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Background: Egg cannibalism is common in nature. In China, Arma custos (Hemiptera: Asopinae) has been widely used as a natural enemy to control agricultural and forestry pests. A previous study showed that adult A. custos devour their eggs. However, no research has investigated the interaction between A. custos cannibalism and egg development. Clarifying the mechanisms involved in egg cannibalism by A. custos improves our understanding of the evolutionary relationships to enable more efficient mass rearing and biological control systems.

Results: Virgin females showed a lower egg cannibalism inclination than gravid females. Both virgin and mated females showed a higher egg cannibalism inclination than virgin and mated males. The first and second instar nymphs did not devour eggs. The third, fourth, and fifth instar nymphs devoured eggs. Younger eggs were more readily eaten than older eggs. Neither A. custos nymphs nor female adults consumed all the available eggs, allowing an emergence ratio of >70%.

Conclusion: Arma custos females exhibit a higher tendency for egg cannibalism than males. Egg cannibalism varies not only with the developmental stage of the eggs and nymphs but also with sex and reproductive status of A. custos females. These findings help us to better understand the evolutionary relationships in egg cannibalism by A. custos and contribute to the efficient mass rearing and realization of A. custos in biological control systems.
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INTRODUCTION

In China, Arma custos Fallou (Hemiptera: Asopinae) (Zhao et al., 2018) is a well-known predaceous pentatomid that prefers to prey on insects of coleopterans, hymenopterans, hemipterans, and lepidopterans (Zou et al., 2012; Wu et al., 2020). Since the 1970s, it has been used to control many agricultural and forestry pests in China (Chai et al., 2000; David and Zheng, 2002; Gao et al., 2011; Zou et al., 2012). Target species include Leptinotarsa decemlineata (Say), Spodoptera litura (fabricius), Beet armyworm (Hübner), and Hyphantria cunea (Drury) (Chai et al., 2000; David and Zheng, 2002; Gao et al., 2011; Zou et al., 2012), with an efficiency of over 60% (Zheng and Chen, 1992; Gao et al., 2011). In recent years, the application area of A. custos has been increasing annually, exceeding 100,000 ha in China in 2018 (Zhang and Jia, 2018).

Egg cannibalism is a very common behavior in nature (Fox, 1975; Polis, 1981), but it is unfavorable in large-scale breeding as it increases breeding costs and reduces biocontrol efficiency (Kuriwada et al., 2013). However, egg cannibalism occurs because the acquisition of nutrients directly benefits the consumer through increased growth and development rate, and the elimination of conspecific competition is also an indirect benefit (Block and Stoks, 2004; Richardson et al., 2010). Some insects cannibalize eggs to avoid starvation (Pizzatto and Shine, 2008; Dobler and Koelliker, 2010), such as flour beetles (Tribolium confusum Duval) (Parsons et al., 2013), European earwigs (Forficula Auricularia Linnaeus) (Dobler and Koelliker, 2010, 2011), and Adalia bipunctata Linnaeus (Agarwala and Dixon, 1992). In addition, many factors can influence egg cannibalism behavior, including predator gender (Revynthi et al., 2018a, b), predator or prey density (Kakimoto et al., 2003; Erica et al., 2011), the kinship between predator and prey (Samu et al., 1999; Hoffman, 2012; Parsons et al., 2013), and the reproductive status of the predator (Momen and AbdelKhalek, 2009; Bayoumy and Michaud, 2015; Maleknia et al., 2016).

Many Hemiptera insects are known for their cannibalistic behavior, such as Arizona backswimmers Frank (Zalom, 1978), Triatoma infestans Klug and Triatoma sordida Stal (Ryckman, 1951), Arctocorisa carinata and Callicorixa producta (Pajunen and Pajunen, 1991), Xylocoris flavipes Reuter (Richard, 1979), Notonecta hoffmanni (Orr et al., 1990), Dicyphus cerastii Wagner, and Macrolophus pygmaeus Ranmbur (Goncalo et al., 2020) which would prey on its immature offspring. Our previous research showed that female A. custos were more active predators (ate more eggs than males) (Wu et al., 2020), while males did not participate in egg cannibalism. However, it remains unclear whether reproductive status affects egg cannibalism by A. custos. There may be differences in both male and female A. custos between mated and virgin stages. For example, Bayoumy and Michaud (2015) found that virgin female Hippodamia convergens Guerin-Meneville (Coleoptera) are less cannibalistic than mated adults, while males are more cannibalistic than mated adults. Meanwhile, we identified the cannibalistic behavior by adults mainly occurred 48 h after initiating the experiments. We also found that neither A. custos males nor females consumed all the available eggs, regardless of the predator-to-prey ratio. This may be due to egg age or because adults did not want to consume all the eggs. In addition, although egg cannibalism by larvae has been widely studied, few studies have investigated egg cannibalism by A. custos larvae. Pajunen and Pajunen (1991) found that female rock-pool corixids cannibalized new eggs more frequently than 1-day-old eggs. It is difficult to construct experiments in the laboratory that interact nymphs with eggs, but in the natural environment where nymphs may change and encounter other A. custos eggs. Significant egg cannibalism has been found in many insects, such as Formica aquilonia Yarrow (Hymenoptera) (Schultner et al., 2013) and Triboliunm castaneum Herbst (Coleoptera) (Frank and Peter, 1966). Moreover, older nymphs disperse further, requiring more energy than earlier-stage nymphs; thus, older nymphs may consume more eggs in natural environments. Therefore, it is necessary to investigate egg cannibalism by A. custos nymphs. This research not only improves our understanding of cannibalism evolutionary selectivity but also increases the efficiency of larger-scale breeding and release biological programs.

To identify the relationship between egg cannibalism and reproductive status, egg age, sex, and life stage of A. custos, the following three hypotheses were tested in the laboratory. (1) Mated female A. custos devour more eggs than virgin females, and reproductive status has no effect on male egg cannibalism. (2) Younger eggs are more likely to be eaten than older ones. (3) Older nymphs consume more eggs than younger nymphs.



MATERIALS AND METHODS


Experimental Insects and Conditions

Arma custos adults were collected in Langfang, Hebei Province, China, in 2018 and taken to the laboratory. Specimens were fed Chinese oak silk moth pupae (Antherea pernyi Guer.) purchased from a supermarket in Liaoning, China. The insects were reared in artificial climate boxes as previously described by Pan et al. (2019). Briefly, the first instar nymphs of A. custos from a single egg mass were placed in transparent plastic dishes and fed only water via a piece of moist absorbent cotton. Chinese oak silk moth pupae were provided food from the second instar nymph stage, with the supply replenished every 4 to 5 days (Pan et al., 2019).

Recently emerged adults (<6 h old) were paired and placed in a 6 × 10 cm Petri dish, and they would mate after 5–6 days. The Petri dish contained one Chinese oak silk moth pupae lined with a piece of paper and formed into a tube for food (diameter: 1 cm, height: 6 cm). The female had laid eggs after 4–5 d and the insects (and the remains of the moth pupa) were removed. Eggs laid on the paper were used in the experiment within 24 h.

We assessed the cannibalistic behavior of adult A. custos under laboratory conditions by placing recently laid eggs (<24 h old) in small plastic dishes (10 × 1.5 cm) covered with an insect-proof screen (80-μm mesh) for ventilation. All adults were 8 days old and had been starved for 24 h before beginning the experiment. The specimens used included females that had previously laid eggs and males that had previously mated. All treatments were performed at 25°C ± 2°C, 60% ± 10% relative humidity, and a photoperiod of 16:8 (L:D).



Egg Cannibalism in Different Female and Male A. custos Developmental Stages

We performed four treatments to verify whether the female and male A. custos cannibalistic behavior was affected by the age of the female. The treatments were the following: virgin and mated. The adults were placed in plastic cups containing 30 eggs (<24 h) that were not their own offspring. Each treatment had 30 replicates with 30 different adults, and each cup was considered an experimental unit.



Egg Cannibalism by Female and Male A. custos of Different Aged Eggs

We performed two tests to verify whether female and male A. custos cannibalistic behavior was related to egg developmental stage: (1) with different aged eggs and (2) supplying new eggs (<24 h) after 48 h.

(1) Different aged egg tests: We collected and dated eggs of a female A. custos and stored them in different boxes according to date so that we could distinguish the eggs’ age. Five treatments were compared to verify whether the female A. custos cannibalistic behavior was affected by the age of the eggs in free-choice and no-choice conditions. Each treatment involved 30 replicates with 30 different adults, and each cup was considered an experimental unit.

No-choice test: one female or male A. custos was placed in a plastic cup containing 24, 48, 72, 96, and 120-h-old eggs. Every plastic cup contained 30 eggs that were not offspring of the female.

Free-choice test: at the beginning of the free-choice experiments, we drew five flabellate grids on the Petri dishes, which divided the dishes into five equal parts. Then six eggs of 24, 48, 72, 96, and 120 h old were put into the five equal parts of Petri dishes at random. Then, one female or male A. custos was placed in a plastic cup containing 30 eggs.

(2) Supplying new eggs test: This experiment involved two treatments, as follows: supplying new eggs (<24 h) after 48 h and not supplying new eggs (<24 h) after 48 h. The adults were placed in plastic cups containing 30 eggs that were not their offspring. Each treatment had 30 replicates with 30 different adults, and each cup was considered an experimental unit.



Egg Cannibalism in Different Nymph Developmental Stages

We performed five treatments to verify whether the A. custos cannibalistic behavior was affected by the age of the nymph. Treatments included: first, second, third, fourth, and fifth instar nymphs. All first, second, third, fourth and fifth instar nymphs were 1 day old and had been starved for 24 h before beginning the experiment. The nymphs were placed in plastic cups containing 30 non-related eggs (<24 h). Each treatment had 30 replicates with 30 different nymphs, and each cup was considered an experimental unit.



Data Collection

In all treatments, A. custos adults were monitored for 5 min post-release, and further observations were carried out every 24 h until the death of all individuals. The number of unconsumed eggs and consumed eggs (broken eggshells) was counted. We determined (1) the cannibalistic behavior of A. custos adults and (2) the number of consumed and unconsumed eggs. From previous research, eggs with broken and diaphanous eggshells were considered cannibalized eggs. We did not provide additional food to males and females after initiating the cannibalism experiments.



Statistical Analysis

A chi-squared test was used to estimate whether the development progress of the eggs, nymphs, and females was related to their cannibalism. An analysis of variance was performed to verify the differences between female A. custos egg consumption and egg emergence ratio. Bartlett’s test was used to test the homogeneity of variances, and sqrt was used to analyze datasets with p < 0.05. Multiple comparisons were performed using Tukey’s HSD test. All analyses was performed using R v.3.3.3 (R Development Core Team, 2017).




RESULTS


Egg Cannibalism by Female and Male A. custos at Different Developmental Stages

Virgin females showed a lower egg cannibalism inclination than gravid females. Both virgin and mated females showed a higher egg cannibalism inclination than virgin and mated males (Figure 1). The number of virgin females showing egg cannibalism behavior was significantly lower than that of mated females (Figure 1A: chi-squared test, χ2 = 6.87, df = 1, p < 0.05). The number of virgin females showing egg cannibalism behavior was four times higher than virgin males (Figure 1A: chi-squared test, χ2 = 5.69, df = 1, p < 0.05). The number of mated females showing egg cannibalism behavior was eight times higher than mated males (Figure 1A: chi-squared test, χ2 = 24.50, df = 1, p < 0.05). Meanwhile, the number of eggs consumed by virgin female A. custos was lower than that of mated females (Figure 1B: Tukey HSD test, p < 0.05). Both virgin and mated females consumed more eggs than virgin and mated males (Figure 1B: All, Tukey HSD test, p < 0.05). The egg emergence ratio when cannibalized by virgin females was significantly higher than that of mated females. The egg emergence ratio when cannibalized by both virgin and mated females was significantly lower than that of virgin and mated males (Figure 1C: Tukey HSD test, p < 0.05).
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FIGURE 1. (A–C) Predatory behavior by A. custos on different-aged eggs. Different lowercase letters indicate significant differences among females at p < 0.05 and different uppercase letters indicate significant differences among males at p < 0.05. The investigation was repeated 30 times. * indicates a significant difference between the black bar and white bar at p < 0.05 (female and male virgins or female and male mated individuals).




Egg Cannibalism of A. custos to Different Ages of Eggs

The predatory behavior by female A. custos is affected by the egg development stage. After supplying new eggs (at 48 h), female A. custos exhibited a more active predatory behavior than female A. custos who were not supplied with new eggs after 48 h (Figure 2A: before supplying new eggs, chi-squared test, χ2 = 0, df = 1, p = 1; after supplying new eggs, chi-squared test, χ2 = 29.93, df = 1, p < 0.05). Female A. custos who were supplied with new eggs consumed more eggs than the female A. custos that were not supplied with new eggs after 48 h (Figure 2B: before supplying new eggs, Tukey HSD test, p = 0.78; after supplying new eggs, Tukey HSD test, p < 0.05). However, supplying new eggs did not affect the emergence ratio of the eggs (Figure 2C: Tukey HSD test, p < 0.05) and more than 70% of eggs emerged (Figure 2C).
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FIGURE 2. (A–C) Predatory behavior by A. custos with different aged eggs under no choice and free choice conditions. Different lowercase letters indicate significant differences among females at P < 0.05 and different uppercase letters indicate significant differences among males at p < 0.05. The investigation was repeated 30 times. * indicates a significant difference between the black bar (females) and white bar (males) at P < 0.05.


Female A. custos cannibalized old eggs less than young eggs (Figure 3). The cannibalism on eggs that had been laid over 72 h earlier was significantly lower than the cannibalism on younger eggs (Figure 3A: 48–72 h, No choice, chi-squared test, χ2 = 5.81, df = 1, p < 0.05; Free choice, χ2 = 8.21, df = 1, p < 0.05). However, eggs that had been laid over 48 h before were also consumed significantly less often than younger eggs (Figure 3B: 24–48 h, No choice, Tukey HSD test, p < 0.05; Free choice, Tukey HSD test, p < 0.05). In addition, in the no-choice conditions, the number of eggs consumed by female A. custos on 72-h-old eggs was not significantly lower than the consumption of eggs that were 48 h old (Figure 3B: 48–72 h, No choice, Tukey HSD test, p > 0.05). The number of 72-h-old eggs consumed by female A. custos was significantly lower than the consumption of 48-h-old eggs in the free choice conditions (Figure 3B: 48–72 h, Free choice, Tukey HSD test, p < 0.05). Meanwhile, the number of 24-h-old eggs consumed by female A. custos was significantly higher than the 48 h eggs regardless of the conditions (choice or free choice) (Figure 3B: 48–72 h, No choice, Tukey HSD test, p < 0.05; Free choice, Tukey HSD test, p < 0.05). In addition, the emergence ratio of the 24-h-old eggs was significantly lower than the other aged eggs in both the no-choice and free-choice conditions (Figure 3C: No choice, Tukey HSD test, p < 0.05; Free choice, Tukey HSD test, p < 0.05).
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FIGURE 3. (A–C) Predatory behavior by A. custos when supplied new eggs. Different lowercase or uppercase letters indicate a significant difference of different treatments at P < 0.05. The investigation was repeated 30 times. * indicates a significant difference between the black bar (not supplied new eggs) and white bar (supplied new eggs) at p < 0.05.




Egg Cannibalism by Nymphs at Different Developmental Stages

The developmental stage of the nymph significantly influenced the cannibalistic behavior by nymph A. custos (Figure 4). First and second instar nymphs did not cannibalize eggs. The third, fourth, and fifth instar nymphs cannibalized eggs (Figure 4). The number of third instar A. custos nymphs exhibiting cannibalistic behavior was significantly lower than that of fourth instar nymphs (Figure 4A: chi-squared test, χ2 = 8.10, df = 1, p < 0.05) and fifth instar nymphs (Figure 4A: chi-squared test, χ2 = 9.61, df = 1, p < 0.05). In addition, third instar nymph females consumed fewer eggs than fourth or fifth instar nymph females (Figure 4B: Tukey HSD test, p < 0.05). In addition, the egg emergence ratios in the first, second, and third instar nymph experiments were significantly higher than the fourth and fifth instar nymph experiments (Figure 4C: Tukey HSD test, All, p < 0.05).
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FIGURE 4. (A–C) Predatory behavior by A. custos in different nymph developmental stages. Different lowercase letters indicate a significant difference in different nymph developmental stages at p < 0.05. The investigation was repeated 30 times.





DISCUSSION

Egg cannibalism is influenced by many factors (Samu et al., 1999; Kakimoto et al., 2003; Momen and AbdelKhalek, 2009; Erica et al., 2011; Hoffman, 2012; Parsons et al., 2013; Maleknia et al., 2016). Sex, reproductive status, and egg age are major factors in egg cannibalism (Momen and AbdelKhalek, 2009; Maleknia et al., 2016).

Our results indicate that virgin females showed a lower egg cannibalism inclination than gravid females, both virgin and mated females showed a higher egg cannibalism inclination than virgin and mated males, the number of eggs consumed by virgin female A. custos was lower than that of mated females, both virgin and mated females consumed more eggs than virgin and mated males, and both virgin and mated females showed a lower egg cannibalism inclination, supporting our first hypothesis: mated female A. custos devour more eggs than virgin females, and reproductive status has no effect on male egg cannibalism. We found that virgin females showed a lower egg cannibalism inclination than gravid females. This result indicates that egg cannibalism behavior by A. custos is influenced by the developmental stage of the female. This may be because gravid females need more energy for breeding (Neff, 2003; Miller and Zink, 2012). Therefore, we believe that oviposition may be one of the reasons for A. custos egg cannibalism behavior. Our results were similar to those of female Hippodamia convergens Guerin-Meneville (Coleoptera) (Bayoumy and Michaud, 2015) and some mite species (Schausberger, 2003). Conversely, our results were different from those of Tribolium confusum Duval (Parsons et al., 2013), Coccinella undecimpunctata L. (Bayoumy et al., 2016), and male Hippodamia convergens Guerin-Meneville (Coleoptera) (Bayoumy and Michaud, 2015), whose virgin adults are more cannibalistic than mated adults. However, whether female spawning behavior is related to predation remains unresolved. Does female spawning behavior stimulate egg cannibalism behavior? In future studies we will attempt to answer this question by inhibiting the expression of genes related with oviposition.

Our results also indicate that eggs aged <48 h were more likely to be cannibalized under no-choice and free-choice conditions. When we supplied new eggs after 48 h, the control group exhibited higher egg cannibalism, consuming more eggs. Therefore, we believe that egg development stage can inhibit egg cannibalism behavior by female A. custos. These results support our second hypothesis: younger eggs are more likely to be eaten than older ones. Furthermore, egg cannibalism behavior may be influenced by egg development as female A. custos no longer preyed on the eggs when the test eggs were older than 48 h. This may be because eggs have start to develop 48 h after being laid. Our results are similar to female rock-pool corixids, who cannibalized new eggs more frequently than 1-d-old eggs (Pajunen and Pajunen, 1991).

Nymphs are an important stage in the life cycle of A. custos. In our experiments, we supplied suitable food for nymphs from the second instar stage in the laboratory. Previous studies have shown that there are many younger cannibalistic insect that prey on eggs, such as Formica aquilonia Yarrow (Schultner et al., 2013) and Triboliunm castaneum Herbst (Frank and Peter, 1966). Our results showed that the developmental stage of the nymphs significantly influences the cannibalistic behavior by nymph A. custos. We found that older nymphs cannibalize more eggs than younger nymphs, supporting our third hypothesis: older nymphs consume more eggs than younger nymphs. The first and second instar nymphs did not cannibalize eggs, which is unlike the third, fourth and fifth instar nymphs who cannibalized eggs. This result is similar to Hippodamia convergens Guerin-Meneville (Coleoptera) (Bayoumy and Michaud, 2015). However, the reason why both adults and nymphs avoid eating +48-h old eggs remains unresolved. It may be that adults and nymphs can distinguish between developed and undeveloped eggs? Alternatively, there are other potential explanations. For example, eggs may exude a repellent that restricts cannibalistic behavior (Narasimha et al., 2019) or it may be because adults refrain from eating more eggs (Polis, 1981; Smith and Reay, 1991; Manica, 2002). Further research is required to understand the causes of this behavior.

Previous studies have also demonstrated that selective cannibalism provides a food source for adult insects while also ensuring the survival of most of their offspring, thus maintaining the population levels (Polis, 1981; Smith and Reay, 1991; Manica, 2002). In this instance, A. custos females would not consume all available eggs, regardless of the predator-to-prey ratio. Similar results have also been obtained for Anisolabis maritima Bon. (Miller and Zink, 2012) and Euborellia annulipes Lucas (Jacobs and Stigall, 2019). Our results also demonstrate that neither A. custos nymphs nor female adults consumed all of the available eggs, and the emergence ratio was > 70%. This result indicates that most eggs were left alive. Obviously, there was a balance and a significant decision by female A. custos to consume less than one-third of the offspring, like Anisolabis maritima Bon. (Miller and Zink, 2012), and allowed the majority of the offspring to survive. This selective cannibalism would not only extend the lifespan of the adult insects but also ensure the survival of most offspring, which is more helpful in preventing populations from dwindling (Polis, 1981; Smith and Reay, 1991; Manica, 2002). Our results were similar to those for Euborellia annulipes Lucas (Dermaptera: Anisolabididae) (Jacobs and Stigall, 2019). This process is not only beneficial for the health of offspring, but also beneficial for females (Okada et al., 2015).

The evolution of cannibalism is driven by the balance between its benefits and costs (Hamilton, 1964). One evident benefit of egg cannibalism is starvation avoidance (Pizzatto and Shine, 2008; Dobler and Koelliker, 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, 2002). Our study revealed that hungry A. custos do not prey on all the available eggs (>70% of the eggs were unconsumed, and males exhibit minimal egg cannibalism). Moreover, virgin females showed a lower egg cannibalism inclination than gravid females; first and second instar nymphs did not cannibalize the eggs. 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 Yarrow (Schultner et al., 2013) and T. castaneum Herbst (Frank and Peter, 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.



CONCLUSION

Overall, A. custos females exhibit a higher tendency for egg cannibalism than males. Egg cannibalism varies not only with the developmental stage of the eggs and nymphs but also with the sex and reproductive status of A. custos females. Virgin females showed a lower egg cannibalism inclination than gravid females. Both virgin and mated females showed a higher egg cannibalism inclination than virgin and mated males. First and second instar nymphs did not cannibalize the eggs. The third, fourth, and fifth instar nymphs cannibalized eggs, and younger eggs were more often eaten than older eggs. However, neither A. custos nymphs nor female adults consumed all of the available eggs, and the emergence ratio of the remaining eggs was >70%. Our findings help us to better understand the evolutionary relationships in egg cannibalism by A. custos and contribute to the efficient mass rearing and realization of A. custos in biological control systems.
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