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Parental Sex and Not Kinship Determines Egg Cannibalism in Arma custos Fallou (Hemiptera: Pentatomidae: Asopinae)
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Background: Arma custos Fallou (Hemiptera: Asopinae) is an important predatory insect native to China, South Korea, and Mongolia. It is important to understand the evolution of egg cannibalism in A. custos to evaluate the biocontrol potential of this species. However, few reports have suggested egg cannibalism in A. custos, and whether hungry adult A. custos males and females prey on their eggs remains unknown. Here, we investigated the effects of the parental sex of A. custos adults on egg cannibalism of parental and non-parental eggs (kinship) under no-choice and free-choice conditions, along with the effects of predator and egg density on egg cannibalism under starvation conditions.

Results: Females frequently visited and cannibalized a higher proportion of eggs, whereas males almost did not participate in egg cannibalism (less than 17% males showed egg cannibalism behavior). Moreover, regardless of their relationship with the egg, neither male nor female adults consumed all available eggs even in the absence of an alternative food source, and >70% of eggs remained unconsumed. In contrast, cannibalistic males and females did not discriminate between parental and non-parental egg types. Meanwhile, cannibalism rates were similar when adults were offered 30 eggs or more. However, when offered fewer than 30 eggs, cannibalism rates declined disproportionally, suggesting that limited egg availability reduced cannibalism. Additionally, the lifespan of A. custos adult females increased significantly with increasing number of consumed eggs (p < 0.05).

Conclusion: Arma custos females exhibit a higher tendency for egg cannibalism than males. Neither male or female A. custos discriminated between parental and non-parental egg types. Cannibalism enhances survival in that a starved individual who predates on eggs survives similarly to a well-fed individual. These findings provide a model to study the evolution and biological significance of egg cannibalism in A. custos and also contribute to the efficient mass rearing and realization of A. custos for biological control.
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INTRODUCTION

Cannibalism, the consumption of conspecifics, is a behavioral trait observed in several animal species (Fox, 1975; Elgar and Crespi, 1992). Egg cannibalism, an important mechanism for self-regulating population size (Fox, 1975; Polis, 1981), is widespread in insects (Dobler and Kölliker, 2010; Parsons et al., 2013; Schultner et al., 2013; Bayoumy and Michaud, 2015; Jacobs and Stigall, 2019), including Hippodamia convergens (Guerin-Meneville) (Bayoumy and Michaud, 2015) and Tribolium confusum (du Val) (Parsons et al., 2013) of the order Coleoptera and Forficula auricularia L. (Dermaptera) (Dobler and Kölliker, 2010), Formica aquilonia Yarr. (Hymenoptera) (Schultner et al., 2013), Rhinocoris tristis Stal (Thomas and Manica, 2003), and Callicorixa producta Reut. of the order Hemiptera (Zalom, 1978). Although egg cannibalism reduces population size in insect species (Hamilton, 1964; Pfennig, 1997), it can be beneficial in the following ways: (1) by serving as the source of nutrients under starvation conditions (Pizzatto and Shine, 2008; Dobler and Kölliker, 2010); (2) by improving fitness, as predation on unrelated eggs decreases intraspecific competition (Fox, 1975; Polis, 1981; Vickery et al., 1988; Ichikawa, 1991); (3) by eliminating parasitized and infected eggs to improve offspring survival and development (Rohwer, 1978); (4) by increasing lifespan and boosting reproductive rate (Rohwer, 1978; Manica, 2002a).

Sex of the predator (Revynthi et al., 2018a,b) and kinship (Samu et al., 1999; Hoffman, 2012; Parsons et al., 2013) affect egg cannibalism in insects. The effect of the gender of the preying adult on egg cannibalism is species-specific. For instance, adult females of H. convergens (Bayoumy and Michaud, 2015), Coccinella undecimpunctata L. (Bayoumy et al., 2016), and Adalia bipunctata L. (Agarwala and Dixon, 1992) are more cannibalistic than conspecific males, whereas adult males of F. aquilonia (Schultner et al., 2013) are more cannibalistic than conspecific females. Moreover, some species avoid consuming their own eggs when non-parental eggs are available (Dobler and Kölliker, 2010, 2011; Parsons et al., 2013). For example, female red flour beetles (T. confusum) are more likely to consume non-parental eggs than their own eggs (Parsons et al., 2013), and European earwigs (F. auricularia) delay preying upon their juvenile offspring when unrelated juveniles are available (Dobler and Kölliker, 2010, 2011).

Arma custos (Fallou) (Hemiptera: Pentatomidae: Asopinae) (Zhao et al., 2018) is an important predaceous insect species native to China, Korea, and Mongolia (Rider and Zheng, 2002), which preys upon lepidopterans, coleopterans, hymenopterans, and hemipterans (Zheng and Chen, 1992; Gao et al., 2011; Zou et al., 2012, 2015). There are three stages in the lifecycle of A. custos, including egg, nymph (with five instars), and the adult (Zou et al., 2012). The developmental time of eggs, instar nymphs, and male and female adults are 6.43, 20.66, 37.25, and 44.18 days, respectively, and adult A. custos females oviposit approximately 20–30 eggs at one time with 90% egg hatchability (Zou et al., 2012). The first-instar nymphs of A. custos require only water, while other instar nymphs and adults require live insect larvae or pupae for growth and development and suck the body fluids of their prey using their proboscis (Wu et al., 2019, 2020). Notably, several organisms also feed upon the same prey item (Zou et al., 2012).

Many hemipteran insects, such as Arizona backswimmers (Frank) (Zalom, 1978), Triatoma sordida (Stal) and Triatoma infestans (Klug) (Ryckman, 1951), Arctocorisa carinata and Callicorixa producta (Pajunen and Pajunen, 1991), Xylocoris flavipes (Reuter) (Arbogast, 1979), Macrolophus pygmaeus (Ranmbur), and Dicyphus cerastii (Wagner), are known for their cannibalistic behavior, and adults prey on immature offspring (Duarte et al., 2021). Most previous studies have focused on the predation ability and predation behavior of A. custos (Gao et al., 2019; Li et al., 2020; Wang et al., 2020). Furthermore, A. custos could efficiently control Ambrostoma quadriimpressum (Motschulsky), Cnidocampa flavescens (Walk.) and Spodoptera exigua (Hübner) with an A. custos-to-pest ratio of 1:15 (Gao et al., 2019; Li et al., 2020; Wang et al., 2020). However, to the best of our knowledge, there have been no studies on egg cannibalism in A. custos. Moreover, whether the species exhibits significant egg cannibalistic behavior remains unknown.

In the laboratory, some A. custos adults, mostly females, prey on the eggs of other insects, suggesting that this species exhibits egg cannibalism with significant differences between males and females that may be shaped by some selection pressure. Furthermore, it may be difficult for the insect to find a suitable prey to survive in the wild. Thus, it is important to understand how male and female adults of this species select eggs (parental versus non-parental) for feeding and what proportion of eggs is consumed under starvation conditions. Additionally, the effects of gender and kinship on egg cannibalism have not been studied in this species. Therefore, further investigations will not only allow us to elucidate the mechanism of egg cannibalism in this species but also help to evaluate its suitability as a long-term pest biocontrol agent. It would also provide a model to study the evolution and biological significance of egg cannibalism in insects.

In view of the above observations, we hypothesized the following: (1) starved A. custos adults would cannibalize a significant proportion of the eggs provided; (2) adult females would exhibit significant egg cannibalism, whereas males would not; (3) A. custos would distinguish between parental and non-parental eggs; and (4) egg cannibalism would increase the survival rate of A. custos. To verify these hypotheses, we performed the following experiments: (1) Evaluation of the probability of cannibalism exhibited by A. custos male and female adults on parental and non-parental eggs under selection and non-selective conditions; (2) Evaluation of the probability of egg cannibalism in adult males and females under different prey and predator densities; (3) Comparison of lifespan of cannibalistic and non-cannibalistic adults.



MATERIALS AND METHODS


Insect Rearing and Experimental Conditions

Arma custos adults were collected from the wild in Langfang, Hebei Province, China, in 2018 and reared in artificial climate boxes in the laboratory, as previously described by Pan et al. (2019). The insects were fed with Chinese oak silk moth, Antherea pernyi (Guérin-Méneville) (Lepidoptera: Saturniidae) pupae purchased from a supermarket in Liaoning, China. After hatching, first-instar A. custos nymphs from individual egg mass were placed in transparent plastic dishes (10 ×1.5 cm2) and fed only with water, using a piece of moist absorbent cotton. Chinese oak silk moth pupae were provided to second-instar nymphs, which were replenished every 4–5 days (Pan et al., 2019).

Newly emerged adults (<6 h old) were paired, placed in 6 ×10 cm2 Petri dishes containing one Chinese oak silk moth pupa and lined with a paper tube (diameter: 1 cm; height: 6 cm), and allowed to mate. After 4–5 days, the eggs laid in the paper tube were used for the experiments within 24 h, and the remnants of the moth pupa were removed.

We assessed the cannibalistic behavior of adult A. custos under laboratory conditions by placing freshly laid eggs (<24 h old) in small plastic dishes (10 ×1.5 cm2) covered with an insect-proof screen (80-μm mesh) for ventilation. All adults used in the experiments were 8 days old and starved for 24 h. The females used in the experiments had laid eggs, and the males had mated. All experiments were performed at 25 ± 2°C, 60 ± 10% RH, under a photoperiod of 16:8 h (L:D). No additional food was supplied to the adults during the observation period.

Adult females of A. custos typically lay batches of 20–40 eggs, and the findings of a preliminary test indicated that the adults of this species consume a daily average of 1 s-instar beet armyworm larva, the weight of which is equivalent to that of 30 eggs. We accordingly conducted free-choice and no-choice experiments using a predator-to-egg ratio of 1:30 and used the same proportions to analyze the effects of different egg and predator densities on egg cannibalism in A. custos.



Observation of Egg Cannibalism in Arma custos

To establish whether A. custos adults simply break eggshells or break eggshells and consume the egg contents, we monitored the duration of male and female cannibalism on parental and non-parental eggs based on 30 replicate video observations (Sony, FDR-AX700, Japan). Eggs with broken shells were considered to have been cannibalized, and the number of replicates with cannibalized eggs was used to determine the extent of cannibalism.



Egg Cannibalism in Arma custos Under No-Choice and Free-Choice Conditions

For the food-choice experiments, eggs were monitored under a 40× magnifying glass for 5 min post-release and every 15 min thereafter, during the first 48 h. After 48 h, the eggs were monitored every 3 h for 7 days. The number of consumed and unconsumed eggs (broken eggshells) was counted. The number of replicates with evident egg cannibalism were used to determine the probability of egg-residual behavior in male and female adults, and the number of eggs consumed by A. custos under each food choice condition were used to estimate the strength of female and male egg cannibalism.

In addition, the number of replicates with cannibalized eggs and the number of consumed eggs after every 6 h were used to assess the effects of the incubation period on egg cannibalism in A. custos. Subsequently, the remaining eggs not eaten by male or female adults were recorded.


No-Choice Test

To determine whether A. custos adults feed on eggs regardless of kinship (parental or non-parental) with the eggs, 30 eggs were placed in each plastic dish, and no-choice tests were conducted using the following solitary adults: parental female, parental male, non-parental female, and non-parental male. In the parental treatments, the eggs were the parental offspring of the predatory adults, whereas in the non-parental treatments, the eggs were non-parental to the predatory adults.



Free-Choice test

At the beginning of the free-choice experiments, we drew six flabellate grids on the Petri dishes (Figure 1), which divided the dishes into six equal parts. To test whether A. custos preferentially preyed on its parental eggs when allowed to freely choose between them and non-parental eggs, either a male or a female adult was placed in a plastic dish containing 15 parental and 15 non-parental eggs. The eggs from the same parent were evenly divided into three groups of five eggs each and then placed on non-adjacent sections of the grid. Similarly, 15 eggs from a different set of parents were placed on non-adjacent grid sections in groups of five, as shown in Figure 1. Each treatment combination was replicated 30 times and consisted of one adult, male or female, exposed to 30 conspecific eggs of mixed kinship.
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FIGURE 1. Set-up and distribution of the two kinds of eggs in the free-choice experiments.





Density-Dependent Egg Cannibalism in Arma custos

We previously observed that A. custos adults do not consume all available eggs and always cannibalize the same number of eggs irrespective of the number of eggs available to feed on. Therefore, we tested the following two hypotheses. (1) Egg cannibalism in A. custos adults does not change with varying number of eggs; (2) Egg cannibalism in A. custos improves with increasing number of adults.


Varying Number of Eggs Test

Each female A. custos lays 10–60 eggs at one time; therefore, the egg-density experiments comprised 14 treatments (i.e., a 2 × 7 factorial design), wherein one female or one male was placed in the experimental Petri dish arena and exposed to either 1, 10, 20, 30, 40, 50, or 60 non-parental eggs. All the adults used in these experiments were used only once and observed for 7 days.



Varying Number of Adult Arma custos Test

In nature, multiple adults may randomly attack the eggs at one place at the same time. Hence, in the predator-density experiments, 1, 2, 4, 6, 8, or 10 A. custos females or males were placed in plastic dishes containing 30 non-parental eggs, and egg cannibalism was observed under artificial conditions. Each density treatment consisted of 30 replicates, and each dish was considered an experimental replicate. All the adults used in these experiments were used only once and observed for 7 days.

For both the density experiments, the number of eggs cannibalized by A. custos adults in each replicate were used to evaluate the effect of egg or predator density on egg cannibalism in A. custos. Moreover, the number of eggs consumed by A. custos were recorded to reveal whether the number of eggs consumed by the adults increases linearly with the increase in egg or predator density. Subsequently, the remaining eggs from the male and female adult tests were recorded.




Effect of Egg Cannibalism on the Lifespan of Arma custos

We assumed that egg cannibalism would supply energy for A. custos to understand its effect on the lifespan of A. custos. Furthermore, we assumed that the lifespan of A. custos who cannibalized eggs would be longer than those that did not. Therefore, we observed the lifespan of female and male A. custos under the following conditions: (1) Supplying 1-day food for female or male A. custos; (2) Female or male A. custos does not cannibalize eggs; and (3) Female or male A. custos cannibalize eggs. Each treatment involved 30 replicates with 30 different adults.


Supplying One-Day Food Test

One female or one male was placed in the experimental Petri dish arena after being starved for 24 h. Chinese oak silk moth was provided as food for 1 day. Then, food was not supplied to female or male A. custos until they died. The lifespan of female or male A. custos was recorded. Each treatment involved 30 replicates with 30 different adults.



Non-cannibalized and Cannibalized Test

One female or one male was placed in the experimental Petri dish arena after being starved for 24 h. Then, 30 normal eggs were provided as food until female or male A. custos died. If yes, it becomes part of the cannibalized group; If no, it becomes part of the non-cannibalized group. The lifespan of female or male A. custos were recorded. Each treatment involved 30 replicates with 30 different adults. Meanwhile, most female or male A. custos did not cannibalize eggs, but we want to know the lifespan of female or male A. custos, respectively, under the cannibalized group and the non-cannibalized group in 30 replicates. So, we only observed 30 times for each treatment. Although, more female or male A. custos did not cannibalize eggs when we observed the lifespan of the cannibalized group, we no longer record their lifespans, because we have got 30 replicates.




Statistical Analyses

Chi-square analyses were performed to compare the cannibalistic behavior of adult males and females and test whether kinship affected egg cannibalism in the two genders under different conditions. An analysis of variance was performed to assess the differences in egg consumption, the ratio of remaining eggs, and the lifespan of male and female A. custos. Bartlett’s test was used to test the homogeneity of variances, and the square root transformation (sqrt) was calculated to analyze datasets when the variance was heterogeneous, with p < 0.05 being significant. Multiple comparisons of the lifespan of cannibalistic and non-cannibalistic male and female A. custos adults were performed using Tukey’s honest significant difference (HSD) tests between male and female A. custos egg consumption and egg emergence ratio. Benjamini–Hochberg adjustment was used to control false discovery rates (FDRs) for such multiple comparisons, with q < 0.05 being significant (Lee, 2016; Lee and Lee, 2018). Furthermore, a generalized linear model (GLM) using Poisson’s distribution was used to evaluate the relationships of male and female A. custos lifespans with the number of consumed eggs. All statistical analyses were performed using R v.3.3.3 (R Development Core Team, 2017).




RESULTS


Egg Cannibalism in Arma custos

We observed that the egg-puncturing behavior exhibited by A. custos adults was followed by egg cannibalism, which continued for 65 s (Figures 2, 3). The adults used their proboscis and not their legs or other body parts to puncture the eggshell (Figure 2). After puncturing, eggs protein were eaten and a silver-white eggshell was left out (Figure 2). The normal eggs were integral, round, smooth, and yellow (Figure 3A) and the cannibalized eggs were tattered, dim, shrunken, and silver-white (Figure 3B). Moreover, egg cannibalism in the adults was neither affected by kinship nor by the sex of the predator (Tukey’s HSD test, p > 0.4; Figure 4).
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FIGURE 2. Arma custos adult consuming eggs. After being cannibalized by the proboscis of A. custos, eggs protein were eaten and a silver-white eggshell was left out.
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FIGURE 3. Normal eggs (A) and cannibalized eggs (B). The normal eggs were integral, round, smooth, and yellow, the cannibalized eggs were tattered, dim, shrunken, and silver-white.
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FIGURE 4. Duration times of egg cannibalism in A. custos adults upon incubation with parental and non-parental eggs. Lowercase letters indicate significant differences (p < 0.05). Thirty replicates were used for each experimental condition.




Egg Cannibalism in Arma custos Under No-Choice and Free-Choice Conditions

Kinship had no effect on egg cannibalism exhibited by A. custos adults (Figure 5). Of the 30 no-choice experimental replicates, adult females preyed on kin eggs in 16 replicates and on non-parental eggs in 18 replicates (Figure 5A), whereas, adult males preyed upon kin eggs in four experimental replicates and on non-kin eggs in four replicates (Figure 5A). Chi-square analysis showed that the differences observed for kin and non-kin eggs were not significant in both males (c2 = 0, df = 1, p = 1) and females (c2 = 0.07, df = 1, p = 0.79). Similarly, in the 30 free-choice experimental replicates, the number of replicates in which female adults preyed upon kin eggs (15) was not significantly different from the number of replicates in which the females preyed upon the non-kin eggs (16) (c2 = 0, df = 1, p = 1; Figure 5B). Moreover, there was no significant difference between the number of replicates wherein adult females preyed upon kin eggs (5) and those in which adult males preyed on non-parental eggs (4) (c2 = 0, df = 1, p = 1; Figure 5B).
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FIGURE 5. Egg cannibalism exhibited by female and male A. custos adults incubated under no-choice and free-choice conditions for 7 days. Under the no-choice condition, each A. custos adult was either incubated with 30 parental or 30 non-parental eggs, whereas under the free-choice condition, each adult was simultaneously incubated with 15 parental and 15 non-parental eggs. Different lowercase letters on pillars indicate significant differences (p < 0.05). A total of 30 replicates were used for each food-choice experiment. Numbers exhibited cannibalistic behavior of A. custos adults in No-choice (A) and Free-choice (B) conditions. Numbers of A. custos adults consumed the eggs in No-choice (C) and Free-choice (D) conditions. Ratio of remained eggs in No-choice (E) and Free-choice (F) conditions.


Chi-square analysis revealed that sex-based differences in predator behavior were significant between parental and non-parental egg types under both the food choices (Figures 5A,B), wherein A. custos females more frequently preyed upon eggs than conspecific males under no-choice (parental eggs: c2 = 5.81, df = 1, p < 0.05; non-parental eggs: c2 = 4.31, df = 1, p < 0.05) and free-choice (parental eggs: c2 = 4.69, df = 1, p < 0.05; non-parental eggs: c2 = 7.33, df = 1, p < 0.05) conditions (Figures 5A,B).

Moreover, out of 30 males, only four exhibited cannibalism (13.33%) of either parental or non-parental origin (Figures 5A,B); out of 30 females, only 16 in the parental (53%) test and 18 (60%) in the non-parental test exhibited cannibalism (Figures 5A,B). Egg cannibalism by neither sex was altered by the origin of the eggs (Figure 5). In addition to frequent predation, adult females consumed significantly more eggs (4.23–5.13) than adult males (0.34–0.37) under no-choice conditions, irrespective of egg origin (Tukey’s HSD test: p < 0.05; Benjamini–Hochberg adjustment of FDR: q < 0.05; Figures 5C,D). Similarly, under free-choice conditions, adult females consumed a significantly larger number of eggs (2.33–2.86) than adult male (0.30–0.33), irrespective of origin (Tukey’s HSD test: p < 0.05; Benjamini–Hochberg adjustment of FDR: q < 0.05; Figure 5B). However, <20% of the available eggs were consumed by both sexes, and >80% of the available eggs remained under both no-choice and free-choice conditions with female and male adults (Figures 5E,F). Furthermore, the ratios of remaining eggs with males were significantly higher than those with females under both no-choice and free-choice conditions (Tukey’s HSD test: p < 0.05; Benjamini–Hochberg adjustment of FDR: q < 0.05; Figures 5E,F).

Under both the no-choice and free-choice conditions, no differential preference for parental and non-parental eggs was observed over the study period at any moment (Chi-square: All, p > 0.05; Figures 6A,B). Meanwhile, the number of consumed parental eggs was also not significantly different from that of non-parental eggs under the experimental conditions at any moment (Tukey’s HSD test: p > 0.05; Figures 6C,D).
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FIGURE 6. Real-time egg cannibalistic behavior observed in male and female A. custos adults for 4 days at different times. Cannibalistic behavior did not change after 4 days of incubation with eggs. Under the no-choice condition, each A. custos adult was incubated with 30 parental or 30 non-parental eggs, whereas under the free-choice condition, each adult was simultaneously incubated with 15 parental and 15 non-parental eggs. A total of 30 replicates were used for each food choice. Different lowercase letters on pillars indicate significant differences (p < 0.05). A total of 30 replicates were used for each food-choice experiment. Numbers of A. custos adults exhibiting cannibalistic behavior in no-choice (A) and free-choice (B) condition. Numbers of A. custos adults consumed the eggs in no-choice (C) and free-choice (D) condition.


Furthermore, under both no-choice and free-choice conditions, egg cannibalism in adults was observed to be more prominent within the initial 48 h (2 day) of incubation with eggs. No adult preyed eggs in the first 12 h (0.5 day) of all tests. Both female and male adults preyed on eggs during 12–36 h (0.5–1.5 day) of no-choice tests [Chi-square of 12 vs. 36 h (0.5 vs. 1.5 days): Parental female, c2 = 19.18, df = 1, p < 0.05; Nonparental female, c2 = 22.94, df = 1, p < 0.05; Parental male, c2 = 2.41, df = 1, p = 0.12; Nonparental male, c2 = 2.41, df = 1, p = 0.12; Figures 7A,B] and free-choice tests [Chi-square of 12 vs. 36 h (0.5 vs. 1.5 days): Parental female, c2 = 15.75, df = 1, p < 0.05; Nonparental female, c2 = 19.18, df = 1, p < 0.05; Parental male, c2 = 3.49, df = 1, p = 0.06; Nonparental male, c2 = 2.41, df = 1, p = 0.12; Figures 7A,B]. None of the adults consumed eggs after 48 h (2 day) under both no-choice and free choice conditions (Tukey’s HSD test: All, p > 0.05; Figures 7C,D).
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FIGURE 7. Egg cannibalistic behavior of female and male A. custos adults under no-choice and free-choice conditions at different times for 4 days. Cannibalistic behavior did not change after 4 days of incubation with eggs. Under the no-choice condition, each A. custos adult was incubated with 30 parental or 30 non-parental eggs, whereas under the free-choice condition, each adult was simultaneously incubated with 15 parental and 15 non-parental eggs. A total of 30 replicates were used for each food choice. Different lowercase letters on pillars indicate significant differences (p < 0.05). A total of 30 replicates were used for each food choice experiment. Numbers of A. custos adults exhibiting cannibalistic behavior in no-choice (A) and free-choice (B) condition. Numbers of A. custos adults consumed the eggs in no-choice (C) and free-choice (D) condition.




Density-Dependent Egg Cannibalism in Arma custos

We also studied the effects of different densities of non-parental eggs and predators on egg cannibalism in A. custos (Figure 8). We observed no significant differences in the number of replicates in which females exhibited egg cannibalism (c2 = 0, df = 1, p = 1) and the number of consumed eggs (Tukey’s HSD test: p > 0.05) between the replicates with 30 and >30 non-parental eggs (Figures 8A,C). Similar results were obtained when adult males were incubated with >30 non-parental eggs (Figures 8A,C). However, when the number of eggs was reduced, egg cannibalism exhibited by A. custos adults decreased significantly, especially when the number of eggs was reduced from 30 to 10 (for all 30 replicates), wherein only eight females showed egg cannibalism (c2 = 4.39, df = 1, p < 0.05) and the average number of eggs consumed was 1.4 (Tukey’s HSD test: p < 0.05; Benjamini–Hochberg adjustment of FDR: q < 0.05; Figures 8A,C).
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FIGURE 8. Egg cannibalistic behavior exhibited by A. custos adults incubated at different egg or predator densities. Different uppercase letters indicate significant differences among females (p < 0.05), different lowercase letters indicate significant differences among males (p < 0.05). Panels (C,D) indicate the number of consumed eggs overall individual. A total of 30 replicates were used for each experiment. Numbers of A. custos adults exhibiting cannibalistic behavior in No-choice (A) and Free-choice (B) condition. Numbers of A. custos adults consumed eggs in No-choice (C) and Free-choice (D) condition. Ratio of remained eggs in No-choice (E) and Free-choice (F) condition.


Similarly, when only one egg was supplied, neither the adult males nor females showed egg cannibalism throughout the study period (7 days), the eggs remained intact, and 93% of them hatched into first-instar nymphs (Figures 8A,C), suggesting that limited egg availability reduces egg cannibalism in this species. In contrast, despite the greater availability of eggs, no more than 14.0 and 2.6% of the available eggs were consumed by A. custos females and males, respectively, and more than 85% of the available eggs remained (Figure 8E). Moreover, the numbers of eggs consumed by adult predators was significantly lower than the number of unconsumed eggs (p < 0.05), irrespective of the number of available eggs (Figure 8E).

When the number of predators was increased, the number of replicates with egg cannibalism also increased (Figure 8B). Chi-square analysis revealed that when the number of predators increased four times, there were significant differences in egg cannibalism in both males (c2 = 3.89, df = 1, p < 0.05) and females (c2 = 6.43, df = 1, p < 0.05; Figure 8B). Meanwhile, when the number of predators increased four times, the number of consumed eggs was also significantly different in both males (Tukey’s HSD test: 1 vs. 4 adults, p < 0.05; Benjamini–Hochberg adjustment of FDR: q < 0.05) and females (Tukey’s HSD test: 1 vs. 4 adults, p < 0.05; Benjamini–Hochberg adjustment of FDR: q < 0.05; Figure 8D). However, when the number of predators increased six, eight, and 10 times, there were no significant differences in egg cannibalism in both males (Chi-square of 6, 8, and 10 adults, respectively, with four adults: All, p < 0.05) and females (Chi-square of 6, 8, and 10 adults, respectively, with four adults: All, p < 0.05; Figure 8D). Furthermore, the residual food intake in females at densities of 4, 5, 6, 8, and 10 was significantly higher than that of a single A. custos female (Tukey’s HSD test: p < 0.05; Benjamini–Hochberg adjustment of FDR: q < 0.05; Figure 8D). Similarly, the residual food intake by males at densities of 4, 5, 6, 8, and 10 was also significantly higher than that of a single A. custos male (Tukey’s HSD test: p < 0.05; Benjamini–Hochberg adjustment of FDR: q < 0.05; Figure 8D).

In addition, despite the increasing number of predators and the subsequent increasing chances of egg cannibalism, the number of consumed eggs was consistently low for both males (9.5%) and females (28.7%), and more than 70% of the available eggs remained (Figure 8F). These findings suggest that high-density groups decrease egg cannibalism exhibited by a solitary A. custos adult.



Effect of Egg Cannibalism on the Lifespan of Arma custos

Egg cannibalistic behavior significantly affected the lifespan of male and female A. custos adults (Tukey’s HSD test: p < 0.05; Benjamini–Hochberg adjustment of FDR: q < 0.05; Figure 9A). Linear regression analysis revealed that the number of consumed eggs positively correlated with the lifespan of adult A. custos (males: F = 215.73, p < 0.05; females: F = 394.60, p < 0.05; Figure 9B). However, there was no significant difference in the lifespan of non-cannibalistic adult males (10.08 days) and females (10.59 days) (Tukey’s HSD test: p = 0.99; Figure 9A), whereas the lifespan of cannibalistic A. custos adults were significantly increased (Figure 9B) and females’ lifespan were much longer than that of males (Tukey’s HSD test: p < 0.05; Benjamini–Hochberg adjustment of FDR: q < 0.05; Figure 9A). Furthermore, the lifespan of cannibalistic males and females were not significantly different from those of the adults provided with 1-day food (Tukey’s HSD test: p < 0.05; Benjamini–Hochberg adjustment of FDR: q < 0.05; Figure 9A), indicating that egg availability contributed to the longevity of male and female A. custos adults.
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FIGURE 9. Effect of egg cannibalism on the lifespan of male and female A. custos adults provided with sufficient eggs (number of eggs = 30). Different lowercase letters indicate significant differences (p < 0.05). Survival time of female and male A. custos adults in supply food, cannibal and non-cannibal conditions (A). Survival time of female and male A. custos adults as numbers of consumed eggs (B).





DISCUSSION

Although A. custos is widely used for biocontrol of pests, egg cannibalistic behavior of this species has not yet been investigated. Therefore, we comprehensively and systematically studied the effects of gender of the predator and kinship on egg cannibalism in A. custos and showed that kinship does not affect egg cannibalism, while egg cannibalism is significantly affected by the gender of the predatory adult. We also showed that egg cannibalism in A. custos is markedly affected by the number of eggs and predators present at one location.

We observed that only a small proportion of A. custos adults exhibited egg cannibalism, which was not significant; 86.77% of male adults did not consume eggs of either parental or non-parental origin, 40% and 47% of female adults did not consume eggs of parental and non-parental origin, respectively, and the number of eggs consumed by A. custos was insignificant. This may be because the eggs release hormones or substances that inhibit insect feeding (Narasimha et al., 2019) or because adults regulate their diets (Polis, 1981; Smith and Reay, 1991; Manica, 2002b). The small number of adults exhibiting egg cannibalism also indicates the existence of such a regulatory mechanism.

Thomas and Manica (2003) reported that although R. tristis cannibalizes its own eggs, it can selectively prey on parasitized eggs. However, in the present study, no parasitized eggs were used. Moreover, Okada et al. (2015) reported that hungry Andrias japonicus preys on unfertilized and dead eggs; however, in our study, only two-third of the females exhibited egg cannibalism under similar conditions. Therefore, these studies could not explain the results of the present study. It is unclear whether A. custos adults only prey on unfertilized eggs. Zou et al. (2012) observed that virgin insect females also lay eggs, indicating that the eggs eaten by the adults may either be vegetative, which cannot develop into adults (Perry and Roitberg, 2006) or unfertilized eggs (Mrowka, 1987). For example, mouthbrooding females of Pseudocrenilabrus multicolor consume unfertilized eggs for the first few days after spawning (Mrowka, 1987). However, we do not know whether the eggs consumed by the female and male A. custos were unfertilized. In future, unfertilized and fertilized eggs should be used to test the egg cannibalism behavior of female and male A. custos toward fertilized eggs, which would help us to further identify whether A. custos adults only prey on unfertilized eggs.

Rohwer (1978) showed that males prey on eggs for nutrition and longer lifespan, thereby, taking care of the subsequent generation, and providing their offspring with better conditions for growth and development. Rohwer (1978) has suggested that insects selectively consume a small number of eggs to obtain sufficient nutrition and better opportunities for reproduction, which tends to be consistent with the findings of the present study, wherein we observed that adults cannibalized their own eggs by using their mouthparts, and that females consuming a larger number of eggs are generally characterized by a longer lifespan, thereby enhancing reproductive opportunities. Furthermore, A. custos females lay eggs multiple times during their lifetime (Zou et al., 2012), and we observed that cannibalistic females of this species lived longer than their non-cannibalistic counterparts.

The evolution of cannibalism is driven by the balance between its benefits and costs (Hamilton, 1964; Rudolf et al., 2010). One evident benefit of egg cannibalism is starvation avoidance (Pizzatto and Shine, 2008; Dobler and Kölliker, 2010). Moreover, selective cannibalism provides an alternative food source for adult insects, while ensuring the survival of most of their offspring and maintaining the population size (Polis, 1981; Smith and Reay, 1991; Manica, 2002b). Our study revealed that hungry A. custos adults do not prey on all the available eggs (>70% of the eggs were unconsumed under high predator density) irrespective of the predator or egg density, and adult males exhibit minimal egg cannibalism. Moreover, when the egg density is extremely low, the egg cannibalistic behavior exhibited by A. custos reduces significantly; none of the adults exhibited egg cannibalism when only one egg was available.

Although more A. custos adults participated in egg cannibalism under high predator density, the percentage of eggs consumed by A. custos adults was less than 30%. Previous studies suggest that a solitary male or female A. custos adult can consume 1 s-instar beet armyworm larva per day, and adult A. custos remain alive for at least 7 days. In the present study, although A. custos adults were hungry for the first 48 h, all adults did not consume eggs after 48 h, suggesting that A. custos exhibits a cannibalism-regulating mechanism irrespective of the selection pressure to ensure the survival of most of its eggs and maintain the population size (Hamilton, 1964; Pfennig, 1997). Meanwhile, it is also possible that adults interfere with each other as predator density increases, and this may limit cannibalism in some way. In future, we will study the relationship between density and cannibalism in A. custos adults.

Kin-killing behavior is observed when the nutritional profits outweigh the costs of decreased inclusive fitness (Pfennig, 1997). Although strategies for avoiding cannibalism have been studied in many taxa (Samu et al., 1999; Siegel et al., 2007; Widdig, 2007; Edenbrow and Croft, 2012; Parsons et al., 2013; Bayoumy and Michaud, 2015; Garza and Waldman, 2015; Ringler et al., 2017), little is known about the mechanisms regulating the predatory behavior of hemipterans (Arbogast, 1979; Pajunen and Pajunen, 1991; Agarwala and Dixon, 1992). Most arthropods avoid consuming their own kin when given the choice (Dobler and Kölliker, 2010, 2011; Parsons et al., 2013). Female C. undecimpunctata avoided cannibalizing their own eggs and preferentially consumed non-filial eggs in a choice-based study (Bayoumy and Michaud, 2015). Female A. bipunctata recognize and avoid eating their own eggs (Dumont et al., 2020), and female H. convergens recognize their own egg clusters, sometimes even non-kin eggs added to them, and preferentially cannibalize non-filial clusters (Bayoumy and Michaud, 2015). However, the present study showed that kinship did not play a significant role in egg cannibalism exhibited by A. custos under free-choice or no-choice conditions, which coincides with the observations in Phytoseiulus persimilis Athias-Henriot (a phytoseiid mite) (Revynthi et al., 2018b). However, we could not determine whether A. custos recognized parental and non-parental eggs.

In the present study, adult females exhibited a higher predation frequency than adult males. This is concordant with the observations in H. convergens (Bayoumy and Michaud, 2015), C. undecimpunctata (Bayoumy et al., 2016), and A. bipunctata (Agarwala and Dixon, 1992) but is in contrast to the observations in F. aquilonia, wherein males reduce mating competition using egg cannibalism (Schultner et al., 2013). The difference between the predation frequencies of males and females may be attributed to the high food demand of females during spawning (Neff, 2003; Harshman and Zera, 2007; Miller and Zink, 2012).

Previous studies have shown that developmental stage, including the ages of the adults, nymph and eggs, and food quality (King and Dawson, 1972) also influence egg cannibalistic behavior (Ho and Dawson, 1966; Pajunen and Pajunen, 1991; Parsons et al., 2013; Schultner et al., 2013; Bayoumy and Michaud, 2015). King and Dawson (1972) showed that improving food quality reduced cannibalism rates in Tribolium, while Pajunen and Pajunen (1991) showed that female rock-pool corixids cannibalized new eggs at a greater frequency than 1-day old eggs. Moreover, in some species, such as T. confusum (Parsons et al., 2013), C. undecimpunctata (Bayoumy et al., 2016), and male H. convergens (Bayoumy and Michaud, 2015), virgin adults are more cannibalistic than mated adults, whereas mated females of H. convergens (Bayoumy and Michaud, 2015) and some mite species are more cannibalistic than virgin females (Schausberger, 2003).

In the present study, we observed that adults exhibited egg cannibalism during the first 48 h of incubation, but its cause could not be determined. It would be noteworthy to determine the effect on egg cannibalism when older eggs are replaced with fresh eggs (<24 h old) every day or when A. custos adults have a choice between fresh and older eggs. In addition, it remains unknown whether virgin males and females cannibalize eggs, and whether different aged nymph cannibalize eggs. Hence, further studies are required to determine whether the egg cannibalistic behavior of A. custos depends on developmental stage, including the ages of the eggs, nymphs, and adults. The lifespan of insects with higher appetite was longer in the present study than those with lower appetite, and the lifespan of male and female predators increased with the increasing number of cannibalized eggs. These findings are similar to the observations made in the ant F. aquilonia (Schultner et al., 2013).

Egg cannibalism offers insect species a means to avoid starvation and prolong lifespan by providing an alternative source of nutrition and energy (Polis, 1981; Smith and Reay, 1991; Pizzatto and Shine, 2008; Okada et al., 2015). However, under field conditions, whether A. custos would exhibit the same behavior, possibly avoiding egg cannibalism by protecting at least some of its eggs and instead searching for other prey, is still unknown (Revynthi et al., 2018b). Furthermore, egg cannibalistic behavior has also been reported in the nymphs of F. aquilonia (Schultner et al., 2013) and T. castaneum (Ho and Dawson, 1966). Given that compared with laboratory conditions, nymphs generally have little difficulty in locating eggs in the wild, it will be instructive to investigate egg cannibalism among A. custos nymphs, as well as egg cannibalism as a whole, under natural conditions. However, our observations were conducted under confined conditions, and it remains to be determined whether A. custos adult would exhibit the same behavior at more extensive spatial scales.
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