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Abstract


Immature ladybeetles and lacewings can thrive by feeding on eggs of lepidopteran pests, such as Spodoptera frugiperda (Smith) (Lepidoptera: Noctuidae). However, considering that the survival and fitness performances of generalist predators are heavily dependent on their ability to select suitable prey, we first evaluated whether eggs of S. frugiperda strains with differential susceptibilities to Bacillus thurigiensis (Bt) toxins would affect the food preference of larvae of the ladybeetle Coleomegilla maculata DeGeer (Coleptera: Coccinellidae) and the lacewing Chrysoperla externa (Hagen, 1861) (Neuroptera: Chrysopidae). We further determined, for the first time, the functional responses of all immature phases of both predator species when fed with S. frugiperda eggs. In our choice bioassays, predator larvae were individually offered 25 eggs of each S. frugiperda strain. The number of consumed eggs was recorded hourly and replenished during each evaluation. For the functional responses, increasing densities of S. frugiperda eggs were offered to the larvae of lacewings and ladybeetles, and the number of consumed eggs was recorded 24 h after the release of the predator. Ch. externa larvae had a generalized preference for Bt-susceptible strains of eggs, while Co. maculata exhibited such a preference only during the first evaluation hour. Both predators displayed type II functional responses, and their consumption substantially increased during larval development. By demonstrating that lacewing and ladybeetle larvae can satisfactorily consume S. frugiperda eggs, including eggs from Bt-resistant individuals, our findings reinforce the potential of these predatory insects for the ecological management of S. frugiperda.
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1. Introduction


Although generalist predators such as ladybeetles (Coleoptera: Coccinelidae) and lacewings (Neuroptera: Chrysopidae) have been associated with their relevant roles in the natural or augmentative biological control of aphids and other soft-bodied arthropods, several species of such predatory insects have evolved the ability to opportunistically feed on non-hemipteran prey (e.g., eggs and larvae of Coleoptera and Lepidoptera) as primary prey [1,2]. This capacity reinforces their contribution to the management of several lepidopteran pests. Previous investigations have shown that predators such as the ladybeetle Coleomegilla maculata DeGeer and the lacewing Chrysoperla externa (Hagen, 1861) are options for aiding in conservation and augmentative biological control programs of the lepidopteran pest Spodoptera frugiperda (Smith) (Lepidoptera: Noctuidae) [3,4,5].



The fall armyworm S. frugiperda is one of the most relevant pests of maize, Zea mays L., in fields worldwide. Populations of S. frugiperda, with a high level of resistance to conventional insecticides and genetically modified plants that express the Bacillus thuringiensis (Bt) toxins, have become a chronic threat to maize production [6,7,8,9,10]. The potential selection of resistant individuals to Bt plants may have no effect on S. frugiperda performance or it could have detrimental or beneficial consequences [11,12,13]. Taking into consideration that resistance to Bt toxins would affect egg traits (e.g., size and nutritional content) of the resistant individuals, it may disrupt the rate at which these eggs are chosen as prey. Indeed, the ability of generalist predators (e.g., ladybeetles and lacewings) to select and consume different feeds represents an advantage for biological control as it promotes temporal and spatial pest suppression [14,15].



While selecting prey from different species may be guided by more conspicuous cues, selecting prey within the same species might require a refined perception between predator and prey [16,17]. The intraspecific variation in size and nutrient content in prey within the same life stage is expected to be minimal, which can lead to the assumption that generalist predators may not distinguish and select prey that are in the same developmental stage but those that belong to different strains. Recent investigations showed, however, that adult ladybeetles of two closely related species, Coccinella novemnotata Herbst and Coccinella septempunctata L., preferably preyed on eggs of C. novemnotata even though neither species showed any significant difference in their egg volume [18]. Furthermore, eggs of the diamondback moth, Plutella xylostella L., previously treated with a Bt-based insecticide, were preferred by larvae of the lacewing Ceraeochrysa cincta (Schneider) when compared to Bt-unexposed P. xylostella eggs [19].



Here, we first evaluate whether the larval stages of the ladybeetle Co. maculata and lacewing Ch. externa exhibit any preference for feeding on eggs of S. frugiperda strains with differing susceptibilities to Bt toxins. We further determine the functional response of all larval instars of both predators under mixed-prey conditions. Functional response parameters, defined as changes in prey consumption per predator over time in relation to prey density [20], were used to assess the potential impact of these predators on S. frugiperda population dynamics.




2. Materials and Methods


2.1. Rearing of Predators


We used Ch. externa individuals obtained from a laboratory strain that had been maintained under controlled conditions (i.e., temperature: 27 ± 2 °C; relative humidity: 65 ± 5%; and period 12L:12D) for approximately four years. Adults of Ch. externa were kept in plastic containers (20 cm diameter, 30 cm height), the lids of which were replaced by an organza fabric to allow ventilation and were fed ad libitum with an artificial diet consisting of a mixture of bee honey and brewer’s yeast (1:1). Water was offered through a small piece of cotton soaked in distilled water. Food and water were replaced every two days. The larvae of Ch. externa (i.e., first, second, and third instars) were reared individually in Petri dishes (6 cm diameter) to avoid cannibalism and fed ad libitum with eggs of Ephestia kuehniella (Lepidoptera: Pyralidae) [21,22].



The Co. maculata individuals were reared from a laboratory strain initially collected in maize fields at the Universidade Federal de Viçosa (Viçosa, MG, Brazil) and maintained under laboratory conditions for six years. Groups of Co. maculata adults (five males and five females) were kept inside individual plastic containers (500 mL) and fed ad libitum with E. kuehniella eggs as well as with a mixture of yeast and bee honey (1:1). Water was provided through a piece of a small cotton ball soaked in distilled water. Sulfite paper stripes (3 cm × 20 cm) were placed inside each container to serve as a substrate for predator oviposition. Food replacement and harvesting of predator eggs occurred every other day. After hatching, larvae were placed in individual glass flasks (15 mL) to avoid cannibalism and fed eggs of E. kuehniella ad libitum throughout their entire development [23,24]. The rearing of both Ch. externa and Co. maculata was conducted under laboratory conditions (temperature, 25 ± 2 °C; relative humidity, 65 ± 5%; photoperiod, 12:12 L:D).




2.2. Rearing Conditions of Spodoptera frugiperda


For the bioassays, recently oviposited egg masses from susceptible and Bt-resistant strains of S. frugiperda were provided to our study by the Insect–Plant Interactions Laboratory at the Universidade Federal de Viçosa. The S. frugiperda strain that is susceptible to Cry1A.105 and Cry2Ab Bt toxins was reared under controlled conditions in the absence of Bt exposure for approximately two decades, whereas the isogenic S. frugiperda Bt-resistant strain was selected in the laboratory for consecutive generations over the last 10 years [25]. The susceptible strain was maintained with occasional reintroduction of susceptible insects from subpopulations maintained in different Brazilian laboratories, conducting research in maize and sorghum [11]. The Bt-resistant strain presents a monogenic and recessive Bt resistance pattern [25,26].



Separately, adults of both S. frugiperda strains were maintained under laboratory conditions in cylindrical PVC cages (1200 mL) lined internally with sulfite paper to provide an oviposition substrate. Moths were fed a solution containing 10% sugar and 5% ascorbic acid supplied via cotton wicks. Egg masses were collected daily and stored in plastic bags until hatching. Neonates were reared in groups in 500 mL plastic cups containing a standard artificial diet until the second instar, after which larvae were individually transferred to 16-cell PVC trays (Advento do Brasil, Diadema, SP, Brazil) until pupation. Insects were maintained at 27 ± 2 °C, 70 ± 15% relative humidity, and a 14:10 h (L:D) photoperiod.




2.3. Choice Assay with the Predators Coleomegilla maculata and Chrysoperla externa


We performed choice tests to assess whether the larvae of Co. maculata and Ch. externa showed a preference for eggs of susceptible or Bt-resistant strains of S. frugiperda. Despite the Bt-resistance level between both S. frugiperda strains being 183-fold (based on the LC50 values) [25], no evident visual differences in their egg mass morphology or coloration were observed (Supplementary Figure S1). Twenty-five eggs of each strain were placed/grouped on opposite sides of a Petri dish, the bottom of which was covered with filter paper. Predator larvae of both species were maintained in Petri dishes with filter paper and starved for 24 h prior to the choice tests. Subsequently, a fourth-instar larva of Co. maculata or a third-instar larva of Ch. externa (representing the final larval stages with high consumption capacity) was individually released at the center of each Petri dish to initiate the choice assay. Each Petri dish was considered a replicate, and 15 replicates were performed for the choice test of each predator species. To minimize directional bias during the choice assays, egg masses from both S. frugiperda strains were alternately positioned on opposite sides of the Petri dish relative to the predator release point. Egg consumption by predators was assessed every hour for four consecutive hours; to maintain the initial density, the initial number of eggs was restored every hour for each evaluation.



A two-proportion z-test was carried out using the software R Version 4.0.2 [27] to assess predator preference for S. frugiperda egg type (susceptible vs. Bt-resistant strains). Individual z-tests were carried out for each predator species at each assessment time (1, 2, 3, and 4 h) as well as for the pooled data (considering the egg replacement and accumulation at 4 h). Additionally, a preference analysis using the Strauss Linear Index (SLI) [28,29] was performed for each predator species at each assessment time. Specifically, this preference test was conducted individually for each replicate. The Strauss Linear Index is defined as the unweighted difference in proportions according to the following equation:


    L   i   =   r   i   −   p   i   ,  








where Li is the measure of electivity (i.e., preference index), ri is the relative abundance of the prey item i consumed (as a proportion or percentage of the total prey consumed), and pi is the relative abundance of the same prey item remaining in the environment (or arena). The index values vary symmetrically from −1.0 to +1.0, where positive values indicate prey preference, negative values indicate relative avoidance or inaccessibility of prey, and values of zero (or near zero) indicate random selection.




2.4. Functional Response Analysis of the Predators Coleomegilla maculata and Chrysoperla externa


Bioassays of functional responses for Co. maculata and Ch. externa larvae were conducted inside Petri dish arenas (diameter: 6 cm), the bottoms of which were covered with filter paper. Larvae of both species were starved for 24 h prior to the bioassays. Additionally, recently oviposited eggs (<48 h) from both susceptible and Bt-resistant strains of S. frugiperda were randomly mixed (to simulate their concomitant availability in Bt maize fields) and carefully transferred to each arena with the help of a camel hairbrush. We established densities of 3, 6, 9, 12, 15, 20, 25, and 30 eggs of S. frugiperda per arena for the 1st instars of each species. The 2nd and 3rd instars of Co. maculata, as well as the 2nd instar of Ch. externa were exposed to densities of 12, 20, 40, 60, 80, 100, and 140 eggs/arena. In contrast, the 4th instar of Co. maculata and the 3rd instar of Ch. externa were exposed to densities of 20, 40, 80, 140, 200, 300, and 450 eggs/arena. Prey density ranges were defined through preliminary bioassays that identified the minimum and maximum consumption capacities of each larval instar, allowing predatory responses to be evaluated across biologically relevant prey densities. For the functional bioassays, we used a minimum of 10 replicates for each combination of egg density and predator species. A single-predator larva was added to each Petri dish after the starvation period, and egg consumption was assessed 24 h after the release of the predator. The Petri dishes were arranged randomly in a growth chamber under the same environmental conditions described above for predator rearing.



The functional response was estimated by determining the general shape of the functional response curve based on logistic regression between the eggs consumed within each density and each predator stage using the CATMOD procedure of the SAS version 9.1 statistical software [30]. The cubic model was initially tested because of its capacity to detect functional response graph variations [31], and a polynomial function was fitted.


       N   e       N   0      =      exp    (   P   0   +   P   1     N   0   +   P   2     N   0   2   +     P   3     N   0   3   )   1 +   exp (   P   0   +   P   1     N   0   +   P   2     N   0   2     +   P   3     N   0   3   )       



(1)







Here,   (   N   e   )   is the number of eggs consumed,   (   N   0   )   is the density offered, and P0,     P   1    ,     P   2    , and     P   3     are the intercept, linear, quadratic, and cubic coefficients related to the slope of the curve.     P   1     and     P   2     are used to determine the type of functional response. For a type II functional response, P1 is negative because Ne/N0 decreases initially as N0 increases, while for a type III functional response, P1 is positive and P2 is negative because Ne/N0 increases and then decreases as N0 increases [31]. As our experiments were conducted with prey depletion, we used the random predator equation [31,32] to describe the functional response types II and III.
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(2)






    N   e   =   N   0   { 1 −   exp    [          (  d + b   N   0   ) (   T   h     N   e   − T  )    ( 1 + c   N   0   )         ]    }  



(3)







Here, Ne is the number of prey attacked, T is the exposure period (24 h), N0 is the initial prey density, α denotes the attack rate (the constant rate of a successful search), and Th is the handling time; the coefficients α, b, c, and d are constants related to the attack rate. Subsequently, the Th (handling time) and α (attack rate) parameters of the functional response were estimated using the nonlinear least squares regression PROC NLIN procedure using SAS [30], as described by Juliano (2001) [31]. The average consumption by lacewings and ladybeetles in the early stages (1st instar), intermediary stages (2nd instar of Ch. externa and Co. maculata and 3rd instar of C. maculata), and last stages (3rd instar of Ch. externa and 4th of Co. maculata) was determined by Kruskal–Wallis one-way ANOVA (p < 0.05) using Sigma Plot 12.5 [33].





3. Results


3.1. Predator Choice Test


According to the proportion z-test, larvae of Co. maculata showed preference for eggs of the Bt-susceptible strain of S. frugiperda in the first hour of assessment (χ2 = 15.10, p = 0.0001) (Figure 1A). However, no preference was recorded for this predator in either of the remaining hours or in the pooled data for all hours. Ch. externa larvae, however, showed preference for Bt-susceptible strain S. frugiperda eggs in the first (χ2 = 9.92, p = 0.0015), third (χ2 = 12.74, p = 0.0003), and fourth evaluation hours (χ2 = 11.17, p = 0.0008), and for all hours in the pooled data (χ2 = 9.98, p = 0.0015) (Figure 1B). In contrast, the Ch. externa larvae preferred to feed on eggs of the S. frugiperda Bt-resistant strain in the second evaluation hour (χ2 = 9.30, p = 0.0023).



In general, the Strauss Linear Index results support the two-proportion z-test analysis, indicating that a higher number of Co. maculata larvae showed preference for eggs of the susceptible strain of S. frugiperda in the first feeding hour, while the proportion of predators exhibiting preference for either of the egg strains was similar in the remaining three feeding hours (Figure 2A). Regarding the Ch. externa larvae, a higher number of predators showed a preference (i.e., more positive values for the Strauss Linear Index) for feeding on eggs of the Bt-susceptible S. frugiperda strain during the assessment of the 1st, 3rd, and 4th hours (Figure 2B).




3.2. Predator Functional Response


Cubic or quadratic logistic regression used to analyze the predation rates of Co. maculata and Ch. externa at different egg densities showed a negative linear coefficient (P1) and a positive quadratic coefficient (Table S1). These patterns indicate that all larval instars of both predator species exhibited functional response type II, suggesting that the proportion of S. frugiperda eggs consumed decreased as egg density increased (Figure 3A–C). While the early larval instar of Co. maculata had a predation rate that plateaued at 11 eggs/24 h (Figure 3A), the intermediary larval phases (i.e., second and third instars) leveled their predation at 40 eggs (second instar) and 65 eggs (third instar) (Figure 3B). The last larval instar exhibited an even higher predatory ability, preying on 125 eggs/24 h (Figure 3C). Similarly, the first (early), second (intermediary), and third (last) larval instars of Ch. externa reached a plateau for their predation rate at approximately 7, 45, and 170 eggs consumed in 24 h, respectively (Figure 3A–C).



There was no statistical difference (95% confidence interval) between the attack rates of Co. maculata and Ch. externa when comparing their early, intermediary, and last larval instars (Table S2). The handling time (Th) observed for the early instar (first instar) of Co. maculata (Th = 2.3 ± 0.13) was relatively shorter than that of the Ch. externa first instar (Th = 3.0 ± 0.13). Similar results were observed for the second instar of Ch. externa, which handled eggs longer (Th = 0.49 ± 0.01) compared to the third instar of C. maculata (Th = 0.35 ± 0.02) (Table S2). Nonetheless, no statistical difference was found when comparing the handling times for the second instars of Co. maculata and Ch. externa (Table S2). In addition, there was no difference in the handling times of the last instars of these predators (i.e., third instar of Ch. externa and fourth instar of Co. maculata), and no statistical difference was found between predator species in terms of egg consumption by either the first instar (F1.10 = 1.89; p = 0.199) or second instar larvae (F1.18 = 0.79; p = 0.386). In contrast, there was a significant difference in egg consumption between predator species when comparing the second instar of Ch. externa to the third instar of Co. maculata (H = 9.87; df = 1; p = 0.002). Finally, the third larval instar of Ch. externa consumed significantly more eggs of S. frugiperda than the fourth instar of Co. maculata (F1.17 = 21.65; p < 0.001) (Figure 4).





4. Discussion


Here, we demonstrated that larvae of Co. maculata preferred eggs of the S. frugiperda strain susceptible to Bt toxins, but only at the beginning of the feeding (i.e., the first hour), whereas Ch. externa larvae showed a generalized preference for the same type of eggs during most of the assessment times. Furthermore, our findings demonstrated that all larval stages of both predator species exhibited a type II functional response when exposed to a mixture of resistant and susceptible prey, and S. frugiperda egg consumption substantially increased as the predator larvae developed.



Although the potential differences in the nutritional contents and/or morphology (size and volume) of S. frugiperda eggs were not investigated here, it is reasonable to expect that these factors influence the preference indices described for larvae of Co. maculata and Ch. externa. For instance, previous investigations have shown that lepidopteran eggs can uptake Bt toxins [34], and applying Bt-based insecticides to the eggs altered the capacity of lacewing larvae to prey upon them [19]. Although Bt toxins have different modes of action regarding synthetic insecticides, it has been shown that the selection of the diamondback moth, Plutella xylostella, which is capable of surviving chronic sublethal exposure to synthetic insecticides (e.g., fenverlerate and spynosins) or natural substances (e.g., cantharidin), resulted in smaller-sized eggs [35,36,37,38,39], which may affect the probability of these eggs being chosen by predators. However, it is reasonable to state that the mechanisms of predators for distinguishing between eggs may not only be based on size, as eggs of the ladybeetle Coccinella novemnotata are preferably preyed upon over their conspecifics or individuals of a closely related ladybeetle species, Coccinella septempunctata, even though both species have no significant difference in their egg sizes [18].



The factor that induced the Co. maculata preference for susceptible eggs in the first evaluation hour was not strong enough to maintain such a pattern over time. This pattern may be associated with the larvae’s acute hunger following a 24 h starvation period prior to the assay. Under such conditions, predators are expected to maximize their immediate energy intake, and the observed preference may reflect differences in prey palatability or accessibility rather than stable feeding selectivity. Furthermore, the factors that contributed to ladybeetles in choosing S. frugiperda egg types (i.e., Bt-susceptible or -resistant) seem to differ from those used to distinguish larvae prey, as the ladybeetle Harmonia axyridis Pallas exhibited no preference for susceptible or Bt-resistant S. frugiperda strains [40]. Regardless, our results demonstrated that neither predator species was repelled by the eggs of the Bt-resistant strain, which certainly contributes to the biological control of S. frugiperda Bt-resistant individuals. Although not investigated in detail in the present study and considering that no evident visual differences were observed between egg masses under the evaluated conditions, the stronger preference of Ch. externa for eggs of the Bt-susceptible S. frugiperda strain may suggest the involvement of prey-associated cues (e.g., chemical signals, scales, or oviposition residues). These cues may differ from those used by ladybeetles. For instance, larvae of another lacewing species, Ceraeochrysa cincta (Schneider), exhibited higher consumption of P. xylostella eggs that were previously treated with a Bt-based insecticide [19], which contradicts our results. Additionally, the temporal variation observed in prey choice suggests that prey selection by Ch. externa may not be entirely fixed throughout the assay period. Such shifts may reflect context-dependent feeding behavior influenced by factors such as predator satiation or changes in responsiveness to prey-associated cues over time.



Our results indicate that the predatory behavior of Co. maculata and Ch. externa larvae preying upon eggs of S. frugiperda is better described by a type II functional response. This type of functional response is characterized by an increase in consumption rate as prey availability increases, until the species reaches a plateau where the consumption rate stabilizes, and the predator cannot handle more prey [41,42]. This predator behavior is often considered unstable on a long-term basis, as predators tend to evade the environment after feeding on the available prey source [43,44]. Despite the fact that type II functional responses are known for their instability, predators displaying this type of response usually still carry out good pest control on a short-term basis [45,46]. Additionally, pest control is fairly enhanced and more durable when it comes to omnivorous predators, such as Co. maculata and Ch. externa, which can stabilize population dynamics by feeding on other food sources (e.g., pollen and nectar) and thus are able to stay longer in a given landscape area after depleting the prey population [47,48,49,50,51].



The higher consumption of S. frugiperda eggs by both predator species was achieved in their last larval instars, which may reflect their increased size, speed, and capacity to subdue prey [52], as well as their need to consume greater quantities before undergoing metamorphosis [19,53,54]. In the last and most voracious instar, Ch. externa had a lower handling time, suggesting a potentially greater impact on the pest population when compared to Co. maculata. However, it is difficult to predict the predation efficacy of these omnivorous predators under field conditions where other prey and non-prey food are available, since our study was limited to laboratory conditions. Nevertheless, it is expected that these predators will readily attack S. frugiperda eggs, mainly because they are easily preyed on (i.e., they do not try to escape, hide, or fight back).



Both predator species tested here have been previously demonstrated to survive, develop, and produce offspring when feeding on eggs of S. frugiperda [3,5,55,56,57]. Regardless, the framework provided here innovatively evaluated whether these generalist predators display preferences towards S. frugiperda Bt-susceptible or -resistant eggs. Our results are fundamental for future research on the morphologic and chemical characteristics of these eggs, which may induce preferences among these predatory insects, contributing to a better understanding of the services that these predators provide for the ecological management of S. frugiperda. However, because egg morphological, nutritional, and chemical traits were not directly evaluated in the present study, the mechanisms underlying predator preference remain unresolved and should be interpreted with caution.



Despite these limitations, our findings revealed that both predators were able to consume eggs from Bt-susceptible and Bt-resistant strains under functional response conditions, highlighting their potential contribution to the biological control of this pest regardless of prey strain. The higher consumption rates observed at advanced larval stages reinforce the importance of these predators in suppressing egg populations under high prey densities. Additionally, differences in feeding behavior between predators, including the piercing-sucking habit of Ch. externa and the mandibular feeding of Co. maculata, may help explain their distinct responses to the prey strains. Nevertheless, because these experiments were conducted under controlled laboratory conditions, caution is required when extrapolating these findings to field environments, where prey distribution, environmental variability, and additional biotic interactions may affect predator performance. These findings provide important insights into predator–prey interactions involving Bt-resistant populations of S. frugiperda and support the ecological compatibility of these natural enemies with integrated pest management programs.
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Figure 1. Proportion of susceptible and Bt-resistant strains of Spodoptera frugiperda eggs consumed by either Coleomegilla maculata (A) or Chrysoperla externa (B) during 4 h choice tests. (A,B) Non-significant (ns) and significant (p < 0.0–5) differences between the proportions of egg types consumed (i.e., from the S. frugiperda Bt-susceptible and -resistant strains) by either predator, according to a two-proportion z-test, are also shown. 
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Figure 2. Strauss Linear Index (electivity index) for the individual predators Coleomegilla maculata (A) or Chrysoperla externa (B) during feeding choice tests. Each predator had a choice between 25 eggs of Bt-susceptible and 25 eggs of Bt-resistant strains of Spodoptera frugiperda every hour for 4 consecutive hours. Symbols represent the electivity index of each individual who preferred eggs of S. frugiperda Bt-susceptible (magenta) or -resistant (blue) strains. The index values vary from −1.0 to +1.0, where positive values indicate prey preference, negative values indicate relative avoidance or prey inaccessibility, and values of zero (or near zero) indicate random selection. 
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Figure 3. Mean (±SE) of Spodoptera frugiperda eggs consumed and their proportion in early (A), intermediary (B), and last (C) larval phases of Coleomegilla maculata and Chrysoperla externa according to prey density offered over 24 h. 
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Figure 4. Mean (±SE) of the total of Spodoptera frugiperda eggs consumed by early, intermediary, and last larval phases of Coleomegilla maculata and Chrysoperla externa according to prey density offered over 24 h. Symbols grouped under the same horizontal line do not differ according to the Kruskal–Wallis test (p < 0.05). 
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