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Abstract

:

Simple Summary


The performance of two egg parasitoids T. dendrolimi and T. ostriniae were compared on Asian corn borer (ACB) Ostrinia furnacalis eggs of different ages under choice and no-choice conditions. Both parasitoid species showed significant preferences in parasitizing ACB eggs of different ages. Younger ACB eggs (0–8-h-old) showed high suitability while eggs older than 8 h were not suitable for T. dendrolimi. The age of ACB eggs did not affect the biological parameters of T. ostriniae. Overall, our results highlighted the T. ostriniae species as the best candidate biocontrol agent for managing ACB populations.




Abstract


The Asian corn borer (ACB), Ostrinia furnicalis, is a serious corn pest in south-east Asia, causing huge economic losses every year. Trichogramma dendrolimi and Trichogramma ostriniae, two egg parasitoids, have previously been identified as key biological control agents. To determine the age impact of ACB eggs on their effective biocontrol potential, herein we compared the biological parameters (i.e., number of parasitized eggs, emergence, developmental time, and sex ratio) of both parasitoids on ACB eggs of various ages (i.e., 0–4, 4–8, 8–12, 12–16, 16–24, 24–36, and 36–48 h old), respectively. Our results showed that the age of ACB eggs had a significant impact on the parasitization activity of T. dendrolimi in both choice and no-choice conditions. Trichogramma dendrolimi preferred to parasitize 0–8-h-old ACB eggs, and its parasitization dramatically declined on ACB eggs older than 8 h under choice and no-choice conditions. On the other hand, T. ostriniae showed high preference to parasitize all tested ACB egg ages. The age of ACB eggs had no significant impact on the parasitization of T. ostriniae under choice and no-choice conditions. Furthermore, the female progeny of T. dendrolimi decreased as the age of ACB increased, while no differences were found in female progeny of T. ostriniae. Trichogramma ostriniae also developed faster on each ACB egg age group in comparison with T. dendrolimi. Overall, the age of ACB eggs had a significant impact on T. dendrolimi performance, leading us to conclude that T. ostriniae is more effective than T. dendrolimi as a biocontrol agent of the ACB.
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1. Introduction


The Asian corn borer (ACB), Ostrinia furnicalis Guenée 1854 (Lepidoptera: Crambidae), the most destructive maize pest, is distributed throughout south-east Asia, especially in China, where it causes up to 30% yield losses yearly [1,2]. Recently, ACB infestation significantly increased in maize-producing regions, due to changes in climate and farming systems (i.e., increased plantation density and tillage method of straw returning). As a result, insecticide application for managing ACB has increased. However, the indiscriminate and frequent overuse of insecticides leads to serious side effects, such as pest resistance and resurgence, as well as hormesis [3,4,5,6], coupled with a negative impact on beneficial arthropods and human health [7,8,9,10]. To avoid these issues, it is essential to establish effective and environmentally sustainable ACB management strategies in maize fields [11]. Among the pest management strategies currently available, the use of Trichogramma parasitoids as ACB biocontrol agents has been outlined [12].



Trichogramma (Hymenoptera: Trichogrammatidae) is an important genus of biological control agents, comprising many species that are currently used for managing various moth pests, with significant ecological and economic advantages [12,13,14,15,16,17,18]. The releases of Trichogramma parasitoids for the management of moth pests, especially ACB, are some of the most important measures in maize Integrated Pest Management (IPM) in China. Notably, Trichogramma-treated corn area in northeast China has increased from 0.6 to 5.5 million ha between 2005 and 2015 [12,19,20].



Trichogramma dendrolimi Matsumura and Trichogramma ostriniae (Pang & Chen) have been reported as the best potential biological control agents against ACB among the available Trichogramma species [12,21]. In Northeastern China, inundative releases of T. dendrolimi alone (225,000 parasitoids ha−1) have covered an area of 2.3 million ha yearly since 2012 [12]. In addition, inundative releases of T. ostriniae (75,000–120,000 parasitoids ha−1) resulted in >90% parasitization of ACB eggs [12,22]. The area-wide release of these Trichogramma parasitoids has been continuously expanding, and their value as an effective tool for sustainable ACB management has been recognized [23,24]. However, despite the results obtained with these parasitoid species, there are unsolved issues on the selection of best Trichogramma species to use [12].



To ensure effectiveness of biological control programs, it is key to assess the suitability of targeted pest(s) for selected parasitoid(s) [25,26,27,28,29]. The sensitivity of T. dendrolimi to the age of ACB eggs was found to be a key factor, affecting its parasitization ability [30]. On the other hand, T. ostriniae is widely regarded as the most effective ACB egg biocontrol agent [12]. However, the age effect of ACB egg on the biological parameters of T. ostriniae in comparison to T. dendrolimi is still unknown.



Therefore, in this study, the parasitization ability of T. dendrolimi and T. ostriniae on ACB eggs of various ages was investigated under choice and no-choice conditions. Furthermore, we assessed the sex ratio, developmental time, and emergence rate of both Trichogramma species on ACB eggs of various ages.




2. Materials and Methods


2.1. Parasitoids


The parasitoids T. dendrolimi and T. ostriniae were initially collected from parasitized eggs of the rice stem borer, Chilo suppressalis (Lepidoptera: Pyralidae), in paddy fields in Changchun, Jilin province, China (43.89° N, 125.32° E). Both parasitoid species were identified through scanning electron microscope (SEM) micrographs of the male genital capsules [31], and rDNA ITS2 sequences were analyzed for molecular identification, according to the methods described by Stouthamer et al. [32]. The GenBank accession numbers for T. dendrolimi and T. ostriniae were FR750279 and HE648326, respectively. Voucher specimens were kept at the Institute of Biological Control, Jilin Agricultural University, China. Parasitoid colonies were reared on eggs of rice moth Corcyra cephalonica (Stainton) (Lepidoptera: Pyralidae), under laboratory conditions (25 ± 1 °C, 70 ± 5%, relative humidity (RH) 16:8 (L:D) photoperiod). To maintain the initial parasitization ability of these parasitoids, after continuous rearing for five generations on C. cephalonica eggs, T. dendrolimi and T. ostriniae colonies were reared for a generation on their native host ACB eggs.




2.2. Host


Ostrinia furnacalis


To obtain ACB host eggs for the experiment, a moth mass-rearing was developed at the Institute of Biological Control, Jilin Agricultural University, Changchun, China. ACB larvae were kept under laboratory conditions, using a climate chamber with 25 ± 1 °C, 60 ± 5% RH, and 16:8 (L:D) photoperiod. The artificial diet for rearing O. furnacalis larvae was composed by wheat bran 300 g, yeast 100 g, methyl 4-hydroxybenzoate 8 g, sorbic acid 8 g, ascorbic acid 8 g, linoleic acid 50 µL, sucrose 28 g, agar 30 g, and water 1500 mL. The artificial diet was provided to the ACB larvae in plastic containers (23 cm × 23 cm × 5 cm). After pupation, the insects were collected and placed in a mesh cage (35 cm × 35 cm × 35 cm). After the moths emerged, a 20% honey solution (v/v) was provided as food on a cotton wick [2]. A large piece (30 cm × 30 cm) of wax paper lined the inner walls of the cage, serving as oviposition substrate. The wax paper containing newly laid eggs was removed as required. A previous study [30] showed that the duration of egg development of O. furnacalis was 88.6 ± 5.8 h. In preliminary experiments, we observed that the parasitism rate of T. dendrolimi dramatically declined (>50%) when the age of O. furnacalis host eggs was older than 8 h. Collectively, we evaluated the parasitism rate of T. dendrolimi and T. ostriniae on 0–48-h-old ACB eggs to ensure accurate host-age preference. The egg masses on the wax papers were cut out with scissors and held in a climate chamber until they reached the age needed for the experiments described below (i.e., 0–4, 4–8, 8–12, 12–16, 16–24, 24–36, and 36–48 h old).





2.3. Impact of ACB Egg Age on the Biological Parameters of T. dendrolimi and T. ostriniae


No-choice test: To determine the effect of host age on parasitization, two parasitoids, Trichogramma dendrolimi and T. ostriniae, parasitizes ACB eggs of various ages (i.e., 0–4, 4–8, 8–12, 12–16, 16–24, 24–36, and 36–48 h) separately. The environmental conditions for the experiment were 25 ± 1 °C, 70 ± 5% RH, and 16:8 (L:D) photoperiod. A newly emerged (<12 h old) mated adult female of T. dendrolimi or T. ostriniae was introduced into a glass tube (10 × 3 cm, length × diameter) containing ACB egg cards (50–70 eggs card−1) of various ages, as described above. In each glass tube, a 20% honey solution (v/v) on a cotton wick was provided as food for adult parasitoids. After parasitizing for 24 h, the female was removed from each glass tube, and the parasitized egg cards of each age were transferred separately to an incubator chamber (25 ± 1 °C, 70 ± 5% RH 16:8 (L:D) photoperiod) to allow the parasitoid development. Five days later, the egg cards belonging to each treatment were examined under a stereoscopic microscope (LEICA S6E, Germany) and the number of parasitized eggs (i.e., characterized by a dark color) was recorded. The parasitized egg cards were then placed back in an incubator chamber until adult parasitoid emergence. The date of emergence and sex of each parasitoid species from each host age stage were recorded. The developmental time (i.e., time elapsed from egg parasitization to the adult emergence) of T. dendrolimi and T. ostriniae on each host age stage was noted. Each treatment was replicated 15 times.



Choice test: The ACB eggs of seven different stages (i.e., 0–4, 4–8, 8–12, 12–16, 16–24, 24–36 and 36–48 h), all randomly stapled on a paper strip, were offered to T. dendrolimi and T. ostriniae wasps separately. The environmental conditions for the experiment were 25 ± 1 °C, 70 ± 5% RH, and 16:8 (L:D) photoperiod. Each egg card of ACB was comprised of 50–70 eggs of the specific age group. A newly emerged (<12-h-old) mated adult female of T. dendrolimi or T. ostriniae was introduced into a glass tube (10 × 3 cm, length × diameter) containing various ages of ACB eggs at the same time. After parasitizing for 24 h, the female adults were removed from each glass tube, and the parasitized eggs of each age were transferred separately to an incubator chamber (25 ± 1 °C, 70 ± 5% RH 16:8 (L:D) photoperiod) to allow for parasitoid development. The other operation procedures were the same as in the no-choice test above. Each treatment was replicated 15 times.




2.4. Statistical Analysis


The number of differently aged ACB eggs parasitized by two Trichogramma species, the percentage of parasitoid offspring emergence, the developmental time, and the percentage of female progeny under a no-choice test were analyzed using two-way analysis of variance (ANOVA) with the host age (7) and parasitoid species (2) as factors. The means were separated using a Tukey’s HSD test. All data were subjected to normality and homoscedasticity tests (Shapiro–Wilk test and Levene’s test) before ANOVA. Prior to the ANOVA, data on the female progeny (%) and emerged T. dendrolimi and T. ostriniae parasitoids (%) were arcsine square-root-transformed to normalize variances. When the ANOVA revealed significant effects of the factors, means were separated by the Student’s t-test. In the choice test, the preference to differently aged ACB eggs parasitized by each Trichogramma species was analyzed using a non-parametric Friedman test. SAS statistical software package (SAS Institute, Cary, NC, USA) was used for all statistical analyses, and figures were plotted relying to OriginPro 2017 SR2.





3. Results


3.1. Impact of Host Age on T. dendrolimi and T. ostriniae Parasitization


No-choice test: our results showed that the parasitoid species, host age, and interactions between these two variables had a significant impact on host parasitization (Table 1). As shown in Figure 1, the number of eggs parasitized by T. dendrolimi (F6,98 = 81.63, p < 0.0001) and T. ostriniae (F6,98 = 14.38, p < 0.0001) was significantly affected by the age of ACB eggs. Trichogramma dendrolimi parasitized the largest number of 4–8-h-old ACB eggs (32.9), followed by 0–4-h-old eggs (26.3) and 8–12-h-old eggs (10.7), while T. dendrolimi parasitized the lowest number of 12–48-h-old eggs (1.3–5.5), respectively. Trichogramma ostriniae showed no preference for ACB eggs that were 4–24 h old. As shown in Figure 1, T. ostriniae parasitized a significantly higher number of ACB eggs compared to T. dendrolimi, when various ages were tested.



Choice test: the preference of differently aged ACB eggs parasitized by T. dendrolimi differed significantly while T. ostriniae species parasitized ACB eggs of all ages equally under choice conditions (Figure 2a,b). Results showed that the age of ACB eggs had significant effects on the parasitization ability of T. dendrolimi in choice conditions, where T. dendrolimi showed a strong parasitization preference to newly laid ACB eggs among various ages eggs (χ2 = 55.388, df = 6, p < 0.0001) (Figure 2a). Trichogramma dendrolimi parasitized significantly higher numbers of newly laid 4–8-h-old ACB eggs (14.06), followed by 0–4-h-old eggs (13.00). However, T. dendrolimi significantly parasitized a few numbers of ACB eggs that were 8–12 h old (3.86) and 12–16 h old (3.40). Particularly, T. dendrolimi did not parasitize 16–48-h-old ACB eggs in choice conditions (Figure 2a).



In contrast, the age of ACB eggs had no significant effect on the parasitization by T. ostriniae in the choice test; the parasitoids accepted all ACB egg-ages studied for parasitization (χ2 = 1.014, df = 6, p = 0.985) (Figure 2b). Trichogramma ostriniae parasitized ACB eggs of all ages equally.




3.2. Impact of Host Age on the Parasitoid Emergence, Development, and Female Sex Ratio


Parasitoid species and host age had no significant effects on the emergence, but their interactions affected parasitoid emergence (Table 1). No significant differences were observed in parasitoid emergence of T. dendrolimi (F6,61 = 1.85, p = 0.1052) and T. ostriniae (F6,98 = 1.17, p = 0.3277) from ACB eggs of various ages (Table 2). Overall, the emergence of both T. dendrolimi and T. ostriniae was higher for ACB eggs.



The tested Trichogramma species had a significant effect on the developmental time of the parasitoid, while the host age and their interactions did not show significant effects (Table 1). Similarly, there was no significant difference in developmental time of T. dendrolimi (F6,61 = 1.84, p = 0.1066) or T. ostriniae (F6,97 = 1.22, p = 0.3013) on ACB eggs of various ages (Table 3). However, significant differences were found in the developmental time between both species when compared at each tested age group of ACB eggs (Table 3). Trichogramma ostriniae developed significantly faster on each age group of ACB eggs than T. dendrolimi. As a general trend, T. dendrolimi showed the longest developmental time on ACB eggs among all treatments (Table 3).



Concerning the parasitoid female progeny, the tested Trichogramma species, the host age, and the interaction between these two factors had a significant effect (Table 1). A significant difference in the female progeny (%) of T. dendrolimi emerging from different ages of ACB eggs was noted, with a tendency for the female progeny (%) to decrease as the host egg age increased (F6,61 = 4.30, p = 0.0011) (Table 4). However, no significant differences in T. ostriniae female progeny (%) among different ages of ACB eggs were noted (F6,97 = 2.06, p = 0.0656) (Table 4). When parasitizing fresh ACB eggs (i.e., 0–4 h or 4–8 h old), T. dendrolimi and T. ostriniae had a similar percentage of female progeny. However, T. dendrolimi showed a significantly lower female progeny (%) on 8–12-h- to 36–48-h-old ACB eggs compared to T. ostriniae (Table 4). In all cases, the progeny of both parasitoid species was female biased.





4. Discussion


Selecting the most effective trichogrammatid species as biocontrol agents for ACB area-wide management is of high economic importance. Several studies reported that O. furnacalis is a poor host for T. dendrolimi [12,33]. Similarly, the parasitization rates of T. dendrolimi on ACB eggs were found to be low, ranging from 3.28 to 30% in various laboratory studies [30,34], compared to the high parasitization (100%) of T. ostriniae [34]. Furthermore, T. ostriniae was found to be the most common egg parasitoid of ACB in the field [21]. The parasitization rates of T. dendrolimi on ACB eggs were higher than 80% due to inundative releases (30,000 wasps/667 m2) [35]. However, further field surveys indicated that the post-release parasitization of T. dendrolimi on the subsequent generation of ACB decreased to less than 8%, unless it was supplemented by continued releases of the parasitoid, and T. ostriniae quickly became the dominant egg parasitoid [35,36,37]. All the above findings raise concerns about the effectiveness of T. dendrolimi against ACB in field trials, as well as why its initial successful parasitization rates at release time quickly fade in subsequent generations.



In this scenario, our results outlined that the host age is one of the key factors influencing the parasitoid’s host seeking behavior which characterizes this trophic interaction [38,39]. Herein, we evaluated how the age of ACB eggs can affect the key biological parameters in T. dendrolimi and T. ostriniae, to investigate a possible reason for the incompetency of T. dendrolimi on ACB eggs in the field. Our results showed that the age of host eggs (ACB) had a significant impact on T. dendrolimi and T. ostriniae parasitization activity under no-choice and choice conditions. Trichogramma dendrolimi parasitized a significantly higher number of 0–8-h-old ACB eggs, while a drastic decline in the number of eggs parasitized by T. dendrolimi was observed when the age of ACB eggs increased, i.e., >8-h-old eggs, in both no-choice and choice conditions. Furthermore, T. dendrolimi owns a strong choosiness behavior towards older ACB eggs, and is attracted towards freshly laid ACB eggs. The possible explanation for the high parasitism preference of T. dendrolimi towards freshly laid eggs and choosiness behavior towards older ACB eggs could be partly linked to the chorion structure and volatile semiochemicals produced by ACB eggs of different ages. Indeed, it has been reported that the structure of the chorion, such as thickness, is important for the acceptance of the host eggs by Trichogramma parasitoids [40]. Our findings agree with earlier research [41], where the authors investigated the effect of age on the parasitization potential of six Trichogramma species, including T. dendrolimi, on the eggs of Mythimna separata Walker (Lepidoptera: Noctuidae). The authors also observed a high parasitization preference of T. dendrolimi for younger eggs of M. separata. Similarly, three tested Trichogramma species, including T. dendrolimi, showed a tendency to parasitize younger C. suppressalis eggs, both in choice and no-choice conditions [19]. The low parasitization rates of T. dendrolimi on ACB eggs may be due to the low toxicity of T. dendrolimi female venom against ACB eggs [42]. The parasitization rate of Trichogramma spp. can be affected by the age of the host egg [43]. Our results showed that ACB eggs, aged 0–8 h, were suitable host eggs under both no-choice and choice conditions. These findings indicated that ACB egg masses offer a short window of opportunity for T. dendrolimi to parasitize. So, to achieve high parasitization rates, T. dendrolimi should find ACB eggs soon after they are laid. Based on these observations, it is strongly recommended to release T. dendrolimi mixed development instars in the field (i.e., both larvae and pupae) instead of uniformly aged individuals, as well as to perform inundative releases throughout the oviposition period of ACB, for successful biological control programs. Certainly, the biocontrol strategy releasing T. dendrolimi against ACB should be tested in this field in the future.



Furthermore, our results pointed out that T. ostriniae can accept ACB eggs of various ages under no-choice and choice conditions, and could parasitize a similar number of ACB eggs between those aged 0–4 h and 16–24 h. These results confirm those by Iqbal et al. [2], who did not detect significant differences in the number of T. ostriniae-parasitized ACB eggs between those that were 12 h old and 24 h old. Our results are also in accordance with [44], who found no variations in the parasitization of T. ostriniae species between 1-day-old and 4-days-old host eggs of soybean pod borer Leguminivora glycinivorella (Matsumura) (Lepidoptera: Tortricidae), despite using a different host from ACB. Trichogramma ostriniae parasitized significantly more 4–12-h-old host eggs than 24–48-h-old eggs under no-choice conditions, whereas under choice conditions, this difference was practically absent. It could be explained that T. ostriniae females do not choose the age of O. furnacalis eggs during parasitism, as reported earlier [2]. In the choice test, 7 O. furnacalis egg ages were simultaneously available for T. ostrinae to parasitize, so it may be possible that the female parasitoid randomly selected the age groups. Since host eggs of various ages are commonly found in the field, the acceptance of ACB eggs in a wider age range would be beneficial for the reproductive success of T. ostriniae.



In general, the evaluation of key biological parameters, including parasitization ability, parasitoid emergence, female progeny, and developmental duration on target host eggs, typically constitutes the basis for using Trichogramma parasitoids in biocontrol programs [2,45,46,47,48,49]. According to our studies, the parasitization ability of T. dendrolimi and T. ostriniae on ACB eggs of different ages varied, but T. ostriniae accepted host eggs of all ages.



In a typical biological control program, egg parasitoids should be able to parasitize a large number of eggs and develop female-biased offspring [50]. Trichogramma ostriniae parasitization led to comparable abundance of newly emerged adult females from different ages of ACB eggs, while T. dendrolimi led to different abundance of newly emerged adult females from ACB eggs of different ages. However, both species developed a female-biased progeny on all ages of ACB eggs, according also to a recent study [2]. Furthermore, our results showed no variations in T. ostriniae developmental time on ACB eggs of various ages, while some differences in the developmental time of T. dendrolimi on the same host were noted. In comparison to T. dendrolimi, T. ostriniae developed faster on ACB eggs. This suggests that T. ostriniae outperforms T. dendrolimi in parasitizing ACB eggs of various ages.



The practical advantages of producing Trichogramma parasitoids using host eggs from the Chinese oak silkworm, Antheraea pernyi (Guérin-Méneville) (Lepidoptera: Saturniidae), have been recently reported, including their high parasitization rate, easy storage, and transportation [51]. In comparison to production on small host eggs, the cost of producing Trichogramma using A. pernyi eggs showed a significant eight-fold decrease [12,52]. Trichogramma dendrolimi and T. ostriniae have been found to have several advantages for a successful management of ACB moths. Monoparasitism allows T. dendrolimi to be mass-produced on eggs of its factitious host A. pernyi [53]. On the other hand, T. ostriniae can be mass-reared efficiently by multiparasitism with other A. pernyi-capable species [12,54]. The efficacy and biological traits of T. dendrolimi and T. ostriniae species reared with A. pernyi on the target ACB have also been thoroughly investigated [2,30]. Overall, considering the results of our study, we highlight that T. dendrolimi prefer to parasitize younger ACB eggs, especially 0–8-h-old eggs, while T. ostriniae is able to exploit a wide range of ACB egg ages. We can, therefore, recommend releasing A. pernyi-reared T. ostriniae species for the successful biological control of ACB.




5. Conclusions


We evaluated the reason for incompetency of T. dendrolimi species to parasitize ACB eggs in comparison with T. ostriniae species. The study concluded that the age of ACB eggs was a key factor that significantly affected the parasitism capability of T. dendrolimi species in comparison to T. ostriniae species, in both choice and no-choice conditions. Trichogramma dendrolimi showed significant high parasitism preference to younger ACB eggs (0–8 h old), while T. ostriniae parasitized ACB eggs of all ages in significantly high numbers. Overall, these findings provide a groundwork for the selection and augmentation of potential biocontrol agents against ACB in corn fields.







Author Contributions


Conceived and designed research, L.-S.Z., G.B. and N.D.; conducted experiments and collected the data, Y.W. and Y.-Y.H.; performed data analyses, Y.W. and Y.-Y.H.; wrote the original draft, Y.W., A.A. and Y.-Y.H.; revised the manuscript, A.A., N.D., G.B. and L.-S.Z. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Key R&D Program of China (2019YFD0300105), the National Natural Science Foundation of China (31901946), and Program of Introducing Talents to Chinese Universities (111 Program, D20023).




Institutional Review Board Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Afidchao, M.M.; Musters, C.J.M.; de Snoo, G.R. Asian corn borer (ACB) and non-ACB pests in GM corn (Zea mays L.) in the Philippines. Pest Manag. Sci. 2013, 69, 792–801. [Google Scholar] [CrossRef]

	



Iqbal, A.; Chen, Y.-M.; Hou, Y.-Y.; Ruan, C.-C.; Desneux, N.; Khan, M.Q.; Zang, L.-S. Rearing Trichogramma ostriniae on the factitious host Antheraea pernyi via multiparasitism with Trichogramma chilonis facilitates enhanced biocontrol potential against Ostrinia furnacalis. Biol. Control 2021, 156, 104567. [Google Scholar] [CrossRef]

	



Guedes, R.N.C.; Smagghe, G.; Stark, J.D.; Desneux, N. Pesticide-induced stress in arthropod pests for optimized integrated pest management programs. Annu. Rev. Entomol. 2016, 61, 43–62. [Google Scholar] [CrossRef]

	



Liu, X.; Tang, Q.; Li, Y.; Campos, M.; Liang, P.; Gao, X. Widespread resistance of the aphid Myzus persicae to pirimicarb across China, and insights on ace2 mutation frequency in this species. Entomol. Gen. 2017, 36, 285–299. [Google Scholar]

	



Wang, X.; Xu, X.; Ullah, F.; Ding, Q.; Gao, X.; Desneux, N.; Song, D. Comparison of full-length transcriptomes of different imidacloprid-resistant strains of Rhopalosiphum padi (Linné). Entomol. Gen. 2021, 41, 289–304. [Google Scholar] [CrossRef]

	



Pires Paula, D.; Lozano, R.E.; Menger, J.P.; Andow, D.A.; Koch, R.L. Identification of point mutations related to pyrethroid resistance in voltage-gated sodium channel genes in Aphis glycines. Entomol. Gen. 2021, 41, 243–255. [Google Scholar] [CrossRef]

	



Hoppin, J.A.; LePrevost, C.E.; Coll, M.; Wajnberg, E. Pesticides and human health. In Environmental Pest Management: Challenges for Agronomists, Ecologists, Economists and Policymakers; John Wiley & Sons: Hoboken, NJ, USA, 2017; pp. 251–273. [Google Scholar]

	



Desneux, N.; Decourtye, A.; Delpuech, J.-M. The sublethal effects of pesticides on beneficial arthropods. Annu. Rev. Entomol. 2007, 52, 81–106. [Google Scholar] [CrossRef]

	



Jiang, J.; Liu, X.; Zhang, Z.; Liu, F.; Mu, W. Lethal and sublethal impact of sulfoxaflor on three species of Trichogramma parasitoid wasps (Hymenoptera: Trichogrammatidae). Biol. Control 2019, 134, 32–37. [Google Scholar] [CrossRef]

	



Menail, A.H.; Boutefnouchet-Bouchema, W.F.; Haddad, N.; Taning, N.T.C.; Smagghe, G.; Loucif-Ayad, W. Effects of thiamethoxam and spinosad on the survival and hypopharyngeal glands of the African honey bee (Apis mellifera intermissa). Entomol. Gen. 2020, 40, 207–215. [Google Scholar] [CrossRef]

	



Luo, S.; Naranjo, S.E.; Wu, K. Biological control of cotton pests in China. Biol. Control 2014, 68, 6–14. [Google Scholar] [CrossRef]

	



Zang, L.-S.; Wang, S.; Zhang, F.; Desneux, N. Biological control with Trichogramma in China: History, present status, and perspectives. Annu. Rev. Entomol. 2021, 66, 463–484. [Google Scholar] [CrossRef] [PubMed]

	



Smith, S.M. Biological control with Trichogramma: Advances, successes, and potential of their use. Annu. Rev. Entomol. 1996, 41, 375–406. [Google Scholar] [CrossRef]

	



Desneux, N.; Wajnberg, E.; Wyckhuys, K.A.G.; Burgio, G.; Arpaia, S.; Narváez-Vasquez, C.A.; González-Cabrera, J.; Ruescas, D.C.; Tabone, E.; Frandon, J. Biological invasion of European tomato crops by Tuta absoluta: Ecology, geographic expansion and prospects for biological control. J. Pest Sci. 2010, 83, 197–215. [Google Scholar] [CrossRef]

	



Tabone, E.; Bardon, C.; Desneux, N.; Wajnberg, E. Parasitism of different Trichogramma species and strains on Plutella xylostella L. on greenhouse cauliflower. J. Pest Sci. 2010, 83, 251–256. [Google Scholar] [CrossRef]

	



Zhang, X.; Wang, H.C.; Du, W.M.; Zang, L.S.; Ruan, C.C.; Zhang, J.J.; Zou, Z.; Monticelli, L.S.; Harwood, J.D.; Desneux, N. Multi-parasitism: A promising approach to simultaneously produce Trichogramma chilonis and T. dendrolimi on eggs of Antheraea pernyi. Entomol. Gen. 2021, 41, 627–636. [Google Scholar] [CrossRef]

	



El-Arnaouty, S.A.; Pizzol, J.; Galal, H.H.; Kortam, M.N.; Afifi, A.I.; Beyssat, V.; Desneux, N.; Biondi, A.; Heika, I.H. Assessment of two Trichogramma species for the control of Tuta absoluta in North African tomato greenhouses. Afr. Entomol. 2014, 22, 801–809. [Google Scholar] [CrossRef]

	



Wang, P.; Li, M.-J.; Bai, Q.-R.; Ali, A.; Desneux, N.; Dai, H.-J.; Zang, L.-S. Performance of Trichogramma japonicum as a vector of Beauveria bassiana for parasitizing eggs of rice striped stem borer, Chilo suppressalis. Entomol. Gen. 2021, 41, 147–155. [Google Scholar] [CrossRef]

	



Zhang, J.-J.; Ren, B.-Z.; Yuan, X.-H.; Zang, L.-S.; Ruan, C.-C.; Sun, G.-Z.; Shao, X.-W. Effects of host-egg ages on host selection and suitability of four Chinese Trichogramma species, egg parasitoids of the rice striped stem borer, Chilo suppressalis. BioControl 2014, 59, 159–166. [Google Scholar] [CrossRef]

	



Huang, N.-X.; Jaworski, C.; Desneux, N.; Zhang, F.; Yang, P.-Y.; Wang, S. Long-term, large-scale releases of Trichogramma promote pesticide decrease in maize in northeastern China. Entomol. Gen. 2020, 40, 331–335. [Google Scholar] [CrossRef]

	



Wang, Z.; He, K.; Yan, S. Large-scale augmentative biological control of Asian corn borer using Trichogramma in China: A success story. In Proceedings of the Second International Symposium on Biological Control of Arthropods, Davos, Switzerland, September 12–16 2005; Volume 1216, p. 487494. [Google Scholar]

	



Wang, Z.-Y.; He, K.-L.; Zhang, F.; Lu, X.; Babendreier, D. Mass rearing and release of Trichogramma for biological control of insect pests of corn in China. Biol. Control 2014, 68, 136–144. [Google Scholar] [CrossRef]

	



Wang, Z.-Y.; He, K.-L.; Zhao, J.-Z.; Zhou, D.-R. Integrated pest management in China. In Integrated Pest Management in the Global Arena; CABI Publishing: Wallingford/Cambridge, UK, 2003; pp. 197–207. [Google Scholar] [CrossRef]

	



Yang, C.; Wang, C.; Zheng, Y.; Fu, B.; Na, C.; Su, X. Sustained effects of Trichogramma dendrolimi on Ostrinia furnacalis. J. Maize Sci. 2011, 19, 139–142. [Google Scholar]

	



Wyckhuys, K.A.G. Parasitism of the soybean aphid, Aphis glycines, by Binodoxys communis (Hymenoptera: Braconidae): The role of aphid defensive behavior and parasitoid reproductive performance. Bull. Entomol. Res. 2008, 98, 361–370. [Google Scholar] [CrossRef]

	



Desneux, N.; Blahnik, R.; Delebecque, C.J.; Heimpel, G.E. Host phylogeny and specialisation in parasitoids. Ecol. Lett. 2012, 15, 453–460. [Google Scholar] [CrossRef]

	



Van Driesche, R.G.; Reardon, R. Assessing Host Ranges for Parasitoids and Predators Used for Classical Biological Control: A Guide to Best Practice; United States Department of Agriculture Forest Health Technology Enterprise Team: Morgantown, WV, USA, 2004; p. 243. [Google Scholar]

	



Heimpel, G.E.; Mills, N.J. Biological Control; Cambridge University Press: Cambridge, UK, 2017; ISBN 0521845149. [Google Scholar]

	



Monticelli, L.S.; Nguyen, L.T.H.; Amiens-Desneux, E.; Luo, C.; Lavoir, A.; Gatti, J.; Desneux, N. The preference–performance relationship as a means of classifying parasitoids according to their specialization degree. Evol. Appl. 2019, 12, 1626–1640. [Google Scholar] [CrossRef] [PubMed]

	



Liu, S.-S.; Zhang, G.-M.; Zhang, F. Factors influencing parasitism of Trichogramma dendrolimi on eggs of the Asian corn borer, Ostrinia furnacalis. BioControl 1998, 43, 273–287. [Google Scholar] [CrossRef]

	



Pinto, J.D. Novel taxa of Trichogramma from the new world Tropics and Australia (Hymenoptera: Trichogrammatidae). J. New York Entomol. Soc. 1992, 100, 621–633. [Google Scholar]

	



Stouthamer, R.; Hu, J.; van Kan, F.J.P.M.; Platner, G.R.; Pinto, J.D. The utility of internally transcribed spacer 2 DNA sequences of the nuclear ribosomal gene for distinguishing sibling species of Trichogramma. BioControl 1999, 43, 421–440. [Google Scholar] [CrossRef]

	



Li, X.; Lei, Q.; Hua, H.; Song, H.; Wang, S.; Ramirez-Romero, R.; Li, J.; Li, Y. Impact of host suitability on oviposition preference toward fertilized and unfertilized host eggs in two Trichogramma parasitoid species. Entomol. Gen. 2019, 39, 313–323. [Google Scholar] [CrossRef]

	



Li, Y.X.; Dai, H.G.; Jiang, J.L.; Fu, W.J.; Sun, Z.C. Comparison study of suitability of Ostrinia furnacalis egg for three Trichogramma species. J. Nanjing Agric. Univ. 2002, 25, 35–38. [Google Scholar]

	



Feng, J.G. The effect and influence factors on the use of Trichogramma dendrolimi to control Ostrinia furnacalis. Entomol. J. East China 1996, 39, 45–50. [Google Scholar]

	



Zhang, Z.L.; Huang, R.S.; Zhu, Y.; Wang, S.Q.; Kang, Z.J.; Pan, Y.C.; Yin, Y.H.; Zhang, W.S.; Yun, X.Q.; Sun, A.H. Primary study on controlling Ostrinia furnacalis by using Trichogramma ostriniae. Chin. Bull. Entomol. 1979, 16, 207–210. [Google Scholar]

	



Zhang, J.; Wang, J.L.; Cong, B.; Yang, C.C. A faunal study of Trichogramma (Hym.: Trichogrammatidae) species on Ostrinia furnacalis (Lep.: Pyralidae) in China. Chin. J. Biol. Control 1990, 6, 49–53. [Google Scholar]

	



Vinson, S.B. Host selection by insect parasitoids. Annu. Rev. Entomol. 1976, 21, 109–133. [Google Scholar] [CrossRef]

	



Pak, G.A.; Buis, H.; Heck, I.C.C.; Hermans, M.L.G. Behavioural variations among strains of Trichogramma spp.: Host-age selection. Entomol. Exp. Appl. 1986, 40, 247–258. [Google Scholar] [CrossRef]

	



Pak, G.A.; Van Dalen, A.; Kaashoek, N.; Dijkman, H. Host egg chorion structure influencing host suitability for the egg parasitoid Trichogramma Westwood. J. Insect Physiol. 1990, 36, 869–875. [Google Scholar] [CrossRef]

	



Hou, Y.-Y.; Yang, X.; Zang, L.-S.; Zhang, C.; Monticelli, L.S.; Desneux, N. Effect of oriental armyworm Mythimna separata egg age on the parasitism and host suitability for five Trichogramma species. J. Pest Sci. 2018, 91, 1181–1189. [Google Scholar] [CrossRef]

	



Zhu, P.; Zhang, Y.-F.; Song, Q.-T.; Zhang, F.; Li, Y.-X. The suitability of Ostrinia furnacalis (Lepidoptera: Crambidae) eggs for Trichogramma dendrolimi (Hymenoptera: Trichogrammatidae) can be changed by T. ostriniae. Appl. Entomol. Zool. 2014, 49, 265–272. [Google Scholar] [CrossRef]

	



Pizzol, J.; Desneux, N.; Wajnberg, E.; Thiéry, D. Parasitoid and host egg ages have independent impact on various biological traits in a Trichogramma species. J. Pest Sci. 2012, 85, 489–496. [Google Scholar] [CrossRef]

	



Song, L.-W.; Wen, X.-Y.; Zang, L.-S.; Ruan, C.-C.; Shi, S.-S.; Shao, X.-W.; Zhang, F. Parasitism and suitability of different egg ages of the Leguminivora glycinivorella (Lepidoptera: Tortricidae) for three indigenous Trichogramma species. J. Econ. Entomol. 2015, 108, 933–939. [Google Scholar] [CrossRef] [PubMed]

	



Pizzol, J.; Pintureau, B.; Khoualdia, O.; Desneux, N. Temperature-dependent differences in biological traits between two strains of Trichogramma cacoeciae (Hymenoptera: Trichogrammatidae). J. Pest Sci. 2010, 83, 447–452. [Google Scholar] [CrossRef]

	



Thiéry, D.; Desneux, N. Host plants of the polyphagous grape berry moth Lobesia botrana during larval stage modulate moth egg quality and subsequent parasitism by the parasitoid Trichogramma cacoeciae. Entomol. Gen. 2018, 38, 47–59. [Google Scholar] [CrossRef]

	



Guo, X.; Di, N.; Chen, X.; Zhu, Z.; Zhang, F.; Tang, B.; Dai, H.; Li, J.; Guo, R.; Wang, S. Performance of Trichogramma pintoi when parasitizing eggs of the oriental fruit moth Grapholita molesta. Entomol. Gen. 2019, 239–249. [Google Scholar] [CrossRef]

	



Wang, Y.; Xiang, M.; Hou, Y.-Y.; Yang, X.; Dai, H.; Li, J.; Zang, L.-S. Impact of egg deposition period on the timing of adult emergence in Trichogramma parasitoids. Entomol. Gen. 2019, 39, 339–346. [Google Scholar] [CrossRef]

	



Qu, Y.; Chen, X.; Monticelli, L.S.; Zhang, F.; Desneux, N.; Huijie, D.; Ramirez-Romero, R.; Wang, S. Parasitism performance of the parasitoid Trichogramma dendrolimi on the plum fruit moth Grapholitha funebrana. Entomol. Gen. 2020, 40, 385–395. [Google Scholar] [CrossRef]

	



Hoffmann, M.P.; Ode, P.R.; Walker, D.L.; Gardner, J.; van Nouhuys, S.; Shelton, A.M. Performance of Trichogramma ostriniae (Hymenoptera: Trichogrammatidae) reared on factitious hosts, including the target host, Ostrinia nubilalis (Lepidoptera: Crambidae). Biol. Control 2001, 21, 1–10. [Google Scholar] [CrossRef]

	



Wang, Y.; Zou, Z.-P.; Hou, Y.-Y.; Yang, X.; Wang, S.; Dai, H.-J.; Xu, Y.-Y.; Zang, L.-S. Manually-extracted unfertilized eggs of Chinese oak silkworm, Antheraea pernyi, enhance mass production of Trichogramma parasitoids. Entomol. Gen. 2020, 40, 397–406. [Google Scholar] [CrossRef]

	



Huang, S.S.; Zang, L.S.; Ruan, C.C. Parasitization Ecology, Mass Production, and Application of Trichogramma; Science Press: Beijing, China, 2013. [Google Scholar]

	



Zhang, J.; Zhang, X.; Zang, L.; Du, W.; Hou, Y.; Ruan, C.; Desneux, N. Advantages of diapause in Trichogramma dendrolimi mass production on eggs of the Chinese silkworm, Antheraea pernyi. Pest Manag. Sci. 2018, 74, 959–965. [Google Scholar] [CrossRef] [PubMed]

	



Iqbal, A.; Hou, Y.-Y.; Chen, Y.-M.; Ali, A.; Monticelli, L.S.; Desneux, N.; Zang, L.-S. Impact of Trichogramma parasitoid age on the outcome of multiparasitism in the factitious host eggs of Chinese oak silkworm, Antheraea pernyi. J. Pest Sci. 2020, 93, 1347–1357. [Google Scholar] [CrossRef]








[image: Insects 13 00070 g001 550] 





Figure 1. Suitability of the eggs of Asian corn borer (ACB) as host stages for the parasitization by Trichogramma dendrolimi and Trichogramma ostriniae under no-choice conditions. Mean No. of parasitized eggs ± SE are shown. Different upper-case letters on the same patterned bars indicate significant differences in parasitization of T. dendrolimi or T. ostriniae on ACB eggs with different ages, while different lower-case letters on the bars within a given group indicate significant differences in parasitization of T. dendrolimi and T. ostriniae on ACB eggs with the same age (Tukey’s HSD test, p < 0.05). 
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Figure 2. Suitability of the Asian corn borer (ACB) eggs as host stages for the parasitization by Trichogramma dendrolimi (a) and Trichogramma ostriniae (b) under choice conditions. Mean No. of parasitized eggs ± SE are shown. Different lower-case letters on the top of bars indicate significant differences in parasitization of T. dendrolimi and T. ostriniae on various ages ACB eggs (Friedman test, p < 0.05). 
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Table 1. Results of two-way ANOVA testing the effects of parasitoid species (PS), host ages (HA), and their interactions on the performance of Trichogramma dendrolimi and Trichogramma ostriniae in terms of parasitization, parasitoid emergence, development, and female progeny.
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Parameter

	
Variance Source

	
df

	
F

	
P






	
Parasitization

	
PS

	
1

	
207.68

	
<0.0001




	
HA

	
6

	
56.22

	
<0.0001




	
PS × HA

	
6

	
13.13

	
<0.0001




	
Error

	
196

	

	




	
Percentage of emergence

	
PS

	
1

	
0.13

	
0.7164




	
HA

	
6

	
0.69

	
0.6596




	
PS × HA

	
6

	
2.88

	
0.0122




	
Error

	
158

	

	




	
Developmental time

	
PS

	
1

	
204.75

	
<0.0001




	
HA

	
6

	
1.84

	
0.0944




	
PS × HA

	
6

	
1.48

	
0.1896




	
Error

	
158

	

	




	
Percentage of female progeny

	
PS

	
1

	
25.92

	
<0.0001




	
HA

	
6

	
5.72

	
<0.0001




	
PS × HA

	
6

	
3.25

	
0.0048




	
Error

	
158
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Table 2. Emergence (%) of Trichogramma dendrolimi (TD) and Trichogramma ostriniae (TO) on Asian corn borer (ACB) eggs of different ages.
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Parameter

	

	
Host Age (h)




	
0–4

	
4–8

	
8–12

	
12–16

	
16–24

	
24–36

	
36–48






	
Emergence (%)

	
TD

	
90.2 ± 2.0 Ab

	
92.7 ± 1.2 Aab

	
96.7 ± 1.5 Aa

	
95.9 ± 2.4 Aa

	
97.2 ± 1.8 Aa

	
96.7 ± 3.3 Aa

	
91.4 ± 4.2 Aab




	
TO

	
95.6 ± 0.8 Aa

	
94.2 ± 1.3 Aa

	
93.8 ± 1.1 Aab

	
92.5 ± 1.6 Aa

	
92.1 ± 1.0 Aab

	
94.5 ± 1.9 Aab

	
95.6 ± 1.2 Aa




	

	
t = 2.4689

	
t = 0.8526

	
t = 1.5422

	
t = 1.2648

	
t = 2.6094

	
t = 0.5992

	
t = 1.3755




	

	
df = 28

	
df = 28

	
df = 24

	
df = 23

	
df = 19

	
df = 19

	
df = 17




	

	
p = 0.0199

	
p = 0.4011

	
p = 0.1361

	
p = 0.2186

	
p = 0.0172

	
p = 0.5561

	
p = 0.1868








For each parameter, means ± SE are shown. Each value followed by different upper-case letters in the row indicate significant differences of T. dendrolimi or T. ostriniae on ACB eggs with different ages, while different lower-case letters in column indicate significant differences of T. dendrolimi and T. ostriniae on ACB eggs with the same age (Student’s t-test, p < 0.05).
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Table 3. Developmental time of Trichogramma dendrolimi (TD) and Trichogramma ostriniae (TO) on Asian corn borer (ACB) eggs of different ages.
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Parameter

	

	
Host Age (h)




	
0–4

	
4–8

	
8–12

	
12–16

	
16–24

	
24–36

	
36–48






	
Developmental time (days)

	
TD

	
9.9 ± 0.0 Aa

	
9.8 ± 0.1 Aa

	
9.9 ± 0.1 Aa

	
9.9 ± 0.1 Aa

	
9.9 ± 0.1 Aa

	
10.0 ± 0.2 Aa

	
10.1 ± 0.1 Aa




	
TO

	
9.4 ± 0.1 Ac

	
9.4 ± 0.1 Ab

	
9.4 ± 0.1 Ab

	
9.5 ± 0.1 Ab

	
9.3 ± 0.1 Ab

	
9.3 ± 0.0 Ab

	
9.5 ± 0.1 Ab




	

	
t = 6.4047

	
t = 4.7280

	
t = 6.1053

	
t = 3.8620

	
t = 5.7076

	
t = 6.3188

	
t = 5.1907




	

	
df = 28

	
df = 28

	
df = 24

	
df = 23

	
df = 19

	
df = 19

	
df = 17




	

	
p < 0.0001

	
p = 0.0001

	
p < 0.0001

	
p = 0.0008

	
p < 0.0001

	
p < 0.0001

	
p = 0.0001








For each parameter, means ± SE are shown. Each value followed by different upper-case letters in the row indicate significant differences of T. dendrolimi or T. ostriniae on ACB eggs with different ages, while different lower-case letters in column indicate significant differences of T. dendrolimi and T. ostriniae on ACB eggs with the same age (Student’s t-test, p < 0.05).
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Table 4. Female progeny (%) of Trichogramma dendrolimi (TD) and Trichogramma ostriniae (TO) on Asian corn borer (ACB) of different ages.
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Parameter

	

	
Host Age (h)




	
0–4

	
4–8

	
8–12

	
12–16

	
16–24

	
24–36

	
36–48






	
Female progeny (%)

	
TD

	
85.1 ± 1.5 ABa

	
85.5 ± 1.3 Aa

	
73.4 ± 4.0 ABb

	
70.4 ± 2.7 ABc

	
66.7 ± 5.0 Bb

	
69.1 ± 11.2 ABb

	
68.0 ± 9.7 ABc




	
TO

	
84.2 ± 1.3 Aa

	
84.3 ± 1.3 Aa

	
83.6 ± 1.5 Aa

	
81.0 ± 1.0 Ab

	
84.3 ± 1.9 Aa

	
84.3 ± 1.4 Aa

	
78.5 ± 2.6 Abc




	

	
t = 0.4967

	
t = 0.6459

	
t = 2.8376

	
t = 4.2540

	
t = 4.0440

	
t = 2.1370

	
t = 1.4907




	

	
df = 28

	
df = 28

	
df = 24

	
df = 23

	
df = 19

	
df = 19

	
df = 17




	

	
p = 0.6233

	
p = 0.5236

	
p = 0.0091

	
p = 0.0003

	
p = 0.0007

	
p = 0.0458

	
p = 0.1544








For each parameter, means ± SE are shown. Each value followed by different upper-case letters in the row indicate significant differences of T. dendrolimi or T. ostriniae on ACB eggs with different ages, while different lower-case letters in column indicate significant differences of T. dendrolimi and T. ostriniae on ACB eggs with the same age (Student’s t-test, p < 0.05).
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