physiology and Climate Change. Science. 2008, 322, 690–692. [Google Scholar] [CrossRef]

	



Czajka, M.C.; Lee, R.E. A rapid cold-hardening response protecting against cold shock injury in Drosophila melanogaster. J. Exp. Biol. 1990, 148, 245–254. [Google Scholar] [CrossRef]

	



McDonald, J.; Bale, J.; Walters, K.J. Rapid cold hardening in the western flower thrips Frankliniella occidentalis. J. Insect Physiol. 1997, 43, 759–766. [Google Scholar] [CrossRef] [PubMed]

	



Xing, K.; Zhao, F.; Ma, C.S. Effects of temperature fluctuation on life history traits of different developmental stages of the diamondback moth, Plutella xylostella (Lepidoptera: Plutellidae). Acta Entomol. Sin. 2015, 58, 160–168. [Google Scholar]

	



Gerken, A.R.; Eller, O.C.; Hahn, D.A.; Morgan, T.J. Constraints, independence, and evolution of thermal plasticity: Probing genetic architecture of long-and short-term thermal acclimation. Proc. Natl. Acad. Sci. USA 2015, 112, 4399–4404. [Google Scholar] [CrossRef]

	



Gerken, A.R.; Eller-Smith, O.C.; Morgan, T.J. Speed of exposure to rapid cold hardening and genotype drive the level of acclimation response in Drosophila melanogaster. J. Therm. Biol. 2018, 76, 21–28. [Google Scholar] [CrossRef]

	



Izadi, H.; Mohammadzadeh, M.; Mehrabian, M. Cold Tolerance of the Tribolium castaneum (Coleoptera: Tenebrionidae), Under Different Thermal Regimes: Impact of Cold Acclimation. J. Econ. Entomol. 2019, 112, 1983–1988. [Google Scholar] [CrossRef]

	



Athanassiou, C.G.; Arthur, F.H.; Kavallieratos, N.G.; Hartzer, K.L. To Acclimate or Not to Acclimate? Simultaneous Positive and Negative Effects of Acclimation on Susceptibility of Tribolium confusum (Coleoptera: Tenebrionidae) and Oryzaephilus surinamensis (Coleoptera: Silvanidae) to Low Temperatures. J. Econ. Entomol. 2019, 112, 2441–2449. [Google Scholar] [CrossRef] [PubMed]

	



Wu, D.C.; Jing, X. Observation and Research on the Development and Reproduction of Agasicles Hygrophila; Plant Protection: Wuhan, China, 1999; Volume 6. [Google Scholar]

	



Sgro, C.M.; Terblanche, J.S.; Hoffmann, A.A. What can plasticity contribute to insect responses to climate change? Annu. Rev. Entomol. 2016, 61, 433–451. [Google Scholar] [CrossRef] [PubMed]

	



Iqbal, J.; Zhang, X.-X.; Chang, Y.-W.; Du, Y.-Z. Differential Response of Leafminer Flies Liriomyza trifolii (Burgess) and Liriomyza sativae (Blanchard) to Rapid Cold Hardening. Insects 2021, 12, 1041. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Y.H.; Jia, D.; Yuan, X.F. Response to Short-Term Cold Storage for Eggs of Agasicles hygrophila (Coleoptera: Chrysomelidae), a Biological Control Agent of Alligator Weed Alternanthera philoxeroides (Caryophyllales: Amaranthaceae). J. Econ. Entomol. 2018, 111, 1569–1576. [Google Scholar] [CrossRef] [PubMed]

	



Phillips, L.M.; Aitkenhead, I.; Janion-Scheepers, C.; King, C.K.; McGeoch, M.A.; Nielsen, U.N.; Terauds, A.; Liu, W.P.A.; Chown, S.L. Basal tolerance but not plasticity gives invasive springtails the advantage in an assemblage setting. Conserv. Physiol. 2020, 8, 1–18. [Google Scholar] [CrossRef] [PubMed]

	



Saeidi, F.; Mikani, A.; Moharramipour, S. Thermal tolerance variations and physiological adjustments in a winter active and a summer active aphid species. J. Therm. Biol. 2021, 98, 102950. [Google Scholar] [CrossRef] [PubMed]

	



Deutsch, C.A.; Tewksbury, J.J.; Huey, R.B.; Sheldon, K.S.; Ghalambor, C.K.; Haak, D.C.; Martin, P.R. Impacts of climate warming on terrestrial ectotherms across latitude. Proc. Natl. Acad. Sci. USA. 2008, 105, 6668–6672. [Google Scholar] [CrossRef] [PubMed]

	



Sinclair, B.J.; Vernon, P.; Klok, C.J.; Chown, S.L. Insects at low temperatures: An ecological perspective. Trends Ecol. Evol. 2003, 18, 257–262. [Google Scholar] [CrossRef]

	



Coulson, J.R. Biological Control of Alligator Weed, 1959–1972. A Review and Evaluation; Technical Bulletin, Agricultural Research Service, United States Department of Agriculture: Washinton, DC, USA, 1977. [Google Scholar]

	



Sinclair, B.J.; Marshall, K.E.; Sewell, M.A.; Levesque, D.L.; Willett, C.S.; Slotsbo, S.; Dong, Y.; Harley, C.D.G.; Marshall, D.J.; Helmuth, B.S.; et al. Can we predict ectotherm responses to climate change using thermal performance curves and body temperatures? Ecol. Lett. 2016, 19, 1372–1385. [Google Scholar] [CrossRef] [PubMed]








[image: Insects 14 00058 g001 550] 





Figure 1. Mortality of the adult males and females of Agasicles hygrophila after exposure to identification temperatures for 2 h. Adults maintained at 26 °C served as untreated controls. Different letters refer significant differences in the mortality of beetles exposed to the different temperatures for 2 h (Tukey multiple comparison test at p < 0.05). Based on these results, we used exposure to a temperature of −10 °C for 2 h as the identification temperature treatment. All values are presented as the mean ± SE. 
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Figure 2. Effects of rapid cold hardening on the mortality of adult Agasicles hygrophila. We used repeated-measures ANOVA, followed by the LSD test (p < 0.05). Capital letters refer to the differences in the mortality of A. hygrophila following treatment with the same temperature for the different sexes. Lowercase letters refer to the differences in the mortality of A. hygrophila following treatment with different temperatures for the same gender of different temperature RCH. All values are presented as the mean ± SE. 
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Figure 3. Mortality of Agasicles hygrophila adults exposed to low temperature and subsequent recovery for different lengths of time. Different letters refer significant differences in the mortality of beetles following different recovery times and were analyzed by the LSD test (p < 0.05). 1 h and 2 h are the treatment times, re −0.25 h and 0.5 h are the recovery times at 26 °C. All values are presented as the mean ± SE. 
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Figure 4. The mortality of Agasicles hygrophila adults acclimated using different procedures. (A) Mortality of A. hygrophila adults at the identification temperature after long-term acclimation compared with that of untreated controls. (B) Mortality of A. hygrophila adults after rapid cold hardening (RCH) and gradual cooling at 0 and 5 °C. Control insects were directly exposed to −10 °C for 2 h without pre-exposure cold acclimation. Capital letters refer to the differences in the mortality of A. hygrophila following treatment with the same temperature for different genders. Lowercase letters refer to the differences in the mortality of A. hygrophila following treatment with different temperatures for the same gender. Differences in mortality were analyzed using repeated-measures ANOVA, followed by the LSD test (p < 0.05). All values are presented as the mean ± SE. 
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Figure 5. The longevity of Agasicles hygrophila adults after rapid cold-hardening and discrimination temperature treatment. Differences in the longevity of adults after different periods of recovery were analyzed using a repeated-measures ANOVA, followed by the LSD test (p < 0.05). All values are presented as the mean ± SE. 
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Table 1. Supercooling point (SCP) and freezing point (FP) for different life history stages of Agasicles hygrophila. All values are presented as the mean ± standard error (SE). Values are in degrees Celsius.
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	Developmental Stage
	SCP
	FP





	1st instar
	–14.54 ± 4.06
	–10.33 ± 5.22



	2nd instar
	–11.77 ± 1.96
	–4.69 ± 2.51



	3rd instar
	–10.67 ± 2.93
	–2.68 ± 2.19



	Pupa
	–10.85 ± 3.89
	–1.92 ± 1.41



	Adult female
	–9.81 ± 2.06
	–4.19 ± 2.61



	Adult male
	–8.38 ± 2.85
	–3.12 ± 2.35
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