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Transgenerational experience can affect a range of natural enemies’ life-history traits and can be involved in the control of developmental plasticity. As a major egg parasitoid of the spotted lanternfly, Lycorma delicatula (Hemiptera: Fulgoridae), the wasp Anastatus orientalis (Hymenoptera: Eupelmidae) is effective at suppressing its host populations. The reproductive and developmental traits of A. orientalis is known to depend on photoperiod conditions, but transgenerational photoperiodic effects have yet to be evaluated. To evaluate the transgenerational photoperiodic effects on A. orientalis, we assessed wasp adult longevity, female fecundity, sex ratio, and diapause rate over three consecutive generations under different experimental photoperiods (L16:D8, L12:D12, and L8:D16), using Antheraea pernyi (Lepidoptera: Saturniidae) eggs as hosts. The results suggest that transgenerational experience significantly impacts several biological parameters of progeny. All parasitoids entered a diapause under the long photoperiod condition (i.e., L16:D8), after which the number of female parasitoids and fecundity of the 2nd and 3rd generations increased significantly as compared to the 1st generation. With the long photoperiod conditions, the female ratio rose from 68.1% (1st generation) to 86.0% (3rd generation) and the progeny per females increased from 35.8 to 75.7. However, adult longevity of females and males were shortened significantly. With the intermediate photoperiod (L12:D12) conditions, fecundity and sex ratio of the 2nd and 3rd generations increased significantly as compared to the 1st generation. With the short photoperiod (L8:D16) conditions, there were no significant differences in fecundity among three generations, but sex ratio of the 2nd and 3rd generations increased significantly as compared to the 1st generation. These results on transgenerational photoperiodic effects can be applied to improve laboratory rearing efficiency of parasitoids and to better understand population dynamics in the field across a latitudinal gradient.
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1 Introduction

Extensive phenotypic plasticity can allow the populations of natural enemies to better adapt to changes in local environmental conditions and thereby gain greater efficiency in attacking their target pests. Phenotypic plasticity includes transgenerational effects, which are known to affect natural enemies’ reproductive and developmental traits, such as diapause, survival rate, development time, and oviposition (1–4). Although not all plastic responses of natural enemies are optimal, phenotypic plasticity is particularly advantageous when the environmental conditions the progeny will face can be better predicted by the parents than by the progeny themselves. For example, cues experienced by parents can provide progeny with additional environmental information beyond their own and the parents can induce or inhibit diapause in their progeny and affect other traits depending on the environmental signals they perceive (5–8). Transgenerational effects can be broader than simply maternal effects, and mounting evidence suggests that a grandmaternal effect can also alter the fecundity and development of natural enemies (9–12). Yet controlled evaluations of grandmaternal effects are limited and our understanding of how grandmaternal effects enable the progeny to better adapt to changes in their environmental conditions is still not well explained.

The spotted lanternfly, Lycorma delicatula White (Hemiptera: Fulgoridae), is a recent invasive pest in South Korea, Japan, and North America (13–16), where it threatens commercially grown grapevines and tree fruits, in addition to plant nurseries and timber industries (17, 18). Despite intensive efforts by federal, state, and local stakeholders to stop the spread of spotted lanternfly in the USA, the populations continue to spread. Since initial detection of spotted lanternfly in Berks County, Pennsylvania, USA, in 2014, spotted lanternfly infestations have been detected in 130 counties (87 under quarantine) within Connecticut, Delaware, Indiana, Maryland, New Jersey, New York, Ohio, Virginia, and West Virginia (19). Additional control methods are needed to help in the management of spotted lanternfly populations in the USA, and we are evaluating important parasitoids of spotted lanternfly in its native range as candidate biological control agents.

The insect of the current study, the wasp Anastatus orientalis (Hymenoptera: Eupelmidae), is the most widespread native egg parasitoid of spotted lanternfly, and has been used as a biological control agent in South Korea and is being considered a candidate for biological control in the USA (20–23). Large numbers of wasps are needed for testing candidate biological control agents or implementing a biocontrol programme, but artificial rearing spotted lanternfly is difficult, and the methods are not well developed (24). Thus, for laboratory research in South Korea on A. orientalis, eggs of a substitute host Antheraea pernyi (Lepidoptera: Saturniidae) were used for rearing the parasitoid (25). For this study, owing to the challenges of rearing or acquiring non-parasitized spotted lanternfly egg masses, we are also using A. pernyi as the host for rearing. However, when using substitute hosts to rear a parasitoid, changes in the biological characteristics of the insects under different rearing conditions should be considered because non-target hosts could influence the parasitoids’ response to the target host. They could influence offspring sex or vitality and poor-quality parasitoids may yield low efficiency in reared colonies or biological control programmes (26–28). Suitable environmental conditions for both the development and fecundity of natural enemies are imperative for their mass rearing in laboratory settings. Photoperiod and temperature are widely considered the most influential external factors for the development and fertility of natural enemies (29, 30).

Evaluations of the life cycle of A. orientalis in the field in China indicate that adults had two emergence periods per year. Some individuals emerged in May and others in September, with a summer diapause in between (21). Hou (31) found that, in a laboratory setting, A. orientalis could complete seven or eight generations over a span of 7 months (reared from April to December) when reared at 25°C with a L12:D12 photoperiod, and the emergence rate could reach up to 78%. In contracts, Broadley et al. (23) observed a low emergence rate of A. orientalis exposed to 16L:8D hour long-day conditions at 25°C, with most parasitoids entering a diapause. This suggests that summer diapause in A. orientalis is induced by a long photoperiod. In another study, Seo et al. (22) reported the longevity, oviposition, and sex ratio of A. orientalis under a 16L:8D photoperiod at four different temperatures (15°C, 20°C, 25°C, and 30°C). This led those authors to speculate that photoperiod influences the reproductive and developmental traits of A. orientalis. Thus, understanding the relationship between photoperiod and natural enemies’ biological characteristics is crucial for optimizing rearing methods (32, 33).

A transgenerational effect has been observed in other Anastatus species. In addition to environmental variables, the maternal oviposition experience and age of Anastatus disparis (Hymenoptera: Eupelmidae), an egg parasitoid of Lymantria dispar (Lepidoptera: Lymantriidae), significantly influences sex allocation in their progeny (34, 35). To our knowledge, however, no study has yet reported on whether or not transgenerational experience affects the biological characteristics of A. orientalis. Moreover, the maternal photoperiodic response has not been sufficiently investigated. Hence, in the present study, we investigated the effects of transgenerational photoperiod experience on the fertility and development of A. orientalis by using A. pernyi eggs as a host. The empirical data on the effects of transgenerational photoperiod experience on insect fertility and development acquired by our study could also be used for optimizing rearing methods and storage of natural enemy parasitoids, and for better understanding A. orientalis population dynamics in the field across a geographic and climatic range.




2 Materials and methods



2.1 Insect rearing

A population of A. orientalis was collected from overwintering spotted lanternfly egg masses in Haidian (40˚00′34′′N, 116˚23′32′′E), Beijing, China. The spotted lanternfly egg masses were kept under laboratory conditions at 25 ± 1°C and 60% ± 5% relative humidity (RH), with a L12:D12 photoperiod until parasitoid emergence. The parasitoid species were confirmed using scanning electron microscopy (SEM) micrographs by examining the morphology of adult specimens (21). The A. orientalis were reared for five generations in 25°C with 12 h of light using A. pernyi eggs as their host (25), and then they were reared another three generations on A. pernyi in 25°C with 14 h of light (22). These conditions were identified as effective rearing conditions for A. orientalis. Within the first 48 h after emergence, five females and one male of A. orientalis (i.e., ‘Generation 0’, G0) were placed in ventilated insect rearing cages (20 cm × 20 cm × 20 cm) for 36 h for mating, with access to honey and water.

For each experiment, a kraft paper card with 100 A. pernyi eggs glued to it (with a polyvinyl acetate suspension) were prepared. We selected one female parasitoid (G0), which was released into a transparent plastic container (a 482-ml plastic deli cup) with one A. pernyi egg card each to obtain the first progeny generation (‘Generation 1’, G1) of A. orientalis. Then, the containers were randomly separated into three treatment groups that were placed in three photoperiodic regimes: L:D = 8:16, 12:12, or 16:8 at 60%–75% RH, at 25°C. After a 48-h exposure to the egg card, female adult parasitoids were removed, while the parasitized eggs were maintained at different photoperiods conditions until emergence from the eggs.

To obtain the second and third generations (‘Generation 2’, G2; ‘Generation 3’, G3) of A. orientalis in three photoperiodic regimes, five females and one male less than 48 h old were placed in a ventilated insect rearing cage (20 cm × 20 cm × 20 cm container, described above) under each rearing condition, these were following generations all reared in one of the three photoperiod treatments the same as their parent generations. In the meantime, honey and water were provided in each condition for 36 h for mating success. Then, one mated female A. orientalis was selected randomly and placed in a transparent plastic container (a 482-ml container, described above) with one new paper card with 100 fresh eggs of A. pernyi. After a 48-h exposure to fresh eggs of A. pernyi, the female A. orientalis adult was removed, while the parasitized eggs were kept in the same rearing condition until emergence from eggs (Figure 1).




Figure 1 | The general design of the experiment. Generations are indicated at the top of the figure, photoperiods are shown in the figure as number of hours light:dark, and the arrows indicate the succession of generations.






2.2 Observation of fecundity, sex ratio, adult longevity, and diapause pattern of the parasitoid wasp

To determine the fecundity, sex ratio, and diapause of the parasitoid wasps of different generations under three photoperiods, 40 days after the mass emergence of the non-diapausing fraction of the progeny generation, all parasitized host eggs were dissected and examined, respectively. If none of the parasitoid progeny emerged under a certain treatment, they were considered to be in a diapause state. Therefore, to obtain parasitoid progeny, the host eggs were not dissected until wasp emergence after approximately 3 months. The diapausing larvae (each living larva that was assumed to be in diapause) and non-diapausing individuals (mostly emerged adults, few dead adults inside the host, and sporadic pupae) were identified and counted, and the sex of the progeny that successfully emerged from each egg mass was recorded. Because typically only one A. orientalis is produced out of each A. pernyi egg, the number of emerged adults was estimated as the number of parasitized eggs with emergence holes. The few (less than 1%–2%) individuals that died during the larval or prepupal stages were excluded. Next, the percentage of diapausing individuals was calculated for each generation in each photoperiod condition. To determine the percentage diapausing, a random sample of 100 host eggs that were parasitized during a 48-h window by one female were dissected. Overall, the experiment included 10 replicates for each of the three photoperiod treatments conducted with each of the three generations of A. orientalis (for a total of 90 cards and 9,000 parasitized host eggs). To estimate the average longevity of A. orientalis adults of different generations under three photoperiods, newly emerged (< 24 h old) A. orientalis of each treatment were collected. Each adult was kept individually in a rearing container (a 482 ml-container, described above) in each photoperiod condition, with 10% honey. The wasps were checked daily, and the date of death was recorded until all individuals died.




2.3 Statistical analyses

Excel 2007 and SPSS 19.0 software programs were used to statistically analyze the data. Two-way ANOVA followed by least significant difference tests was used to compare longevity of adult and female fecundity among photoperiods, generation, and their interaction (Tukey’s post-hoc test, p < 0.05). To further evaluate the effects of photoperiod and generation on daily survival of A. orientalis, effects of different treatments on the adult longevity of A. orientalis were represented by Kaplan–Meier survival curves. Survival time was measured in days from the date of experiment beginning to the date of wasp death. Each adult was used as one replicate. A mixed-effects Cox regression model was fitted to analyze the death risk of A. orientalis reared from different treatments, including generations, photoperiods, and longevity as covariates, using the package “coxme” in SPSS software. We present a hazard ratio with corresponding 95% CI. The differences in the sex ratio and diapause between different photoperiods or generations were compared using chi-squared tests. We also examined potential trade-offs between life history traits by performing linear regression analyses between diapause trait and other traits.





3 Results



3.1 Female fecundity

We found that generation significantly affected (df = 2, 81; F = 18.914; p < 0.01) female fecundity, which increased in later generations under the same photoperiod (Figure 2). Under the photoperiod L16:D8, the mean number of A. orientalis progeny produced was larger in the second and third generations than in the first generation (74.40, 75.70, and 35.80, respectively), and the differences were significant (df = 2, 27; F = 26.015; p < 0.01). Under the photoperiods L12:D12 (df = 2, 27; F = 3.253; p = 0.054) and L8:D16 (df = 2, 27; F = 1.883; p = 0.172), the progeny produced were similar among the first, second, and third generations.




Figure 2 | Effect of generation on the female fecundity of Anastatus orientalis under three photoperiods. Different upper-case letters within the same photoperiod indicate significant differences among the three generations, whereas different lower-case letters within the same generation represent significant differences among the three photoperiods (one-way ANOVA, least significant difference multiple comparison, p < 0.05). The bars show means and standard deviation.



Fecundity outcomes of A. orientalis females of the same generation under each of the three photoperiods are plotted in Figure 2. The photoperiod also affected (df = 2, 81; F = 6.442; p < 0.05) female fecundity, and the interaction between generational and photoperiod was significant (df = 4, 89; F = 2.818; p < 0.01). For the first generation, their mean number of progenies produced was 53.30 under the L8:D16 photoperiod, this was larger than that produced under the L12:D12 or L16:D8 photoperiods (df = 2, 27; F = 2.984; p = 0.068). For the second generation, there was a significant difference (df = 2, 27; F = 3.685; p < 0.05) in female fecundity between L16:D8 (74.40%), L12:D12 (53.4%), and L8:D16 (62.4%) photoperiods. In addition, for the third generation, female fecundity was significantly greater (df = 2, 27; F = 5.932, p < 0.01) under the L16:D8 (75.70) and L8:D16 (70.30) photoperiods than under the L12:D12 (54.10) photoperiod.




3.2 Sex ratio

Photoperiod and generation both had a significant effect on sex ratio (photoperiod: χ2 = 87.752, df = 2, p < 0.001; generation: χ2 = 237.355, df = 2, p < 0.001). The lowest female ratio was recorded in the first generation, averaging 62.80% across different photoperiods (Figure 3). The highest female ratio was recorded in the second generation, averaging 81.59% across different photoperiods. Considering just the third generation, the female ratio of A. orientalis was highest (85.96%) under a photoperiod of L16:D8.




Figure 3 | Effect of generation on sex ratio of Anastatus orientalis under three photoperiods. Different upper-case letters within the same photoperiod indicate significant differences among the three generations, whereas different lower-case letters within the same generation represent significant differences among the three photoperiods (chi-squared test, p < 0.05). The bars show means and standard deviation.






3.3 Adult longevity

The interaction between generation and photoperiod had a significant effect on female longevity (df = 4, 418; F = 5.846; p < 0.01; Figure 4A). However, there was no statistically significant interaction between generation and photoperiod on male longevity (df = 4, 381; F = 1.111; p = 0.351; Figure 4B), and the effects of generation and photoperiod on male longevity were additive rather than synergistic. Photoperiod had a significant effect on female (df = 2, 424; F = 29.234; p < 0.01) and male (df = 2, 387; F = 4.897; p < 0.01) longevity. Male and female longevity was longest under the L8:D16 photoperiod (average: 8.69 days for males and 54.50 days for female) and shortest under the L16:D8 photoperiod (average: 7.46 days for males and 39.66 days for females), indicating that a greater photoperiod reduced the longevity of A. orientalis. Generation significantly affected female (df = 2, 424; F = 5.382; p < 0.01) and male (df = 2, 387; F = 6.382; p < 0.01) longevity, which decreased by increasing generation in the second and third generations of progeny.




Figure 4 | Female (A) and male (B) longevity of Anastatus orientalis wasps from different generations under three photoperiods. Different upper-case letters within the same photoperiod indicate significant differences among the three generations, whereas different lower-case letters within the same generation represent significant differences among the three photoperiods (one-way ANOVA, least significant difference multiple comparison, p < 0.05).



The longevity of surviving female wasps under different photoperiod conditions was significantly different (log-rank p < 0.01; Figure 5A), but male longevity was not significantly different (log-rank p = 0.09; Figure 5B). The Kaplan–Meier survival curve of female wasps with the photoperiod L16:D08 was consistently below the survival curve of those rearing under the photoperiods L12:D12 and L08:D16. Survival curves of female longevity also showed a significant difference between different generations (log-rank p < 0.001; Figure 5C), whereas male longevity was not different between different generations (log-rank p = 0.05; Figure 5D). The Kaplan–Meier survival curve of G3 females was consistently below the survival curve of G1 and G2 females. The hazard ratio of death of females and males for the different photoperiods were 1.20 (95% CI 0.95 to 1.51) and 1.30 (95% CI 1.02 to 1.66) in the mixed-effects Cox regression model, respectively. The hazard ratio of death of females and males for the different generations were 1.01 (95% CI 0.80 to 1.28) and 0.84 (95% CI 0.66 to 1.07), respectively.




Figure 5 | Kaplan–Meier survival curves show the female (A) and male (B) longevity of Anastatus orientalis wasp probabilities over time for the long photoperiod condition L16:D8 (Nfemale = 145, Nmale = 133), middle photoperiod condition L12:D12 (Nfemale = 143, Nmale = 133), and short photoperiod condition (Nfemale = 139, Nmale = 124) lines, as well as by generation (C, D).






3.4 Diapause in progeny

Photoperiod was the most important factor determining the proportion of diapausing progeny (χ2 = 5820.070, df = 2, p < 0.001; Figure 6), and the different generations were also significantly influenced (χ2 = 93.602, df = 2, p < 0.001). The progeny of A. orientalis females that developed under the long-day length entered diapause significantly more often than females that developed under the medium- and short-day lengths. All parasitoids entered a diapause under the long photoperiod condition (L:D = 16:8), irrespective of which generation they constituted. Under the L12:D12 photoperiod, diapause incidence was significantly increased by an increasing generation (χ2 = 28.660, df = 2, p < 0.001). Under the short photoperiod (L8:D16), no parasitoid from both the first and second generations entered diapause, but diapause incidence strongly increased for the third generation (χ2 = 143.668, df = 2, p < 0.001).




Figure 6 | Influence of photoperiod conditions during the development of the transgenerational generations on the diapause of Anastatus orientalis. The bars show means and standard deviation.



There was no significant relationship between diapause of A. orientalis and fecundity (p = 0.510, R2 = 0.064; Figure 7A), sex ratio (p = 0.528, R2 = 0.059; Figure 7B), or male longevity (p = 0.259, R2 = 0.177; Figure 7C). There was a positive correlation between diapause and female longevity (linear regression using female longevity and diapause as a dependent and explanatory variable, respectively: p < 0.05, R2 = 0.509; Figure 7C).




Figure 7 | Regression relationship between fecundity (A), female ratio (B), adult longevity (C), and diapause of Anastatus orientalis.







4 Discussion

Transgenerational photoperiod effects have been shown to influence reproductive and developmental traits of wasp progeny, thus achieving a cumulative photoperiodic effect (34). However, as far as we know, a transgenerational photoperiod influence on the fertility and development of Anastatus species progeny has not been clearly demonstrated. The present results show that photoperiod and generation significantly affect female fecundity, female ratio, adult longevity, and diapause of A. orientalis wasps. The interaction between generation and photoperiod had a significant effect on female longevity and female fecundity, but there was no significant interaction between generation and photoperiod on male longevity. When reared under the long photoperiod condition (L16:D8), the third generation of A. orientalis had greater fecundity, a larger number of progenies, and a higher proportion of females than the population of wasps reared under the other photoperiods or the other generations of wasps. These results show that transgenerational photoperiods affect the biological traits of A. orientalis.

Studies to date have shown that various factors are important in regulating the fertility and development of Anastatus species. The key role of the natal host, photoperiod, temperature, and other environmental factors in the regulation of sex allocation, fertility, and adult longevity of Anastatus has been clearly demonstrated in both field observations and experimental studies (36–38). In addition, endogenous factors, such as their maternal age, parental experience, food plant of the host prey, and individual size, can also influence the resulting biological characteristics in certain Anastatus species (39). Our results suggest that photoperiod conditions and parental experience significantly impact longevity, female fecundity, sex ratio, and diapause rate of A. orientalis progeny. Host egg nutrient contents can affect sex ratio, adult longevity, and fecundity of a parasitoid’s progeny. Bai et al. (40) showed that females of Trichogramma pretiosum (Hymenoptera: Trichogrammatidae) from natural hosts were larger, more fecund, and lived longer than those from factitious hosts. Prior studies have found that A. pernyi eggs with higher nutrient contents are preferred and consumed, and this results in longevities reaching up to 64.3 days (25). Prior studies found that females can have a longevity of anywhere from 39 to 68 days in laboratory rearing settings (22, 23). In addition, findings show that larger parasitoids emerge when they develop in larger or more nutritious host eggs. Larger-sized parasitoid progenies show increased longevity, and larger-sized females are capable of higher oviposition rates. Together, these findings and this study show that A. pernyi is a suitable alternative host for rearing of the parasitoid.

Although temperature and photoperiod are known to induce diapause in most insect natural enemies, the results of this study indicate that the diapause in A. orientalis is induced by photoperiod alone. Seo et al. (22) tested the effect of temperature on biological characteristics of A. orientalis, but did not find any correlation between temperature and its diapause. Results by Broadley et al. (23) showed that a long photoperiod induces A. orientalis to enter diapause. Our experimental results show that diapause of A. orientalis is affected by its exposure to photoperiod, with wasps that experience a longer photoperiod showing a stronger prosperity for entering diapause. Therefore, we conclude that photoperiod is an important environmental factor for diapause induction in this parasitoid wasp. In addition, generation also had a significant effect on the diapause of A. orientalis; it increased in later generations. Only by surveying more successive generations can we verify this trend. These results provide additional information for viable long-term storage methods for A. orientalis, which in turn will improve rearing efficiency.

The interactive effect of temperature and photoperiod on diapause regulation has been documented in many insect species. For example, development of Chrysocharis pubicornis larvae (Hymenoptera: Eulophidae) showed that a short-day-type response affected by temperature and the percentage of individuals entering diapause increased with the temperature and photoperiod (41). In addition, results by Li et al. (42) suggest that the diapause response of Microplitis mediator (Hymenoptera: Braconidae) is determined by photoperiod and mediated by temperature. When M. mediator were exposed to 16°C and 18°C combined with a photoperiod of L10:D14, the percentages of parasitoids that entered diapause was 97.9% and 87.8%, respectively, and there was no incidence of diapause at temperatures of 22°C, 24°C, and 26°C or photoperiods of L2:D22, L14:D10, L16:D8, L18:D6, L20:D4, or L22:D2. Therefore, we are now performing experiments to study the effects of photoperiod and temperature, as well as the interaction of the two, on induction of diapause of A. orientalis.

Similar to Broadley et al. (23), but in contrast to work done by other scientists (22, 25), we were unable to produce non-diapause A. orientalis adults under the long photoperiod. This may be due to the strain of A. orientalis used between these different studies. Wu et al. (43) used molecular tools to examine the genetic composition of A. orientalis, and the results suggest a genetic component in determining the diapause behaviors of A. orientalis. In addition, Broadley et al. (44) determined that the A. orientalis used previously in their study (23), which also went into diapause when exposed to long photoperiod conditions, was a homogenous colony composed of haplotype C. Because the wasps in this study responded similarly, it is highly likely that specimens from our study are composed primarily of haplotype C. However, the different results across studies also may be due to the differences in colony rearing protocol or potentially in how transgenerational effects were expressed. Hence, several generations preceding the experiment should be kept under strictly controlled constant conditions, as this helps to evaluate such discrepancies. Similar precautions to exclude multigenerational maternal effects should be considered in experimental studies with this species and other insect species.

Storage time plays a key role in the production of Anastatus species, in that a longer storage time can provide a flexible supply of parasitoids for their timely and urgent field release in biological control programmes. The most commonly used preservation method for an egg parasitoid is cold storage (45–48). However, this method not only fails to guarantee its shelf life but also affects the quality of natural enemy products (23, 49, 50). According to our study’s results, diapause may be a better way to preserve A. orientalis, and rearing at long-day conditions can induce diapause. In addition, individuals that experienced diapause exhibited a higher sex ratio and greater fecundity, two traits that can augment its performance as a biological control agent. In other insect species, diapause has a positive effect on post-diapause adults’ fertility and development (51, 52). However, although diapause allows insects to cope with adverse environmental conditions, it also poses substantial fitness costs. Ellers et al. (53) showed that an increase in diapause length not only led to higher mortality among diapausing pupae of Asobara tabida (Hymenoptera: Braconidae), but also caused a significant decrease in egg load, fat reserves, and dry weight of the emerging adult females. Carvalho (54) results suggested that individuals experiencing diapause of Utetes anastrephae (Hymenoptera: Braconidae) have lower fecundity. Therefore, the correlation between diapause and reproductive or developmental traits varies with insect species.

Our study clearly shows that transgenerational experience can have far-reaching effects in subsequent generations. Unfortunately, it is not yet known how such effects are mediated or how grandmaternal effects in isolate of material effects would affect the outcome, but future studies are planned. Temperature conditions experienced transgenerationally may alter fertility and development of A. orientalis, but further study is needed (55). The empirical data from this study on the effects of transgenerational photoperiod experience on insect fertility and development have potential applications for better understanding A. orientalis population dynamics in the field across a geographic and climatic range, and improving insect rearing and storage methods.





Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.





Author contributions

All authors conceived, facilitated, and designed the research. K-XB conducted the experiments, analyzed the data, and conducted statistical analyses. X-YW and BX wrote the manuscript. X-YW, L-MC, HB, and JG secured funding. All authors contributed to the article and approved the submitted version.





Funding

This research was supported by USDA-APHIS (21–8130–0585-CA).





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/finsc.2023.1153723/full#supplementary-material




References

1. Reznik, SY, Voinovich, ND, and Vaghina, NP. Maternal regulation of Trichogramma embryophagum htg. (Hymenoptera: trichogrammatidae) diapause: photoperiodic sensitivity of adult females. Biol Control (2011) 57:158–62. doi: 10.1016/j.biocontrol.2011.02.005

2. Vaghina, NP, Voinovich, ND, and Reznik, SY. Maternal thermal and photoperiodic effects on the progeny diapause in Trichogramma telengai sorokina (Hymenoptera: trichogrammatidae). Entomol Sci (2014) 17:198–206. doi: 10.1111/ens.12045

3. Voinovich, ND, Reznik, SY, and Vaghina, NP. Maternal thermal effect on diapause in Trichogramma species (Hymenoptera: trichogrammatidae). J Appl Entomol (2015) 139:783–90. doi: 10.1111/jen.12214

4. Voinovich, ND, and Reznik, SY. On the factors inducing the inhibition of diapause in the progeny of diapause females of Trichogramma telengai. Physiol Entomol (2017) 42:274–81. doi: 10.1111/phen.12202

5. Hochkirch, A, Deppermann, J, and Gröning, J. Phenotypic plasticity in insects: the effects of substrate color on the coloration of two ground-hopper species. Evol Dev (2008) 10:350–9. doi: 10.1111/j.1525-142X.2008.00243.x

6. Moczek, AP. Phenotypic plasticity and diversity in insects. Philos Trans R Soc B: Biol Sci (2010) 365:593–603. doi: 10.1098/rstb.2009.0263

7. Stillwell, RC, Blanckenhorn, WU, Teder, T, Davidowitz, G, and Fox, CW. Sex differences in phenotypic plasticity affect variation in sexual size dimorphism in insects: from physiology to evolution. Annu Rev Entomol (2010) 55:227–45. doi: 10.1146/annurev-ento-112408-085500

8. Lin, X, Xu, Y, Jiang, J, Lavine, M, and Lavine, LC. Host quality induces phenotypic plasticity in a wing polyphenic insect. Proc Natl Acad Sci (2018) 115:7563–8. doi: 10.1073/pnas.1721473115

9. Voinovich, ND, Vaghina, NP, and Reznik, SY. Comparative analysis of maternal and grand-maternal photoperiodic responses of Trichogramma species (Hymenoptera: trichogrammatidae). Eur J Entomol (2013) 110:451–60. doi: 10.14411/eje.2013.060

10. Reznik, SY, Voinovich, ND, and Samartsev, KG. Grandmaternal temperature effect on diapause induction in Trichogramma telengai (Hymenoptera: trichogrammatidae). J Insect Physiol (2020) 124:104072. doi: 10.1016/j.jinsphys.2020.104072

11. Reznik, SY, and Ovchinnikov, AN. Cumulative induction of diapause in successive generations of Trichogramma species (Hymenoptera, trichogrammatidae). Entomol Rev. (2014) 94:149–56. doi: 10.1134/S0013873814020018

12. Reznik, SY, and Samartsev, KG. Multigenerational maternal inhibition of prepupal diapause in two Trichogramma species (Hymenoptera: trichogrammatidae). J Insect Physiol (2015) 81:14–20. doi: 10.1016/j.jinsphys.2015.06.012

13. Han, JM, Kim, H, Lim, EJ, Lee, S, Kwon, YJ, and Cho, S. Lycorma delicatula (Hemiptera: auchenorrhyncha: fulgoridae: aphaeninae) finally, but suddenly arrived in Korea. J Entomol Res (2008) 38:281–6. doi: 10.1093/ee/nvaa124

14. Kim, H, Kim, M, Kwon, DH, Park, S, Lee, Y, Huang, JS, et al. Molecular comparison of Lycorma delicatula (Hemiptera: fulgoridae) isolates in Korea, China, and Japan. J Asia-Pacific Entomol (2013) 16:503–6. doi: 10.1016/j.aspen.2013.07.003

15. Barringer, LE, Donovall, LR, Spichiger, SE, Lynch, D, and Henry, D. The first new world record of Lycorma delicatula (Insecta: hemiptera: fulgoridae). Entomol News (2015) 125:20–3. doi: 10.3157/021.125.0105

16. Urban, JM, and Leac, H. Biology and management of the spotted lanternfly, Lycorma delicatula (Hemiptera: fulgoridae), in the united states. Annu Rev Entomol (2022) 68:151–67. doi: 10.1146/annurev-ento-120220-111140

17. Barringer, L, and Ciafré, CM. Worldwide feeding host plants of spotted lanternfly, with significant additions from north America. Environ Entomol (2020) 49:999–1011. doi: 10.1093/ee/nvaa093

18. Leach, H, Biddinger, DJ, Krawczyk, G, Smyers, E, and Urban, JM. Evaluation of insecticides for control of the spotted lanternfly, Lycorma delicatula,(Hemiptera: fulgoridae), a new pest of fruit in the northeastern US. Crop Protection (2019) 124:104833. doi: 10.1016/j.cropro.2019.05.027

19. Ladin, ZS, Eggen, DA, Trammell, TLE, and Amico, VD. Human-mediated dispersal drives the spread of the spotted lanternfly (Lycorma delicatula). Sci Rep (2023) 13(1):1098. doi: 10.1038/s41598-022-25989-3

20. Choi, MY, Yang, ZQ, Wang, XY, Tang, YL, Hou, ZR, Kim, JH, et al. Parasitism rate of egg parasitoid Anastatus orientalis (Hymenoptera: eupelmidae) on Lycorma delicatula (Hemiptera: fulgoridae) in China. Korean J Appl Entomol (2014) 53:135–9. doi: 10.5656/KSAE.2014.01.1.075

21. Yang, ZQ, Choi, WY, Cao, LM, Wang, XY, and Hou, ZR. A new species of Anastatus (Hymenoptera: eupelmidae) from China, parasitizing eggs of Lycorma delicatula (Homoptera: fulgoridae). Zool System (2015) 40:290–302. doi: 10.11865/zs.20150305

22. Seo, M, Kim, JH, Seo, BY, Park, C, Choi, BR, Kima, KH, et al. Effect of temperature on reproduction and parasitism of the egg parasitoid, Anastatus orientalis (Hymenoptera: eupelmidae). J Asia-Pacific Entomol (2019) 22:1013–8. doi: 10.1016/j.aspen.2019.08.009

23. Broadley, HJ, Gould, JR, Sullivan, LT, Sullivan, LT, Wang, XY, Hoelmer, KA, et al. Life history and rearing of Anastatus orientalis (Hymenoptera: eupelmidae), an egg parasitoid of the spotted lanternfly (Hemiptera: fulgoridae). Environ Entomol (2021) 50:28–35. doi: 10.1093/ee/nvaa124

24. Nixon, LJ, Jones, S, Dechaine, AC, Ludwick, D, Hickin, M, Sullivan, L, et al. Development of rearing methodology for the invasive spotted lanternfly, Lycorma delicatula (Hemiptera: fulgoridae). Front Insect Sci (2022) 2:1025193. doi: 10.3389/finsc.2022.1025193

25. Seo, M, Kim, JH, Seo, BY, Park, C, Choi, BR, Kima, KH, et al. Mass-rearing techniques of Anastatus orientalis (Hymenoptera: eupelmidae), as the egg-parasitoid of Lycorma delicatula (Hemiptera: fulgoridae): an using method of Antheraea pernyi (Lepidoptera: saturniidae) and l. delicatula eggs in laboratory. Korean J Appl Entomol (2018) 57:243–51. doi: 10.5656/KSAE.2018.08.0.035

26. Sørensen, JG, Addison, MF, and Terblanche, JS. Mass-rearing of insects for pest management: challenges, synergies and advances from evolutionary physiology. Crop Protect (2012) 38:87–94. doi: 10.1016/j.cropro.2012.03.023

27. Tunca, H, Venard, M, Colombel, EA, and Tabone, E. A new substitute host and its effects on some biological properties of Ooencyrtus kuvanae. Bull Entomol Res (2017) 107:742–8. doi: 10.1017/S0007485317000244

28. Chen, J, Zhou, S, Wang, Y, Shi, M, Chen, XX, and Huang, JH. Biocontrol characteristics of the fruit fly pupal parasitoid Trichopria drosophilae (Hymenoptera: diapriidae) emerging from different hosts. Sci Rep (2018) 8:13323. doi: 10.1038/s41598-018-31718-6

29. Miki, T, Shinohara, T, Chafino, S, and Tomioka, K. Photoperiod and temperature separately regulate nymphal development through JH and insulin/TOR signaling pathways in an insect. Proc Natl Acad Sci (2020) 117:5525–31. doi: 10.1073/pnas.1922747117

30. Saunders, DS. Insect photoperiodism: effects of temperature on the induction of insect diapause and diverse roles for the circadian system in the photoperiodic response. Entomol Sci (2014) 17:25–40. doi: 10.1111/ens.12059

31. Hou, ZR. Study on lycorma delicatula and egg parasitoids. dissertation for master degree. Beijing: Chinese Academy of Forestry (2013).

32. Paolucci, S, Zande, VD, and Beukeboom, LW. Adaptive latitudinal cline of photoperiodic diapause induction in the parasitoid Nasonia vitripennis in Europe. J Evol Biol (2013) 26:705–18. doi: 10.1111/jeb.12113

33. Kehoe, R, Sanders, D, Cruse, D, Silk, M, Gaston, KJ, Bridle, JR, et al. Longer photoperiods through range shifts and artificial light lead to a destabilizing increase in host–parasitoid interaction strength. J Anim Ecol (2020) 89:2508–16. doi: 10.1111/1365-2656.13328

34. Liu, PC, Wang, JJ, Zhao, B, Men, J, and Wei, JR. Influence of natal host and oviposition experience on sex allocation in a solitary egg parasitoid, Anastatus disparis (Hymenoptera, eupelmidae). J Hymenoptera Res (2017) 58:29–40. doi: 10.3897/jhr.58.12763

35. Liu, PC, Wei, HX, Cao, DD, and Wei, JR. Relationships amongst sex ratio of progeny in Anastatus disparis (Hymenoptera: eupelmidae), sperm depletion and decreased fecundity. Appl Entomol Zool (2020) 55:25–30. doi: 10.1007/s13355-019-00648-8

36. Stahl, JM, Babendreier, D, and Haye, T. Life history of Anastatus bifasciatus, a potential biological control agent of the brown marmorated stink bug in Europe. Biol Control (2019) 129:178–86. doi: 10.1016/j.biocontrol.2018.10.016

37. Mi, QQ, Zhang, JP, Ali, MY, Zhong, YZ, Mills, NJ, Li, YM, et al. Reproductive attributes and functional response of Anastatus japonicus on eggs of Antheraea pernyi, a factitious host. Pest Manage Sci (2022) 78:4679–88. doi: 10.1002/ps.7088

38. Wei, XY, Chen, YM, Wang, X, Lv, RE, and Zang, LS. Demography and fitness of Anastatus japonicus reared from Antheraea pernyi as a biological control agent of Caligula japonica. Insects (2022) 13:349. doi: 10.3390/insects13040349

39. Senravan, R, and Annadurai, RS. Influence of host’s food plant and habitat on Anastatus ramakrishnae (Mani) (Hym., eupelmidae), an egg parasitoid of Coridius obscurus (Fab.) (Het., pentatomidae). J Appl Entomol (1991) 112:237–43. doi: 10.1111/j.1439-0418.1991.tb01053.x

40. Bai, B, Luck, RF, Forster, L, Stephens, J, and Janssen, JAM. The effect of host size on quality attributes of the egg parasitoid, Trichogramma pretiosum. Entomologia Experimentalis Applicata. (1992) 64:37–48. doi: 10.1111/j.1570-7458.1992.tb01592.x

41. Larios, GLB, Ohno, K, and Fukuhara, F. Effects of photoperiod and temperature on preimaginal development and summer diapause of Chrysocharis pubicornis (Zetterstedt) (Hymenoptera: eulophidae), a pupal parasitoid of leafminers (Diptera: agromyzidae). Appl Entomol Zool (2007) 42:189–97. doi: 10.1303/aez.2007.189

42. Li, W, Li, J, Coudron, TA, Lu, ZY, Pan, WLA, Liu, XX, et al. Role of photoperiod and temperature in diapause induction of endoparasitoid wasp Microplitis mediator (Hymenoptera: braconidae). Ann Entomol Soc America (2008) 101(3):613–8. doi: 10.1603/0013-8746(2008)101

43. Wu, YK, Broadley, HJ, Vieira, KA, McCormack, JJ, Namgung, H, Kim, Y, et al. Cryptic genetic diversity and associated ecological differences of Anastatus orientalis, an egg parasitoid of the spotted lanternfly. Front Insect Sci  Invasive Insect Species. In Review (2023) 3:1154651. doi: 10.3389/finsc.2023.1154651.

44. Broadley, HJ, Sipolski, SJ, Pitt, DB, Hoelmer, KA, Wang, XY, Cao, LM, et al. Assessing the host range of Anastatus orientalis, an egg parasitoid of spotted lanternfly (Lycorma delicatula) using Eastern U.S. non-target species. Front Insect Sci (2023) 3:1154697. doi: 10.3389/finsc.2023.1154697

45. Pizzol, J, and Pintureau, B. Effect of photoperiod experienced by parents on diapause induction in Trichogramma cacoeciae. Entomologia Experimentalis Applicata. (2008) 127:72–7. doi: 10.1111/j.1570-7458.2008.00671.x

46. Bayram, A, Ozcan, H, and Kornosor, S. Effect of cold storage on the performance of Telenomus busseolae gahan (Hymenoptera: scelionidae), an egg parasitoid of Sesamia nonagrioides (Lefebvre) (Lepidoptera: noctuidae). Biol Control (2005) 35:68–77. doi: 10.1016/j.biocontrol.2005.06.007

47. Colinet, H, and Boivin, G. Insect parasitoids cold storage: a comprehensive review of factors of variability and consequences. Biol Control (2011) 58:83–95. doi: 10.1016/j.biocontrol.2005.10.004

48. Mohamed, HO, and El-Heneidy, AH. Effect of cold storage temperature on quality of the parasitoid, Trichogrammatoidea bactrae nagaraja (Hymenoptera: trichogrammatidae). Egyptian J Biol Pest Control (2020) 30:1–13. doi: 10.1186/s41938-020-00288-Z

49. Foerster, LA, and Doetzer, AK. Cold storage of the egg parasitoids Trissolcus basalis (Wollaston) and Telenomus podisi ashmead (Hymenoptera: scelionidae). Biol Control (2006) 36:232–7. doi: 10.1016/j.biocontrol.2005.10.004

50. Chen, WL, Leopold, RA, and Boetel, MA. Cold storage of adult Gonatocerus ashmeadi (Hymenoptera: mymaridae) and effects on maternal and progeny fitness. J Economic Entomol (2008) 101:1760–70. doi: 10.1603/0022-0493-101.6.1760

51. Sáringer, G, and Szentkiralyi, F. Contribution to the knowledge of the diapause of Grapholitha funebrana treitschke (Lepidoptera, tortricidae). J Appl Entomol (1980) 90:493–505. doi: 10.1111/j.1439-0418.1980.tb03557.x

52. Wang, XP, Xue, FS, Hua, A, and Ge, F. Effects of diapause duration on future reproduction in the cabbage beetle, Colaphellus bowringi: positive or negative? Physiol Entomol (2006) 31:190–6. doi: 10.1111/j.1365-3032.2006.00508.x

53. Ellers, J, and Alphen, JJM. A trade-off between diapause duration and fitness in female parasitoids. Ecol Entomol (2002) 27:279–84. doi: 10.1046/j.1365-2311.2002.00421.x

54. Carvalho, RS. Diapause in fruit fly parasitoids in the recôncavo baiano, Brazil. Neotropical Entomol (2005) 34:613–8. doi: 10.1590/S1519-566X2005000400012

55. Zhao, C, Guo, Y, Liu, Z, Xia, Y, Li, YY, Song, ZW, et al. Temperature and photoperiodic response of diapause induction in Anastatus japonicus, an egg parasitoid of stink bugs. Insects (2021) 12:872. doi: 10.3390/insects12100872




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2023 Bao, Wang, Cao, Xin, Broadley and Gould. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/finsc-03-1153723-g004.jpg
o o800 f§99g8980

Aab
G2
Generations

§oooBpg8gfeo

;

o c8egfB896880
I — 1

R EEEPEEE R o

Aa

!

o
=

@om@wmcooo

%

Male

T T T T
<lJ O 5 0

(p) AnasBuof ynpy

204

L16:D08
L12:D12

[ JrogDI6
ABa

o @0 PR 8o
g —
£
W AU A wta

o ® §® B W
—— e

Bb

& o® 8 oY 0FpC PP
f—
PR L PR &

s —— [ |~

2

° 80 0 ® 9% 8%og %00 %%

|2 ————[Em—

a

0o 98888 BoPB, B

.|I|.

EEEL R R A hu.A. «dq3« -

2 ll | @
]

P 88 B, 980 000 &

Female

i

k| .|I|.

T T T T T

g 8 g S & =
(p) Anas3uoy ynpy

Generations





OEBPS/Images/finsc-03-1153723-g002.jpg
[ |L16: DOS
[ JL12: D12
[ ]L08: D16

Aa

Aa

Aab

Aa

0

- - -] S S S o S o S
0 9 00 7 6 5 4 3 2 1
1

poonpoad Auagouad s1ypjuario “ JO JaquunU UBIA

Generations





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Effects of transgenerational photoperiod experience on the reproduction and development of Anastatus orientalis, an egg parasitoid of the spotted lanternfly

      

        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Insect rearing

          



          		

            2.2 Observation of fecundity, sex ratio, adult longevity, and diapause pattern of the parasitoid wasp

          



          		

            2.3 Statistical analyses

          



        



        



        		

          3 Results

        

          		

            3.1 Female fecundity

          



          		

            3.2 Sex ratio

          



          		

            3.3 Adult longevity

          



          		

            3.4 Diapause in progeny

          



        



        



        		

          4 Discussion

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/finsc-03-1153723-g001.jpg
Generations: 0 1 2 3

08:16 08:16 08:16
12:12 12:12 12:12
16:08 16:08 16:08

D)
=
—

—

£
o)
N—
o]
—
o)
2|
<
—






OEBPS/Images/finsc-03-1153723-g006.jpg
Progeny diapause (%)

100

95

O
-

[
-)

e e

—l—[L.16: DOS
—O—L12: D12
—/—1.08: D16

;J
A /X

Gl G2 G3

(zenerations





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/finsc-03-1153723-g005.jpg
A

Female
1.0 Photoperiods
111 L08:D16
1 L12:D12
?:; 0.8 I L16:D08
2
0,6
4
=] P <0.01
2 04
=1
=
O
0.2
0.0
T I T T l T
0 20 40 60 80 100
Time (d)
(¢
Female
1.0 Generations
a1
E 08 —ELGZ
E -na3
@ 0.6
o
= P <0.01
<
'ﬁ: 0.4
g
O
0.2
0.0

Male
Lo+ Photoperiods
’ ~I"1 LO8:D16
- 1L12:D12
= 0.8 ~I1 L16:D08
a
2
2 0.6
2
£ P=0.09
2 0.4
=
=
©
0.2
0.0
[ S N [ I
0 5 10 15 20
Time (d)
Male
1.0 Generations
-Gl
. e}
g 0:8 I1G3
=}
0.6+
2
£ P=0.05
E 04
g
O
0.2
0.0
T T I T T
0 5 10 15 20






OEBPS/Images/logo.jpg
’ frontiers ‘ Frontiers in Insect Science





OEBPS/Images/finsc-03-1153723-g003.jpg
Female ratio (%)

100

90

80

70

60

50

40

10

Ba

Ba

Gl

Bb

Aa Ag A

G2

Generations

Aa

G3

[ ]L16: DOS
Ab [ ]L12: D12
[ ]L08: D16






OEBPS/Images/finsc-03-1153723-g007.jpg
Mean number of progeny produced

B
100 100
90 4 90 4
¥ =0.075x+54.980 Q
| | o
80 R*=0.064, P=0.510 ) wi B
704 e} 109 © o
604 © S 6o Y= 0.056x+73.225
=] 2.
o 8 R=0.059, P=0.528
50 4 g 504 o
)
04 o g 404
° 2
30+ 30+
20 - 20
10 - 10 -|
0 T T T T T 0 T T T T T T
0 20 40 60 30 100 0 20 40 60 80 100
Diapause (%) Diapause (%)
Cc
70
A Female
604 & O Male
504 A
-
)
2 A
= 40+ Female: Y = -0.124x+53.033 A
= R=0.509, P<0.05
8 A
= 304
=
o
<
20 Male: Y= -0.009:+9.285
R=0.177, P=0.259
104 % fa) é ;

20 40 60
Diapause (%)

T
80 100





OEBPS/Images/finsc.2023.1153723_cover.jpg
& frontiers | Frontiers in Insect Science

Effects of transgenerational photoperiod
experience on the reproduction and
development of Anastatus orientalis , an
egg parasitoid of the spotted lanternfly





