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Cold is a limiting factor for the distribution and performance of many terrestrial insects, including crop pests and their natural enemies, which are sometimes introduced in non-native areas. The European Union regulation requires that prior to the introduction of non-native insects used for biological control, the risk of winter survival and establishment in the environment should be estimated to avoid undesirable non-target effects. Here, we evaluate the lower thermal thresholds of survival, development and activity of the tropical species Cotesia typhae Fernandez-Triana (Hymenoptera: Braconidae), a larval parasitoid of the moth, Sesamia nonagrioides Lefèbvre (Lepidoptera: Noctuidae), an important corn pest in Southern Europe.

C. typhae is highly host specific and very efficient in greenhouse conditions, and its impact on non-target species is low. It is thus a promising biocontrol agent against S. nonagrioides.

Different developmental stages of the parasitoid were exposed to different constant temperatures (ranging from 5° to 27°C), exposure durations, and host physiological stages. Our results revealed that this tropical species is highly susceptible to cold, with high mortality rate occurring at all developmental stages at temperatures below 15°C. Thresholds of egg-larval and pupal development were close to 15°C, and a drastic decrease of adult locomotor activity was also observed below this temperature. Males were more susceptible to cold than females since their longevity was significantly reduced at 5°C, and fewer males were formed when host larvae were exposed to 10°C. Given established critical thermal limits for all the developmental stages of C. typhae, we estimated the probability of winter survival of C. typhae in France, based on the percentage of winters with harmful temperatures in the last 20 years. Under current climate conditions, this probability is low, which reinforces environmental innocuity of C. typhae introduction as a biological control agent against S. nonagrioides. Quantification of life history traits associated with thermal biology in a tropical species will also allow the construction of models describing host-parasitoid population dynamics and design optimal pest management programs.

Introduction

Most insects are ectotherms, maintaining their body temperature in equilibrium with the ambient microclimate temperature. Thus, abiotic factors, such as temperature and humidity, affect insect performances (e.g. survival, development, fecundity, locomotion), which may affect population dynamics over longer timescales [START_REF] Wallner | Factors affecting insect population dynamics: differences between outbreak and non-outbreak species[END_REF]. Temperature constraints, therefore, the seasonal activity and the geographic distribution of the insects, and can directly or indirectly affect the dynamics of native insect populations, the spread and impact of invasive pests, and the success of species introduced for biological control [START_REF] Bale | Insect overwintering in a changing climate[END_REF][START_REF] Hance | Impact of extreme temperatures on parasitoids in a climate change perspective[END_REF].

Low temperatures are one of the key limiting factors for the distribution and performance of many terrestrial insects [START_REF] Bale | Insect cold hardiness: a matter of life and death[END_REF][START_REF] Sinclair | Insects at low temperatures: an ecological perspective[END_REF]. Cold is considered as a key component of overwintering stress in temperate, polar and alpine habitats, as the majority of insects die from the effects of cold [START_REF] Bale | Insect overwintering in a changing climate[END_REF]. However, depending on the environments in which species have evolved, temperature tolerance may differ. For instance, basal tolerance of cold is greater in the temperate and alpine species than in the tropical ones [START_REF] Chown | Physiological diversity in insects: ecological and evolutionary contexts[END_REF]. Species of tropical and Mediterranean origin usually have high mortality whenever insects experience temperatures close to or below their developmental threshold, i.e. between 10°C and 0°C (Hatherly et al., 2005). Hence, cold-susceptible species need to have a high level of thermal protection to overwinter in cool temperate climates.

The effects of cold on the survival of insects may also differ according to their trophic level.

Insect parasitoids, for instance, as they develop in or on hosts on which they are dependent to complete their development, are intrinsically dependent on the ecology and physiology of their hosts to survive. Several life-history traits in parasitoids are impacted by cold exposure. When exposed to decreasing temperatures, insects enter a temporary cold stupor zone, in which feeding and mating behaviours are strongly reduced, and may enter chill coma, in which movement stops [START_REF] Boivin | Assessing the establishment potential of inundative biological control agents[END_REF]. Cold can also affect behaviours linked to host location and learning in parasitoids [START_REF] Van Baaren | Effect of low temperature exposure on oviposition behaviour and patch exploitation strategy in parasitic wasps[END_REF], and negatively affect adult size, adult longevity, fecundity and sex allocation [START_REF] Hance | Impact of extreme temperatures on parasitoids in a climate change perspective[END_REF]. One adaptation of insects to extreme temperatures is diapause, which allows resistance to low temperatures by a series of physiological adaptations [START_REF] Bale | Insects and low temperatures: from molecular biology to distributions and abundance[END_REF]. In parasitoids, diapause often takes place in the host, but not always (see [START_REF] Hao | Effects of photoperiod on body size and hormone titres relating to diapause regulation in Cotesia vestalis (Hymenoptera: Braconidae)[END_REF][START_REF] Nealis | Diapause and the seasonal ecology of the introduced parasite, Cotesia (Apanteles) rubecula (Hymenoptera: Braconidae)[END_REF]. Hence, cold adaptation in parasitoids, although similar to those of other ectotherms, is often constrained by the responses of their hosts and its physiological conditions [START_REF] Hance | Impact of extreme temperatures on parasitoids in a climate change perspective[END_REF].

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4425605 P r e p r i n t n o t p e e r r e v i e w e d Insect parasitoids have been used as successful biological control agents of crop pests worldwide [START_REF] Brodeur | Trends in biological control: public interest, international networking and research direction[END_REF]. Understanding how cold impacts the third trophic level is of fundamental and applied importance, especially when using parasitoids in biological control programs. Parasitoids of the Cotesia flavipes species complex have been used worldwide as biological control agents of lepidopteran stemborers attacking important crops (Kfir et al., 2002;[START_REF] Parra | Applied biological control in Brazil: from laboratory assays to field application[END_REF][START_REF] Polaszek | The Cotesia flavipes species-complex: parasitoids of cereal stem borers in the tropics. 4th Eur. Workshop[END_REF]. Cotesia typhae Fernandez-Triana (Hymenoptera: Braconidae), belonging to C. flavipes complex, is native to eastern sub-saharan Africa, and is a gregarious koinobiont endoparasitoid specialised on larvae of Sesamia nonagrioides Lefèbvre (Lepidoptera: Noctuidae) (Kaiser et al., 2017(Kaiser et al., , 2015)). In different countries of its native range, the temperature varies between 9° and 38°C (NASA LaRC, 2019).

S. nonagrioides, of African origin, is an important maize pest in southern Europe, where it overwinters at late larval stages. At the beginning of spring, larvae resume activity and pupate [START_REF] Galichet | Hibernation d'une population de Sesamia nonagrioides Lef. (Lep., Noctuidae) en France méridionale[END_REF]. Due to the strict specificity of C. typhae for S. nonagrioides and its efficiency on European host populations (Kaiser et al., 2017), this parasitoid species is a promising biocontrol agent.

The use of exotic arthropods for the biological control of insect pests as intentional introductions may be associated with environmental risks. One of them is based on the fact that some of these released organisms under certain circumstances may become "invasive". To overcome these concerns, there has been a focus in Europe, over the last 20 years, on conceiving an environmental risk assessment process for exotic biocontrol agents, with the aim of ensuring environmental safety of released organisms [START_REF] Bale | Biological control and sustainable food production[END_REF][START_REF] Van Lenteren | Environmental risk assessment of exotic natural enemies used in inundative biological control[END_REF]. Within the generic template proposed for risk assessment [START_REF] Van Lenteren | Environmental risk assessment of exotic natural enemies used in inundative biological control[END_REF], the risk of establishment is considered to be one of the first assessments to be conducted for species that will be released in temperate and colder climates [START_REF] Bale | Insect overwintering in a changing climate[END_REF]. Other risks, such as the attack of non-target species and the dispersal capacity of the biocontrol agent, are also included in this risk assessment template. Therefore, our main question is whether C. typhae can survive during several months in overwintering larvae of S. nonagrioides, pupate before host pupation, and reproduce during its short adult life. Species within the Cotesia flavipes complex share the same biology and have a close ecological range, and they are all subtropical species [START_REF] Fujie | A new species and a key to world species of the flavipes species-group of the genus Cotesia Cameron, 1891 (Hymenoptera: Braconidae: Microgastrinae) from Japan[END_REF]Muirhead, 2010;[START_REF] Polaszek | The Cotesia flavipes species-complex: parasitoids of cereal stem borers in the tropics. 4th Eur. Workshop[END_REF]. C. typhae was formally considered as a population of Cotesia sesamiae, and both species are sympatric (Kaiser et al., 2015). Thus, thermal responses are expected to be close among these congener species, which help setting temperature range to This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4425605 P r e p r i n t n o t p e e r r e v i e w e d test the response of C. typhae to cold. Lower Lethal Temperatures (LLT) of C. sesamiae adults range from 0 to 5°C for a period of exposure of 4h, while LLT of C. flavipes adults vary between -9 and -1°C for the same period of exposure (Mutamiswa et al., 2018). Other developmental stages of C. flavipes are, however, less cold tolerant. For instance, C. flavipes show no development (egg to adult) at 10 and 15°C, and the threshold temperature among different strains of this species is between 9.6 and 11.1°C [START_REF] Smaniotto | Biology of Cotesia flavipes (Hymenoptera: Braconidae) strains at different temperatures[END_REF]. Cotesia chilonis, another species of the C. flavipes complex, is unable to develop (egg to adult) at 5 and 10°C [START_REF] Galichet | Hibernation d'Apanteles chilonis [Hym.: Braconidae] sous le climat méditerranéen[END_REF]. Based on the tropical origin of C. typhae and on the thermal tolerances of its congeners, we expect that the LLT of this species at any developmental stage ranges between 5 and 15°C.

Here, we investigate thermal thresholds of survival and development of the different stages of C. typhae, and adult activity. These thresholds depend on duration of exposure, therefore, egglarval and pupal stages have been exposed to different combinations of temperatures and duration to determine lower critical thermal limits. The influence of the host physiological stage (diapause) was also tested. Thus, we exposed C. typhae at temperatures ranging from 5 to 27°C, the highest being the lab-rearing condition taken as control. Given established critical thermal limits for all the developmental stages of the parasitoid, risk of winter survival is discussed relative to a map of France showing the percentages of winter presenting thermal conditions below these temperature thresholds. Determining the lower thermal limits of C. typhae is an important step to document the risk of establishment of this species in the introduced environment during winter conditions and its potential impact on non-target species in the long term. Knowledge on the thermal biology of this natural enemy will help as well to predict hostparasitoid population dynamics, and design more optimal pest management programs.

Material and methods

Biological material

Cotesia typhae has been reared in a containment laboratory at the Evolution, Génome, Comportement et Ecologie (EGCE, Gif-sur-Yvette) since 2015. The strain used in this study was initiated from individuals emerging from parasitized larvae collected in the field near Kobodo in Kenya (0.679S, 34.412E; West Kenya) in 2019. A strain of the host, S. nonagrioides, is also reared in the laboratory since 2011 and enriched yearly, by overwintering larvae collected in maize residues in southwest France (Gironde, Haute Garonne, Landes, Pyrénées Atlantiques, and Tarn et Garonne).
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Rearing conditions and methods

Parasitoid: After being parasitized by C. typhae, host larvae are placed in Petri dishes with artificial diet adapted from [START_REF] Overholt | Ecological considerations of the introduction of Cotesia flavipes Cameron (Hymenoptera: Braconidae) for biological control of Chilo partellus (Swinhoe) (Lepidoptera: Pyralidae) in Africa[END_REF] and kept at 27°C, 60-70% RH and 16:8 lightdark (LD) cycle in rearing incubators. Endoparasitic egg-larval development lasts for 12 days and ends by the emergence of the 3 rd larval instars from the host larva to pupate in silk cocoons.

One day before expected emergence, host larvae are retrieved from the artificial diet and placed in folded toilet paper to provide a dry environment for the formation of parasitoid cocoons.

Cocoon masses are then collected and placed in a 15L bucket with access holes closed by foam plugs (cage) at 27 °C and 12:12 LD cycle until adult emergence (5 or 6 days). Honey droplets are deposited on the cage walls, and a paper ball soaked with water is placed in the center of the cage, to provide sugar and water for the emerging adults. At 27°C, the full life cycle of C. typhae takes 19 days. The temperature is then lowered to 24 or 21°C to lengthen adult parasitoid life expectancy, depending on the parasitism day. Forty-eight hours before parasitism, 3-weekold host larvae are placed in a container with fresh maize stems to produce faeces, which attract female wasps and stimulate egg laying. Then in a containment room at 24 °C, a host is presented to a female wasp until the ovipositor insertion is observed. At each generation, thirty host larvae are individually parasitized to obtain about 20-25 cocoon masses.

Host: Eggs of S. nonagrioides are collected and placed at 21°C during 9 days. They are, then, gently washed in a chlorine-based disinfectant (Daquin®), rinsed with distilled water, wiped and transferred into a baby bottle filled with artificial diet. Bottles are placed in a rearing incubator at 26°C with 60-70 % RH and 16:8 LD cycle, until pupae formation to get adults for the rearing (5 weeks later), or until the formation of five-instar larvae (3-weeks old) for parasitism.

General experimental conditions

Diapause induction of S. nonagrioides was done by setting the photoperiod to a short daylight cycle of 10:14 LD from the egg stage to mimic fall and winter under French latitudes. At these conditions, the theoretical beginning of the developmental arrest correspond to 4-weeks.

Therefore, for the different experiments some parasitized larvae were 4-6 weeks old (no or short developmental arrest), or 3-4 months old (2-3 months of developmental arrest). Such short daylength without temperature decrease induces developmental arrest in about 50-60% of the This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4425605 P r e p r i n t n o t p e e r r e v i e w e d larvae when they reach their last stage. It is not a true diapause because they continue feeding, but they do not undergo pupal moult. Although for simplification we will use the term diapause here.

To assess the effect of low temperatures on the probability of establishment of C. typhae in France, the following range of temperatures was chosen: 5, 10, 15, 20 and 27°C (rearing temperature used as control), unless stated otherwise. Temperatures were chosen based on winter temperatures in mid-southwest France, where S. nonagrioides causes most corn damage.

The tests were conducted using 5L incubators kept in an air-conditioned room. Photoperiod was set to 10:14 LD thanks to LED lighting, and temperature was continuously monitored with data accessible directly on a server [START_REF] Rebaudo | Low-cost automatic temperature monitoring system with alerts for laboratory rearing units[END_REF]. Parasitoids were exposed to the tested temperatures either during their egg-larval development inside the host-larva, or during their pupal development inside their silk cocoon, or at their adult stage.

Exposure of parasitized host larvae to cool temperatures

The effect of temperatures on C. typhae egg-larval development was assessed by exposing parasitized host-larvae for two different durations: 14 days, which is close to the mean egglarval development duration at the rearing temperature (27°C), or 50 days, to approach winter conditions. At the end of these exposures the parasitized larvae were placed back at 27°C. For all the experiments unless stated otherwise, host-larvae were surveyed until one of the following outcomes was observed: parasitoid larvae emergence from the host body and cocoon formation, host pupation or host death. One day after cocoon formation, the cocoon masses were placed in a tube closed with a foam plug until adult emergence, if any. The emerged adults with their cocoon masses were then kept at -20°C until counting progeny size and dead cocoons.

Effect of duration and temperature exposure on parasitoid egg-larval development

Four-week-old host larvae were parasitized and placed by 3 or 4 per Petri dish with artificial diet at each temperature: 5, 10, 15, 20 and 27 °C, a few hours after parasitism to let the hosts bury into the artificial diet, and were then transferred to 27 °C after 14 or 50 days. Twenty-two larvae were set per temperature and duration. Twelve non-parasitized larvae (of the same age) were placed under each temperature for 50 days and then transferred to 27 °C, to assess host mortality due to low temperature without parasitism. The artificial diet was changed if dried or contaminated by fungi.

Since parasitoid and host mortality was high when exposed at 5 or 10°C for 14 days, possibly because host larvae were not totally in diapause at time of cold exposure, the experiment was This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4425605 P r e p r i n t n o t p e e r r e v i e w e d repeated using diapausing host larvae (3-month-old). Three groups of 21 parasitized and 7 nonparasitized hosts were placed respectively at 5, 10 and 27°C during 14 days, and transferred to 27°C afterwards. The effect of temperature and exposure duration on developmental outcomes of hosts were analysed, as well as the duration of parasitoid larval development according to temperature and duration.

Lethal duration of exposure at 10 °C

The first experiment showed that there was no or rare parasitoid larvae emerging from the host when this one was exposed at 10 °C for 14 days and then placed at 27°C. To determine the lethal duration of exposure at 10°C, groups of 27 parasitized and 6 non-parasitized hosts were then exposed for 2, 5, 8, 11 or 14 days at 10 °C and then transferred to 27 °C. The host larvae used in this experiment were 6-weeks old (in diapause). After transfer to 27°C for cocoon formation, the number of cocoons per masse and pupal mortality were counted, as well as the number of adults emerged and the sex ratio. At temperatures lower than 27°C, it was not possible to know when parasitoid larvae would emerge, so host larvae were left in the artificial diet, instead of being placed in toilet paper for cocoon formation (rearing procedure), until the outcomes described above. Some cocoon masses were, therefore, formed inside the artificial diet, which is detrimental to cocoon formation due to humidity, resulting in the mortality of C. typhae larvae that were unable to spin their cocoons. From these masses, only the occurrence of larvae emergence was used for analysis, but not the number of cocoons within each mass.

Egg-larval developmental temperature threshold

Dissection of some hosts exposed at each temperature for 14 days suggested that the threshold for larval development was between 15 and 20°C. To determine this threshold 16 parasitized and 7 non-parasitized host larvae were exposed at 15, 17 or 19°C for 14 days, frozen and then dissected. The host larvae used were 4-months old (in diapause). Dissections were done in a glass petri dishes over ice, to maintain the host frozen, which facilitates the cuticle and digestive tract removing. The host-larva extremities were then cut with curved scissors, and the cuticle was cut in the dorso ventral axis and removed with a fine tweezer. The digestive tract was also removed, as well as the host fat, if parasitoid larvae were clearly visible. If larvae were not visible, a binocular magnifier was used to observe C. typhae larvae and eggs (egg length is approximately 100 µm). A picture was then taken using a camera fixed to the binocular to measure larval size. For each dissection, pictures of a few larvae were used as reference size.

The size of parasitoid larvae were then determined using the reference size and drawing the This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4425605 P r e p r i n t n o t p e e r r e v i e w e d measurement along the larval body with ImageJ software. The parasitoid larval size inside host larvae exposed to the different temperatures was then analysed.

Exposure of the parasitoid pupal stage to cool temperatures

Effect on pupal mortality and developmental duration

One-day-old cocoons were exposed at 5, 10, 15, 20 or 27 °C for 7 days (pupal duration lasts 7 days at 27°C) and photoperiod of 10:14 LD, and then transferred (or maintained at) to 27°C until adult emergence. Prior to the exposure, the cocoon masses were split in two, to place the half-masses at different temperatures and limit possible impact of inter-individual variability of developmental time on the results. Cocoons were placed in tubes closed with foam plugs. Eight or nine half-masses were exposed per temperature. Occurrence and date of adult emergence were noted. Absence of emergence, 14 days after transfer to 27°C, was noted as cocoon death.

Pupal mortality and pupal development time at the different exposure temperatures were then analysed.

Effect on female fecundity

Ten females from different cocoon masses exposed to different temperatures were dissected to count the number of eggs produced in their ovaries. The dissections were realised on a microscope slide with two droplets of physiological solution and using fine tweezers. Firstly, a female was placed in a droplet and the reproductive system was removed by pulling the ovipositor while maintaining the female by its first abdominal segment. If unsuccessful, the cuticle had to be removed with tweezers. The reproductive tract is then placed in a new droplet of physiological solution. The ovaries are then separated from the rest of the reproductive tract, and they are opened with a thin entomological pin (0,1 mm diameter). A droplet of diluted methylene blue is then added to colour the eggs and facilitate egg counting. The preparation is photographed and eggs counted using ImageJ software. The number of eggs in the ovaries of C. typhae females was then analysed in function of temperature exposure.

Exposure of adult parasitoids to cool temperatures

Effect on survival

Newly emerged males and females were isolated in tubes with honey droplets on the wall and a cotton wool soaked with water at the bottom. Tubes were closed with foam plugs and placed in incubators at a given constant temperature: 5, 10, 15, 20 or 27°C. Twenty adults of each sex were placed per temperature. To check adult survival, tubes were observed daily at room This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4425605 P r e p r i n t n o t p e e r r e v i e w e d temperature (21°C). All tubes were taken from the incubators at the same time, and those coming from 5 and 10°C were checked at the end, i.e. after about 15 min spent at 21°C, to differentiate between alive and dead individuals.

Effect on locomotor activity

An actimeter (TriKinetics, Waltham, MA, USA) was used to monitor the activity of C. typhae adults. The actimeter is a system consisting of a vertical plate containing 32 holes (cells) each crossed by infrared beams, called a monitor, in which tubes (8 cm length and 7 mm inner diameter) with insects can be inserted perpendicularly to the plate. When an insect move along the tube, it passes across the monitor and cuts the infrared beam. The actimeter detects the number of times the infrared beam is cut off and the insect activity can be inferred by the number of movements along the actimeter tube. Each detection is transmitted computationally by the DAMSystem collection® software (TriKinetics, Waltham, MA, USA). The number of detections per minute in each cell is automatically recorded on a txt file. Before the beginning of the experiment, each insect tube inserted in a monitor was closed by two Q-tip heads, one of which is soaked with water. A drop of honey is placed on the tube wall at the opposite side of the wet Q-tip head. Two females or two males aged (1-3 days old) were introduced per tube, and twelve tubes of each sex were inserted in a monitor (24 cells in total). Each monitor was placed in an incubator at constant temperatures: 10, 12.5, 15, 20 or 27°C for 6 hours. Since some adult activity was still observed at 10°C, a second experiment was performed, where monitors were placed respectively at 5, 7.5, 10 or 27°C. The number of movements of C. typhae adults exposed to the different temperatures was then analysed.

Effect on female egg-laying activity

To test if C. typhae females were able to lay eggs at low temperatures, two S. nonagrioides larvae (3-weeks old) were exposed to a group of eight C. typhae females (1-2 days old) in a Petri dish that was placed either at 5, 7.5, 10, 12.5 or 15°C. Five replicates were set up per temperature. To ensure that both hosts and parasitoids were at the exposure temperature before female parasitoids could access the host larvae, they were placed separately in a Petri dish at the given temperature for 1 hour. The host larvae were then transferred quickly into the Petri dish of the female parasitoids. The exposed larvae were collected 2h later, and kept at -80°C before detection of C. typhae parasitism by PCR. As females of braconid parasitoids inject symbiotic viral particles (bracovirus) in the host hemolymph during oviposition, we can use these virulence gene markers to verify if a given host is parasitized. The host's DNA was then extracted from the hemolymph with the NucleoSpin Tissue kit (Macherey-Nagel TM ) following

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4425605 P r e p r i n t n o t p e e r r e v i e w e d the manufacturer's protocol. PCR amplifications were performed for the virulence marker CrV1 using the specific forward (5'-AGAACCGATTTGCTCCCGTT-3') and reverse primers (5'-ACTGCTTTCTAGGTGCTTCAGA-3') designed in our lab. The PCR program was 95 C for 5min, 40 cycles of 95 C for 1min, 50 C for 1min, 72 C for 1min, followed by 72 C for 5 min.

Successful PCR amplifications were confirmed by 2% (w/v) agarose gel electrophoresis. The presence of marker bands in the gel indicates an oviposition by C. typhae females.

Percentage of winters with cold temperatures in France

From the results obtained, we considered that winters were harmful for the development of C. typhae when they presented at least 14 consecutive days with an average daily temperature lower than 10°C. The percentage of these winters in France was estimated using temperature meteorological data from (Météo France SYNOP, 2023) for the 42 meteorological stations located in metropolitan France at a resolution of 3 hours from 2000 to 2020. These probabilities were represented in a map together with the known distribution of S. nonagrioides inferred by damages on maize fields in France [START_REF] Thibord | Evaluation of crop losses due to pests on maize production in France. AFPP -11e Conférence Int[END_REF]. These estimations were realised using R Software version 4.2.2 (R Core Team, 2022).

Statistical analyses

On developmental outcomes of hosts and proportion of successfully parasitized hosts, Chisquared tests and Fisher exact tests were used for all comparisons, with P-values adjusted for multiple comparisons. Quantitative variables were analysed using Kruskal-Wallis followed by pairwise Wilcoxon tests and P-values adjusted with Benjamini-Hochberg or Bonferroni corrections. Adult longevity fulfilled the conditions (residuals homoscedasticity and normality) for running two-way ANOVA (temperature and sex factors) and Tukey HSD tests were used for pairwise comparisons. The significance threshold was set at 0.05 for adjusted p-value. All statistical analyses were performed in R Software version 4.2.2 (R Core Team, 2022) using base and car packages. Plots were realised using ggplot2 [START_REF] Wickham | ggplot2: Elegant Graphics for Data Analysis[END_REF], ggpubr (Kassambara, 2023) and scales [START_REF] Wickham | scales: Scale Functions for Visualization[END_REF] packages and tables were generated with the table1 package [START_REF] Rich | table1: Tables of Descriptive Statistics in HTML[END_REF].

Results

Exposure of parasitized host larvae to cool temperatures
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Effect of duration and temperature exposure on parasitoid egg-larval development

The effect of temperature was highly significant on the developmental outcomes of host larvae exposed for 14 days (P<0.001; Table 1A). After the transfer of parasitized larvae at 27°C, no cocoons were formed from parasitized host larvae exposed at 5°C (Figure 1). At 10°C, complete egg-larval parasitoid development could occur after transfer, as seen from host-larva bodies bearing traces of parasitic larval emergence, but cocoon formation was observed only once (4.5%). The other temperatures allowed complete egg-larval development (after the transfer) with about 50, 60 and 70% of parasitized larvae allowing cocoon formation at 15, 20 and 27°C respectively (Figure 1). Thus, 14 days' exposure at 5°C killed the internal egg-larval parasitoid but not the host, since 75% of parasitized host larvae developed into pupae.

Given winter length under temperate latitude, we also exposed parasitized larvae for 50 days at the same temperature range. Non-parasitized larvae were exposed similarly as a control group because we expected host mortality during long exposure at low temperature. The effect of temperature was highly significant on the developmental outcomes of host larvae, parasitized (P<0.001; Table 1A) or not parasitized (P=0.001; Table 1A). At 5 and 10°C there was no sign of parasitoid development, without larvae emergence from the host, after the transfer at 27°C (Figure 1). At 5°C this could be partially explained by host mortality, which was significantly higher in parasitized larvae compared to non-parasitized ones (P=0.01, Table 1B). But this was not the case at 10°C where host larvae were able to complete their development until the pupal stage (after the transfer), being parasitized or not (Table 1B). Thus, 50 days of exposure at 5°C killed both host and parasitoid, and host mortality was increased by parasitism, whereas such long exposure at 10°C killed only the endoparasitic larvae, but not the host.

Comparing the outcome of parasitism between 14 and 50 days' exposure for each temperature confirmed a significantly higher host mortality during long exposure at 5°C (P<0.001; Table 1B) and 10°C (P<0.016; Table 1B), and showed that the probability of cocoon formation after exposure to 15° and 20°C were not significantly different between exposure durations (Table 1B).

S. nonagrioides spend winter as diapausing larvae, which may influence survival of the endoparasitoid at low temperature. Using 3-month-old larvae (in diapause), we tested the effect of the two temperatures critical for the egg-larval parasitoid development. Thus, we observed the developmental outcome of parasitized and non-parasitized host larvae after a 14-day exposure to 5° and 10°C followed by the transfer at 27°C, and using 14 days' exposure at 27°C as control (Figure 2). As expected, there was a drastic difference in the developmental outcome This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4425605 P r e p r i n t n o t p e e r r e v i e w e d of parasitized host larvae between the control and the cool temperatures (5°C: P=0.003; and 10°C: P<0.001), but cold exposure had no effect on the mortality of non-parasitized hosts (Figure 2). There was no significant difference in the developmental outcome of parasitized hosts between 5 and 10°C (Figure 2). No parasitoid cocoons were found after the 10°C exposure, and only one host presented signs of emerged parasitoid larvae after being transferred at 27°C (Figure 2). However, after the 5°C treatment, 3 hosts allowed egg-larval development, one of them presented only signs of emerged larvae, but the other two allowed forming two small cocoon masses, with 14 and 49 individuals respectively (in rearing progeny size is on average 70, [START_REF] Benoist | Role of egg-laying behavior, virulence and local adaptation in a parasitoid's chances of reproducing in a new host[END_REF]. Among the 49 adults of C. typhae that emerged from one host larva exposed at 5°C, we let four females oviposit, and only one was able to produce progeny. Comparison of the outcome of host larvae parasitized at 4-weeks versus 3-months old pointed out that host larvae in diapause confer little protection of the egg-larval stage of C. typhae when they are exposed to cold (P=0.025), but using these hosts showed that egg-larval survival was not impossible even after an exposure to 5°C (Figure 2). This comparison also revealed that parasitized host larvae exposed to cold (5 and 10°C) suffered more mortality when they were older (>50%, Figure 2) and diapausing at the time of parasitism than when they were younger (>25%, Figure 1) (P=0.007).

Lethal duration of exposure at 10°C

The preceding results showed that over a total of 38 parasitized host larvae exposed at 10°C for 14 days, regardless of their age and state, only one allowed formation of cocoons, and few (5) were formed (Figure 1 and 2). These results indicated that parasitoids had died in the host during their egg-larval development. The next objective was to determine, therefore, the lethal duration of 10°C exposure.

The proportion of 6-week-old hosts successfully parasitized (meaning with formation of cocoons) was significantly decreased when exposed at 10°C for 11 or 14 days (P<0.001), but exposures lower than 11 days had no effect on the probability of cocoon formation (Table 2).

Among 13 parasitized hosts exposed at 10°C for 14 days only one produced cocoons (Table 2), confirming high egg-larval mortality at this exposure duration. This only mass of cocoons was not statistically compared to the others. On average the masses formed after 11 days of exposure were 4 to 5 times smaller (P<0.001; Table 2) and the pupal mortality was higher than those exposed for less days (P<0.001; Table 2). There was also a female-biased sex-ratio of emerging adults when host larvae had been exposed for 11 or 14 days in comparison with other exposure durations (P<0.001; Table 2).
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Egg-larval developmental duration and threshold

The duration of egg-larval development was recorded as the time elapsed between C. typhae oviposition into the host larvae and the egression of C. typhae mature larvae from the host body. This analysis was done using the 4-week-old larvae exposed at different temperatures for 14 and 50 days. For each exposure condition, egg-larval developmental duration was significantly higher than in the control condition at 27°C (P<0.001; Table 3). This duration was longer when exposure temperature decreased (Table 3). When parasitized host larvae were kept at 10 and 15°C, parasitoid egression from the host body and pupal moult occurred only after host larvae had been transferred to 27°C and continued their development. When parasitized host larvae were exposed at 10°C for 14 days, the parasitoid egg-larval development lasted for 28 days (Table 3). Since at 27°C it lasts for about 14 days, this means that egg-larval development of C. typhae is blocked at 10°C. When host larvae were exposed at 15°C for 14 and 50 days, the duration of egg-larval development was equal to 25 and 56 days respectively, meaning that the development started slowly at this temperature, because otherwise, it would have lasted for 28 and 64 days respectively (Table 3). At 20°C, full egg-larval development lasted for 25 days without being transferred at 27°C, meaning that 20°C permits pupal moult of C. typhae.

These results indicated that the thermal threshold of parasitic egg-larval development was close to 15°C. To better characterise this threshold and developmental rate in function of temperature, dissections of parasitized host larvae were done after 14 days of exposure at 15, 17 and 19°C.

These dissections showed that at 15°C parasitoids were still in the egg stage in some hosts, while in the first larval stage in others (Figure 3A and4). However, very few eggs were observed because their small size make them difficult to distinguish from other dissection debris. At 17°C, no parasitoid eggs were observed, only larvae slightly more developed (in first or second stage; Figure 3B) than at 15°C. At 19°C, only second and third (last) stage larvae were observed (Figure 3C). Measurements of parasitic larvae at different temperature exposures confirmed that their size increased with temperatures after 14 days' exposure (Figure 4, KW = 99.201, P<0.001).

Exposure of the parasitoid pupal stage to cool temperatures

Effect on pupal mortality

Pupal cocoons of the parasitoid were exposed to temperatures ranging between 5° and 27°C for 7 days, and then transferred to 27°C. Absence of adult emergence 14 days after the transfer indicated pupal death since pupal development lasts for 7.3±0.7 days at 27°C (Kaiser et al., This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4425605 P r e p r i n t n o t p e e r r e v i e w e d 2017). The pupal mortality was significantly different between the exposure temperatures (KW=32.53, df=4, P<0.001). After cocoon exposure at 5 or 10°C, mean mortality was about 90%, and it decreased to about 50% at 15°C, and to about 10% at 20 and 27°C (Figure 5). Thus, as for the egg-larval stage, temperatures lower than 15°C are highly lethal for C. typhae pupae.

Effect on pupal developmental duration

Duration of pupal development increased significantly when lowering exposure temperatures (KW=38.029, df=4, P<0.001). However, at low temperatures (5 and 10°C), developmental duration measured after the transfer to 27°C was equivalent to the development time of control pupae always kept at 27°C, around 7 days (Figure 6). This result indicates that pupal development was arrested at 5° and 10°C and only started after the transfer at 27°C. At 15 and 20°C, pupal development took longer than control nymphs, but it was completed faster after being transferred (Figure 6). Therefore, only few parasitoid adults are able to develop when exposed at 5 and 10°C at the pupal stage and it only happens after being transferred to temperature above 10°C. The threshold for pupal development was thus comprised between 10 and 15°C, like the threshold for egg-larval development.

Effect of female fecundity

The number of eggs in the ovaries of C. typhae females was significantly lower after pupal exposure at 10 and 15°C than after exposure at 5, 20 and 27°C (P<0.001; Table 4). The amount of eggs was reduced by 21 and 25% at 10 and 15°C respectively, compared to the highest value observed at 20°C. Relatively high fecundity observed after pupal exposure at 5°C may result from the fact that the females that emerged from the only surviving cocoon mass at this temperature had the highest fitness, but then the same phenomena should have been observed at 10°C since only 14% individuals reached adulthood at this temperature. A trade-off between fecundity and survival is often observe in insects [START_REF] Flatt | Mechanisms of life history evolution: the genetics and physiology of life history traits and trade-offs[END_REF], thus small sample size due to high mortality may prevent reliable estimation of fecundity of surviving females.

Exposure of adult parasitoids to cool temperatures

Effect on survival

Adults were kept individually at the same range of temperatures used for pre-imaginal stages.

Mean longevity varied significantly between 5 and 12 days depending on both temperature and sex (P<0.001; Table 5). For both sexes, minimal longevity was observed at 27°C (Figure 7).

Males seemed to benefit the most from temperatures between 10 and 15°C, with a mean longevity above 10 days. Above and below these temperatures, their longevity diminished This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4425605 P r e p r i n t n o t p e e r r e v i e w e d greatly. Females, on the other hand, appeared to be more tolerant to lower temperatures, showing no significant differences in longevity between 5, 10, 15, and 20 °C (Figure 7).

Effect on locomotor activity

C. typhae activity (number of movements of 2 females or 2 males in glass tubes) increased with the temperature (KW=126; P<0.001). We noticed a drastic collapse in activity between individuals exposed to the control temperature (27°C) and the tested temperatures (Figure 8). Thus, at 5°C the median activity was null and at 7.5, 10, 12.5, 15°C was equal to 14, 40, 13, 86 movements respectively, which were all significantly lower than the median number of movements observed at 20°C (498 movements) and 27°C (1232 movements). Males were significantly less active than females at 7.5°C (P=0.031), 10°C (P=0.016), 20°C (P<0.001), and 27°C (P<0.001).

Effect on female egg-laying activity

PCR diagnosis of C. typhae parasitism in host larvae revealed that even at temperatures severely undermining locomotor activity (7.5, 10, 12.5 and 15°C), females of C. typhae were still capable of laying their eggs in a host. The only temperature in which we did not observe any trace of oviposition was 5°C (Figure 9).

Percentage of winters with cold temperatures in France

The analysis of meteorological data since the last twenty years in France, shows that 80 to 100% (97% ± 1% on average) of the winters have temperatures equal or inferior to 10°C during 14 consecutive days in the regions where S. nonagrioides is present (Figure 10). This result means that very few winters (3%) would be on average permissive to allow C. typhae development under cold temperatures, but it depends on the region. In more littoral regions in the west and southwest of France, as in Charente Maritime, Gironde and Landes, some milder winters might allow C. typhae development.

Discussion

The aim of this paper was to investigate the cold-susceptibility of the tropical species C. typhae in the perspective of estimating its chances to survive winter and to establish if it is introduced in France as a biocontrol agent against the corn stemborer S. nonagrioides. This is why we focused on testing susceptibility to cold temperatures for prolonged periods occurring during This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4425605
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French winters, rather than investigating freeze susceptibility, that had been documented on sympatric sister species, C. sesamiae and C. flavipes, which appeared to be clearly freezesusceptible (Mutamiswa et al., 2018). The experiments conducted on C. typhae in the present study revealed that this species was highly susceptible to cold, because high mortality occurred at all developmental stages when insects were exposed at temperature below 15°C. Thresholds of egg-larval and pupal development were close to 15°C, and a drastic decrease of adult locomotor activity was also observed from this temperature and below.

Cold susceptibility is directly linked to geographic distribution of species. Tropical and Mediterranean species usually experience high mortality when exposed to temperatures below their developmental threshold, between 10°C and 0°C (Hatherly et al., 2005). Our results confirm this finding and suggest a strong adaptation of C. typhae to the temperature in its native range, ranging from 9 to 38°C (Kenya, Ethiopia and Tanzania), and varying more locally between 15 and 32°C with a mean temperature of 22°C (West Kenya, Kobodo;(NASA LaRC, 2019). Data obtained for C. typhae are consistent with the cold-susceptibility reported for its sympatric sister species. [START_REF] Smaniotto | Biology of Cotesia flavipes (Hymenoptera: Braconidae) strains at different temperatures[END_REF] found egg-larval development of C. flavipes at 18°C but not at 15 or 10°C. They did not expose the pupal stage to these non-permissive temperatures. [START_REF] Galichet | Hibernation d'Apanteles chilonis [Hym.: Braconidae] sous le climat méditerranéen[END_REF] reported 100% of C. chilonis egg-mortality when parasitized host larvae (Chilo suppressalis) were exposed at 5 and 10°C. There was, however, a variation in cold-susceptibility of the different stages of C. chilonis. The first and second larval stages were more resistant to cold, showing 66% of mortality at 2, 5 and 10°C, when parasitized host larvae were exposed to these temperatures after parasitoid embryonic development.

Nevertheless, the last parasitoid larval stage was as susceptible as the eggs to 10°C. Complete In C. flavipes and C. chilonis, adults were tested for their chill resistance, but not their longevity at cold temperatures above zero. In C. typhae, there was no significant adult longevity difference between 10, 15 and 20°C. Shorter longevity observed at 27°C was probably related to high locomotor activity of the insects, which decreased rapidly with the temperature, and was already fourteen times lower at 15°C. At 5°C, adults looked in a chill coma state, they laid motionless looking dead, with disorganised legs and wings, and 10-15 min at room temperature were necessary to observe movements upon stimulation with the tweezers. Inability to move This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4425605 P r e p r i n t n o t p e e r r e v i e w e d in cold temperature can be explained by cell membrane depolarization disturbing the transmission of the neuronal influx [START_REF] Overgaard | The integrative physiology of insect chill tolerance[END_REF]. Males were more susceptible to cold than females since their longevity was significantly reduced at 5°C, and they were less active than females at 7.5° and 10°C. We also observed that fewer males of C. typhae were formed when host larvae were exposed to lethal conditions (10°C during 11 and 14 days).

In addition, Bressac et al., (submitted for publication) showed that C. typhae spermatogenesis was drastically reduced when male pupae were exposed at 10, 5 or 0°C. This is a general pattern in parasitoids, especially in arrhenotokous hymenopteran species. Interferences in their normal reproductive process are known to occur, when immatures or adults are exposed to low temperatures. Sex ratios, for instance, are often affected, because at low temperatures males are sterile and the activity of either sex is reduced, preventing mating, which results in a male-based progeny [START_REF] Denlinger | Physiology of cold sensitivity[END_REF]King, 1987). This has been confirmed for C. typhae (Bressac et al., submitted for publication). The fact that there were more females emerging from larval hosts exposed at 10°C after 11 days of exposure, shows that C. typhae males are already less cold resistant at an immature stage.

Regarding the impact of pupal exposure, female C. typhae were also more resistant than males, because they showed a decreased fecundity but to a lesser extent, producing about 20% less eggs at 10 and 15°C, whereas males from pupae exposed at 10°C produced 80% less spermatozoa (Bressac et al., submitted for publication). The fact that some host larvae were parasitized at 7.5 and 10°C remains surprising. However, although at these temperatures female parasitoids have a drastic decrease in activity, they remain as active as at 15°C, which also allows host parasitism. Yet, it is possible that opening the incubator to place host larvae in the Petri dish containing C. typhae females may have caused a transient rise of temperature sufficient to allow the female parasitoids to oviposit. The rise of temperature was however too short for females kept at 5°C for which chill-coma was induced.

We wondered if survival of C. typhae consecutive to cold exposure could have been higher if the protocols had included a progressive exposure to cold, because cold acclimation can increase cold tolerance of chill-susceptible insects (i.e. [START_REF] Gerber | Cold acclimation preserves hindgut reabsorption capacity at low temperature in a chill-susceptible insect, Locusta migratoria[END_REF], although it has been little investigated in tropical species [START_REF] Chowanski | Cold induced changes in lipid, protein and carbohydrate levels in the tropical insect Gromphadorhina coquereliana[END_REF]. In the experiments of [START_REF] Galichet | Hibernation d'Apanteles chilonis [Hym.: Braconidae] sous le climat méditerranéen[END_REF] with C. chilonis during three winters in outdoor conditions, the timing of exposure of parasitized host larvae allowed for parasitoid acclimation to winter temperatures, but the probability to observe adult parasitoids in spring was quite low, varying from 0 to 10% [START_REF] Galichet | Hibernation d'Apanteles chilonis [Hym.: Braconidae] sous le climat méditerranéen[END_REF]. Such findings suggest that cold acclimation did not increase cold hardiness of This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4425605 P r e p r i n t n o t p e e r r e v i e w e d C. chilonis, and this may well apply to its sympatric sister species C. typhae. Another factor that might favour winter survival in Cotesia typhae and establishment of this species in France would be diapause. In the Cotesia genus, ability to diapause has been shown for three species experiencing winter, C. rubecula [START_REF] Nealis | Diapause and the seasonal ecology of the introduced parasite, Cotesia (Apanteles) rubecula (Hymenoptera: Braconidae)[END_REF], C. melanoscella [START_REF] Nealis | The diapause response to photoperiod in Ontario populations of Cotesia melanoscela (ratzeburg) (Hymenoptera: Braconidae)[END_REF]C. vestalis (Alvi andMomoi, 1994;[START_REF] Hao | Effects of photoperiod on body size and hormone titres relating to diapause regulation in Cotesia vestalis (Hymenoptera: Braconidae)[END_REF]. Such diapause is induced by day-length decrease perceived at the parasitoid larval stage and it takes place in the prepupal stage, inside the silk cocoon. In our experimental conditions, egg-larval development of C. typhae was not submitted to day-length decrease, but this was the case in the outdoor experiments with C. chilonis, and the few prepupae formed in spring did not diapause and experienced severe mortality [START_REF] Galichet | Hibernation d'Apanteles chilonis [Hym.: Braconidae] sous le climat méditerranéen[END_REF]. Pre-pupae diapause has not been reported in any of the species of the flavipes complex, although some of their hosts diapause during off-crop season [START_REF] Sokame | Carry-over niches for lepidopteran maize stemborers and associated parasitoids during non-cropping season[END_REF] or during austral winter in altitude [START_REF] Chinwada | Geographic differences in host acceptance and suitability of two Cotesia sesamiae populations in Zimbabwe[END_REF], and Cotesia infestation resumes in the next generation, which may suggest possible parasitoid diapause. There are therefore no elements in favour of diapause ability in C. typhae, which host S. nonagrioides is available all year long in the parasitoid's native habitat.

We cannot rule out, however, the possibility that rare C. typhae individuals could survive winter. Our data revealed inter-individual variability of cold tolerance, few individuals were able to survive exposures at 5 and 10°C at the egg-larval and the pupal stage. If some of these individuals were able to reproduce, would it lead to a slow establishment of C. typhae in France, possibly associated in the long term to natural selection of more cold tolerant individual genotypes, and possibly facilitated by global warming? Genetic variation of cold resistance traits was found within a beetle species, which establish populations that successfully survive cold climates during winter months [START_REF] Zhao | Heritability and evolutionary potential drive cold hardiness in the overwintering Ophraella communa beetles[END_REF]. Significant differences in allele frequencies of genes associated to climate adaptation were also found between populations of the mosquito Aedes aegypti (Kramer et al., 2023), showing adaptation of a tropical species to cooler climates.

Nevertheless, based on the results obtained in this study the probability that C. typhae establish surviving winter populations seems to be quite low under current climate conditions. We considered that French winters were harmful for the development of C. typhae when they presented at least 14 consecutive days with an average daily temperature lower than 10°C.

When matching the distribution of S. nonagrioides in France, regions where C. typhae could be introduced as a biological control agent, we see that in most regions 100% of the winters fulfil this condition. However, littoral regions in the west can have milder winters (10-20% in the last This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4425605 P r e p r i n t n o t p e e r r e v i e w e d C. typhae development and establishment at short term. Nonetheless, we should consider that these estimated percentages of harmful winters represent average daily temperatures and temperatures in these periods can be much lower, even in cases where 14 consecutive days are not observed. Future studies using a modelling approach on life history traits of C. typhae in function of temperatures and climatological data during winters will help predict the survival capacity of C. typhae per region and determine its probability of establishment in the French environment.

In addition, several barriers based on the C. typhae life cycle support its high susceptibility to cold temperatures. First, C. typhae is a pro-ovigenic short-lived species, females can lay all their eggs in 2-3 host larvae, beginning the day after their emergence [START_REF] Benoist | Role of egg-laying behavior, virulence and local adaptation in a parasitoid's chances of reproducing in a new host[END_REF].

Thus, the adult stage is clearly not the one that could pass winter. Second, contrary to what we expected, there was an increased mortality of diapausing larvae of S. nonagrioides when parasitized by C. typhae, even if non-parasitized diapausing larvae were more resistant to cold (5 and 10°C) than younger larvae. Generally, in insects, diapause enhances cold stress tolerance by the initiation of a suite of stress response mechanisms that facilitate overwintering survival [START_REF] Bale | Insect overwintering in a changing climate[END_REF][START_REF] Denlinger | Regulation of diapause[END_REF]. However, S. nonagrioides in diapause did not protect C. typhae immature stages. This indicates that host larvae parasitized late in the season at the beginning of diapause will have smaller survival capacity, reducing the overwintering population of S. nonagrioides. Third, the mortality rate of C. typhae immature stages measured under laboratory conditions at cold temperatures might be underestimated. In our protocol, cold-exposed parasitized host larvae and parasitoid cocoons were transferred to control temperature (27°C) to measure parasitoid survival. However, this wide change of temperature does not occur under natural conditions during winter, so it is very likely that at normal winter temperatures in France the mortality of C. typhae will be higher due to repeated exposure to cold temperatures without permissive temperature in between. Fourth, the last larval stage of C. typhae that could emerge from diapausing hosts in early spring are likely to experience a high mortality before completing pupal development. This high pupal mortality in the beginning of spring was shown in the sister species C. chilonis. At this moment, the temperatures in France were not sufficiently high to complete the pupal stage [START_REF] Galichet | Hibernation d'Apanteles chilonis [Hym.: Braconidae] sous le climat méditerranéen[END_REF].

Fifth, parasitoid adults that could possibly emerge after cold exposure during immature stages are prone to have abnormalities, such as problems in tissue differentiation, altered hormonal milieu and expression of mutations [START_REF] Denlinger | Physiology of cold sensitivity[END_REF], which can strongly decrease This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4425605 P r e p r i n t n o t p e e r r e v i e w e d their reproductive success. The exposure of parasitoid immature stages to low temperatures can also decrease longevity of surviving adults [START_REF] Rundle | Effects of cold storage on field and laboratory performance of Trichogramma carverae (Hymenoptera: Trichogrammatidae) and the response of three Trichogramma spp. (T. carverae, T. nr. brassicae, and T. funiculatum) to cold[END_REF]. Although C. typhae adults showed a relatively higher longevity compared to control temperature when exposed to cold temperatures, their longevity may have decreased if immatures stages had been exposed to cold, which we did not measure in our experimental setup. Finally, knowing that during winter S. nonagrioides diapauses at the last larval stage, with almost no feeding activity and on which C. typhae have reduced parasitism success (Kaiser et al., 2017), parasitoid females that could emerge will be faced with depleted host availability on non-attractive plant residues. Laboratory studies on non-target species showed that only few species were parasitized in planta choice tests, representing a very low risk of C. typhae towards these species (Fortuna et al in prep.). In addition, most of these species pass the winter at the egg stage, which make them inaccessible for C. typhae parasitism during winter.

At individual level, the results presented in this study suggest also a common physiological response to cold of the different parasitoid stages. Several cellular and molecular mechanisms have been documented in insects. At the cellular level, cold-susceptible insects die from exposure to cold temperatures above zero due to loss of ion and water balance linked to alterations in the function, composition and structure of their cytoplasmic membrane, especially severe at the gut and Malpighian tubules level [START_REF] Overgaard | The integrative physiology of insect chill tolerance[END_REF]. At the molecular level, transcriptomic analyses run in different insect orders have pointed out numerous genes and proteins involved in responses to cold temperatures [START_REF] Des Marteaux | Effects of cold-acclimation on gene expression in Fall field cricket (Gryllus pennsylvanicus) ionoregulatory tissues[END_REF][START_REF] Dunning | Divergent transcriptional responses to low temperature among populations of alpine and lowland species of New Zealand stick insects (Micrarchus)[END_REF]Kramer et al., 2023;[START_REF] Toxopeus | How crickets become freeze tolerant: the transcriptomic underpinnings of acclimation in Gryllus veletis[END_REF] and their functions are being progressively identified [START_REF] De | Environmental and genetic control of cold tolerance in the Glanville fritillary butterfly[END_REF][START_REF] Guz | Identification of a putative antifreeze protein gene that is highly expressed during preparation for winter in the sunn pest, Eurygaster maura[END_REF][START_REF] Poikela | Multiple paths to cold tolerance: the role of environmental cues, morphological traits and the circadian clock gene vrille[END_REF][START_REF] Zhang | miR-31-5p regulates cold acclimation of the wood-boring beetle Monochamus alternatus via ascaroside signaling[END_REF]. For instance, polymorphism is an amino acid in the gene flightin, known to have an important function in insect flight and locomotion, was associated with chill coma recovery in a Nymphalid butterfly [START_REF] De | Environmental and genetic control of cold tolerance in the Glanville fritillary butterfly[END_REF]. Similarly, the comparison of vrille gene sequence variation to cold tolerance traits among different populations of Drosophila, suggested that this key circadian clock gene has an essential role in species acclimation and cold resistance [START_REF] Poikela | Multiple paths to cold tolerance: the role of environmental cues, morphological traits and the circadian clock gene vrille[END_REF]. In general, such knowledge will help better understand the mechanisms underlying cold susceptibility through the study of candidate gene variations.

In conclusion, this study revealed that the Lower Lethal Temperature of C. typhae immature stages was quite high, between 10° and 15°C, and only rare individuals might become adults in This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4425605 P r e p r i n t n o t p e e r r e v i e w e d spring, but with a low probability to find suitable hosts. Such findings support environmental innocuity of C. typhae introduction in France, and confirm that annual releases are required to control the European corn stemborer S. nonagriodes, a major maize pest in France and other Mediterranean countries. Future experimental release of C. typhae in field trials will allow assessing its ability to establish following winter, by monitoring its larvae emergence from overwintering S. nonagrioides larvae, before a new annual release of C. typhae. Beyond the potential agronomic application of C. typhae, this study contributes to the quantification of life history traits associated with thermal biology in a tropical species, which will allow the construction of models describing the host-parasitoid population dynamics, and the design of optimal pest management programs for an efficient and sustainable biological control of crop pests. Table 1. Statistical results on the effect of temperature (A) and exposure duration (B) on host developmental outcomes, and the effect of parasitism on host mortality (B). The following developmental outcomes of the host were tested depending if they were or not parasitized: Superscript letters indicate significant differences between exposure temperatures. This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4425605 P r e p r i n t n o t p e e r r e v i e w e d , we calculated the probability of having 14 days consecutives with an average daily temperature below a threshold of 10 degrees during the winter season. The probability is represented by a colour gradient from red (0%) to blue (50%) to green (100%).
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The gray background area in the map represents the distribution range of Sesamia nonagrioides in France, extracted from [START_REF] Thibord | Evaluation of crop losses due to pests on maize production in France. AFPP -11e Conférence Int[END_REF] 

  larval development occurred only at 15°C. The pupal stage was less cold tolerant because no development occurred at 15°C. Thus, in the three tropical sister species C. flavipes, C. chilonis and C. typhae, immature stages appear to have their Lower Lethal Temperature between 10 and 15°C.

  parasitoid larvae emergence and cocoon formation, host pupation or host death. Four-week-old host larvae were used in this experiment. Pearson's chi-squared test with simulated p-value (10000 Monte Carlo simulations) was used for all comparisons. Monte Carlo simulations were used because the sample size was not large enough to follow Chi-squared law. Significant effects are noted with *(P<0.05), **(P<0.01), ***(P<0.001).This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4425605 P r e p r i n t n o t p e e r r e v i e w e d

  P r e p r i n t n o t p e e r r e v i e w e dTable3. Mean and median duration of parasitoid larval development depending on temperature and duration of host exposure. Larval development was considered as the time between female oviposition and the egression of parasitoid larvae from the host body. Four-week-old host larvae were used in this experiment. The non-parametric Kruskal-Wallis test followed by Wilcoxon tests (p-value adjusted with the Benjamini-Hochberg correction) were used for comparisons between temperatures within each exposure duration. Main significant effects are noted with ***(P<0.001), and superscript letters indicate significant differences in developmental duration within exposure conditions.This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4425605 P r e p r i n t n o t p e e r r e v i e w e d Table4. Effect of temperature exposure at the pupal stage on female fecundity. Fecundity was measured as the number of eggs counted inside ovaries of dissected females exposed at different temperatures for 1 week during pupal stage. Kruskal-Wallis test followed by Wilcoxon tests (p-value adjusted with the Benjamini-Hochberg correction) were used for comparisons between temperatures.

Figure legends Figure 1 .

 legends1 Figure legends

Figure 2 .

 2 Figure 2. Developmental outcome of three-month-old host larvae, parasitized or not, exposed 14 days at low and control temperatures. Vertical bars represent percentages of each developmental outcome.

Figure 3 .

 3 Figure 3. Cotesia typhae larvae observed in dissected host larvae exposed at different temperatures during 14 days. Parasitoid first larval instar observed at 15°C (A) and second larval instars observed at 17°C (B) and 19°C (C).

Figure 4 .

 4 Figure 4. Egg-larval measurements of parasitoids found in hosts exposed to different temperatures during 14 days. In parentheses are indicated the number of parasitoids measured (on top of boxplots) and the number of dissected hosts for each temperature (on the x axis).Letters indicate a significant difference of larvae size at the 0,05 threshold by the Wilcoxon-Mann-Whitney test, P-value adjusted with Benjamini-Hochberg correction.

Figure 5 .

 5 Figure 5. Pupal mortality after one-week exposure at different temperatures. Letters indicate significant differences in percentage of mortality between exposure temperatures (Wilcoxon-Mann-Whitney tests, p-value adjusted with the Benjamini-Hochberg correction). In parenthesis is indicated the number of cocoon half-masses exposed at each temperature.

Figure 6 .

 6 Figure 6. Pupal development time after one-week exposure at different temperatures.Letters indicate significant differences in developmental time between exposure temperatures (Wilcoxon-Mann-Whitney tests, p-value adjusted with the Benjamini-Hochberg correction). In parenthesis is indicated the number of cocoon half-masses exposed at each temperature with adult emergence.

Figure 7 .

 7 Figure 7. Effect of temperature on female and male longevity. Bars indicate the mean longevity in days and vertical lines the standard error to the mean. Letters indicate significant difference at P<0.05 for each sex (Tukey HSD multiple comparison tests). In parentheses is indicated the number of parasitoid adults measured (on the x axis).

Figure 8 .

 8 Figure 8. Adult locomotor activity in function of temperature. Boxplots represent the median and dispersion of the number of movements in the actimeter during 6 hours of test

Figure 9 .

 9 Figure 9. Electrophoresis gel of PCR amplification on a polydnavirus locus of C. typhae (CrV1 gene) extracted from S. nonagrioides larvae left with females of C. typhae at several temperatures from 5° to 15°C. Positive samples present a band at 500 bp. T+ represents the positive control and corresponds to a S. nonagrioides larvae parasitized by C. typhae.

Figure 10 .

 10 Figure 10. Probability of occurrence of harmful winters for the development of Cotesia typhae. For each of the 42 Meteo France weather stations represented by a square, and over 21 years (2000-2020), we calculated the probability of having 14 days consecutives with an

Table 2 . Descriptive statistics of parasitic success traits depending on duration of host exposure at 10°C.

 2 Fisher exact test and Kruskal-Wallis test followed by Wilcoxon tests (p-value adjusted with the Benjamini-Hochberg correction) were used for comparisons between exposure durations. Main significant effects are noted with ***(P<0.001), and superscript letters indicate significant differences between exposure durations. Asterisk in black corresponds to one cocoon mass that was not used for analyses due to the small sample size.

				Duration of exposure (days)		
			2	5	8	11	14	
	Number of parasitized hosts	(N=27)	(N=27)	(N=27)	(N=26)	(N=13)	Test: Fisher exact test
	Percentage of successfully parasitized host (formation of cocoons)	74,1 a	81,5 a	85,2 a	38,5 b	7,7 b	P-value = 3.2e-07 ***
	Number of masses analyzed	(N=19)	(N=20)	(N=21)	(N=10)	(N=1)	Test: Kruskal-Wallis
	Number of cocoons per masse	Mean (±SD) Median	91.5 (28.4) 97.0 ab	103 (23.0) 104 b	76.7 (28.5) 79.0 a	18.0 (14.1) 10.0 c	22.0 (NA) 22.0 *	KW= 29.847 df = 4 p-value = 5.257e-06 ***
		Mean	12.4	5.99	10.3	32.9	22.7	KW= 21.233
	Pupal mortality	(±SD)	(8.24)	(4.73)	(8.55)	(18.7)	(NA)	df = 4
	(%)							p-value =
		Median	12.8 a	4.76 b	7.53 ab	30.0 c	22.7 *	2.847e-04 ***
		Mean	81.4	97.2	68.4	13.3	17.0	KW= 30.747
	Number of adults	(±SD)	(28.9)	(22.0)	(28.6)	(11.5)	(NA)	df = 4
	emerged	Median	90.0 ab	99.0 b	75.0 a	7.00 c	17.0 *	p-value = 3.447e-06 ***
		Mean	59.8	68.1	62.9	88.4	94.1	KW= 15.449
	Sex ratio	(±SD)	(30.9)	(20.8)	(29.0)	(18.5)	(NA)	df = 4
	(% female)							p-value =
		Median	73.1 a	73.9 a	73.3 a	95.2 b	94.1 *	3.855e-03 ***
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Table 5 .

 5 Effect of temperature and sex on longevity of males and females of C. typhae analysed by two-way anova (model I).

	Source	df	SS	MS	F	Pr > F
	Model	9	892.50	99.17	6.27	<0.001 ***
	sex	1	18.79	18.79	1.19	0.277
	temperature	4	551.62	137.91	8.72	0.000
	sex*temperature	4	322.08	80.52	5.09	0.001
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