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Biological control agents usually suffer from a shortage of target prey or hosts in their post-release stage. Some predatory agents turn to attacking other prey organisms, which may induce physiological and evolutionary changes. In this study, we investigated life history traits, gene expression and genotype frequency in the predatory ladybird beetle Cryptolaemus montrouzieri during experimental prey shifts. C. montrouzieri were either continuously fed on aphids Megoura japonica as an alternative prey for four generations or were shifted back to the initial prey mealybugs Planococcus citri in each generation. In general, the utilization of aphids resulted in reduced performance and severe physiological adjustments, indicated by significant changes in development and fecundity traits and a large number of differentially expressed genes between the two offering setup prey treatments. Within the aphid-fed lines, performance regarding the developmental time, the adult weight and the survival rate recovered to some level in subsequent generations, possibly as a result of adaptive evolution. In particular, we found that a shift back to mealybugs caused a gradual increase in fecundity. Accordingly, a genotype of the fecundity-related gene vitellogenin, of which there were several minor alleles in the initial population, became the main genotype within four generations. The present study explored the short-term experimental evolution of a so-call specialist predator under prey shift conditions. This potential rapid adaptation of biological control agents to novel prey will increase environmental risks associated with non-target effects.
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INTRODUCTION

In biological control programs, natural enemies of pests are translocated, mass-reared and introduced as biological control agents. Following the release of these agents in their new ranges, their populations are subjected to new environmental conditions, including novel potential prey or hosts. In the post-release stage, with the decline of pest populations, the released biological control agents will suffer from a shortage of target prey or hosts. Some will therefore attack non-target organisms, which sustain the populations of agents and sometimes expand the range of controlled pests. On the other hand, there is growing concern about the side-effects of their prey or host expansion (Louda et al., 2003; van Lenteren et al., 2003; De Clercq et al., 2011). Empirical evidence has shown that the non-target effects of biological control agents have threatened complex biological communities and led to a negative impact on local environments [e.g., Harmonia axyridis (Koch, 2003) in Europe and North America and Cactoblastis cactorum (Zimmermann et al., 2004), and Compsilura concinnata (Elkinton and Boettner, 2012) in North America]. Tests of host or prey range are therefore among the key procedures currently used to evaluate the potential environmental risks of an introduced agent in the pre-release stage (van Lenteren et al., 2003). In this context, the release of most generalists is now restricted, while specialists are still widely used as environmentally safe agents.

In the context of evolution, utilization of alternative food resources may act as an evolutionary driver in insects. The physiological systems of insects are confronted with various chemical components from their novel diets. Consequently, dietary shifts may impose new selection pressures, driving early physiological plasticity and subsequent evolutionary changes (Vogel and Musser, 2014; Hoang et al., 2015). Thus, it is hypothetically possible that specialists are still capable of utilizing non-target prey or hosts through an adaptation process. However, there is still little evidence of adaptive prey or host expansion to non-target organisms among specialist biological control agents (Wright and Bennett, 2017).

Numerous lines of evidence have supported the idea that herbivorous arthropods evolve in association with their host plants. On a macro-evolutionary scale, the reconstructed phylogenetic trees of such species provide histories of insect-plant co-evolution [e.g., in butterflies (Janz et al., 2006), weevils (McKenna et al., 2009), and mites (Li et al., 2016a)]. On a micro-evolutionary scale, some host-associated populations are deeply divergent according to genetic marker analyses, indicating rapid evolutionary changes caused by host shifts [e.g., in thrips (Brunner et al., 2004), wasps (Stireman et al., 2005), and mites (Li et al., 2014)]. The physiological changes in host shifts reflected by expression profiling have generally involved detoxification (as reviewed in Li et al., 2007; Vogel and Musser, 2014). Accordingly, some detoxification-related genes have evolved during host adaptation [e.g., glutathione S-transferase in fruit flies (Matzkin, 2008), nitrile-specifier protein in butterflies (Wheat et al., 2007) and cytochrome P450 in fruit flies (Bono et al., 2008), and aphids (Bass et al., 2013)]. Thus far, studies on the evolutionary changes caused by dietary shifts have been restricted to herbivorous arthropods. In contrast, the evolution of carnivorous arthropods due to dietary shifts has seldom been considered (Grenier and De Clercq, 2003). After being sustained by artificial diets over a long period, carnivorous biological control might lose the ability to capture and kill live prey, although this conjecture has not been supported by any published research (Riddick, 2008). Thus, the evolutionary potential and patterns of carnivorous arthropods during prey shifts remain largely unclear, which hampers the environmental risk assessment of specialist predators used in biological control programs.

Cryptolaemus montrouzieri (well known as the mealybug destroyer) is native to Australia, and is now used worldwide as a specialist predator of mealybugs in biological control (Ślipiński, 2007). It can feed on quite a broad range of mealybug species (Kairo et al., 2013). And no significant change in developmental traits was observed in the use of different mealybug species (Qin et al., 2014). However, it can also feed on aphids, whiteflies and the eggs of moths or other ladybirds under laboratory conditions (Maes et al., 2014), suggesting potential non-target effects in its field use. Some non-target diets can sustain a complete life history (e.g., Ephestia kuehniella eggs) but are overall less suitable for survival, development, and reproduction (Maes et al., 2014), suggesting that a further adaptation process occurs when these diets are used continuously. Moreover, the macro-evolutionary pattern of the ladybird family Coccinellidae based on molecular phylogeny supports the idea that dietary shifts have played an important role in species diversification (Giorgi et al., 2009; Escalona et al., 2017). To predict the potential for and consequences of non-target effects of C. montrouzieri, we previously examined its response to the novel prey species Megoura japonica, a common aphid pest in China, and detected reduced performance and expression of genes related to biochemical transport, metabolism, and detoxification (Li et al., 2016b). However, the question of whether these physiological changes in response to alternative prey were simply plastic or had further consequences remained unsolved.

In the present study, we test whether evolution occurs associated with prey shift of a predatory biological control agent. We used an experimental evolutionary approach (Kuhnle and Muller, 2011; Muller et al., 2017) to test the potential consequences of prey shifts in the use of C. montrouzieri for biological control. An initial population was either continuously fed alternative prey for four generations or shifted back to the initial prey in each generation. Life history traits and gene expression were investigated in each generation/prey treatment. In particular, due to pronounced changes in fecundity traits, we also examined the changes in the genotype frequencies of fecundity-related genes across generations.

MATERIALS AND METHODS

Insect Rearing

The ladybird C. montrouzieri used in this study were obtained from a population at Sun Yat-sen University, Guangzhou, China, that has been maintained under laboratory conditions with mealybugs as prey for more than 10 years. The initial prey of C. montrouzieri, the citrus mealybug Planococcus citri, was maintained on fruits of the pumpkin Cucurbita moschata. The alternative prey aphid M. japonica was maintained on plants of the horse bean Vicia faba. In the experimental stages, all insects and plants were kept in climate chambers set at 25 ± 1°C with 75 ± 5% relative humidity (RH) and a 14:10 (L:D) h photoperiod.

Experimental Prey Shifts

A prey shift during the biological control release of C. montrouzieri was simulated under laboratory conditions as shown in Figure 1. In detail, first-instar larva from the original population of C. montrouzieri (<24 h old) were distributed into two different lines, which were then either maintained on mealybugs (designated “F1M”) or shifted to aphids (first generation reared on aphids, designated “F1A”). Freshly hatched larvae from F1A eggs were again randomly distributed on the initial prey mealybugs (F2M) or reared on aphids (F2A). The F3M, F3A, F4M, and F4A lines were generated similarly, resulting in a total of eight lines.
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FIGURE 1. Scheme of prey shifts in the evolutionary experimental approach applied in this study. Cryptolaemus montrouzieri ladybirds were reared on Planococcus citri mealybugs for more than 10 years (∼12 generations per year) and then allocated to two lines, either maintained on the alternative prey Megoura japonica aphids (F1A) or further reared on mealybugs (F1M). Freshly hatched larvae from F1A eggs were either shifted to mealybugs (F2M) or further reared on aphids (F2A). The lines F3M, F3A, F4M, and F4A were generated in a similar way.



Comparison of Life History Traits

The life history traits of the eight lines were investigated during the experimental prey shifts. Developmental traits including the survival rate and the development time of larvae as well as the adult weight and the sex ratio were investigated with 85 individuals for F1A, 135 for F2A, 93 for F3A, 96 for F4A, 91 for F1M, 63 for F2M, 83 for F3M, and 90 for F4M. Freshly hatched larvae were placed individually in plastic Petri dishes (3.5 cm diameter, 1.2 cm height), and their prey were offered ad libitum and replenished daily. The survival and the developmental time of the ladybird larvae were monitored daily. Newly emerged adults (no food or water was provided) were weighed and sexed based on the color of forelegs (Babu and Azam, 1987).

Fecundity traits, including the pre-oviposition time and the number of deposited eggs, were also surveyed, with 11 adult pairs for F1A, 10 for F2A, 11 for F3A, 14 for F4A, 12 for F1M, 12 for F2M, 14 for F3M, and 14 for F4M. Newly emerged males and females were paired in plastic Petri dishes (5 cm diameter, 2 cm height) and continuously fed by aphids or mealybugs. A piece of cotton (∼1 cm × 1 cm) was provided as an oviposition substrate and was checked daily for eggs to determine the pre-oviposition period. Once the first egg was laid, the substrates were replaced, and the number of eggs was monitored three times a week for a total period of 30 days.

Variations of all life history traits were analyzed using SPSS 20.0 (SPSS Inc.). The Kolmogorov–Smirnov test indicated that the adult weight of both males and females was normally distributed and was therefore analyzed using one-way analysis of variance (ANOVA). Because the Levene test indicated homoscedasticity, the means were separated using Tukey tests. According to the Kolmogorov–Smirnov test, the developmental time, the pre-oviposition time and the number of deposited eggs were not normally distributed. Therefore, we used the non-parametric Kruskal–Wallis H test, followed by the Mann–Whiney U test. The significance level of all tests was set at p < 0.05.

Comparison of Gene Expression

Genome-wide expression profiling based on transcriptome sequencing was performed to screen for regulation of expression in response to the experimental prey shifts. Two females from each line were collected on the 30th day of the oviposition period for transcriptome sequencing (designated F1A1, F1A2, F2A1, F2A2, F3A1, F3A2, F4A1, F4A2, F1M1, F1M2, F2M1, F2M2, F3M1, F3M2, F4M1, and F4M2). RNA was extracted from the whole individual after 12 h of starvation. RNA extraction, RNA-seq analysis, data quality control, de novo assembly and unigene annotation followed Li et al. (2016b). Specifically, we used the FPKM (fragments per kilobase of transcript per million mapped reads) method to normalize gene expression (Trapnell et al., 2010). We removed the genes showing low expression, with an FPKM < 1, from further analysis. The regulation of gene expression in each pair of lines was tested using DESeq (Anders and Huber, 2010), employing a fold change >2 or <0.5 and a false discovery rate (FDR) < 0.05 were the criteria for defining differentially expressed genes (DEGs). To further characterize these DEGs, the number of DEGs in each pair of lines and their distribution according to EuKaryotic Orthologous Groups (KOG) classification were calculated. To visualize the expression profiles, heatmaps and clustering of the normalized expression of DEGs were generated using R (R Development Core Team, 2013).

Since we focused on fecundity changes under prey shifts in this study, potential fecundity-related genes of C. montrouzieri were selected based on a comprehensive literature review and a recent insect fecundity study (Gilbert et al., 2005; Sun et al., 2015). A total of 10 selected genes were detected in the transcriptome data obtained in this study: vitellogenin (Vg), vitellogenin receptor (VgR), 3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR), angiotensin converting enzyme gene (ACE), Fizzy, sex-lethal (Sxl), heat shock protein 70 (HSP70), Hunchback, heat shock protein 90 (HSP90), and bicaudal D (BicD). The detail functions of these genes can be found in Sun et al. (2015). Heatmaps of the normalized expression of these genes were generated.

Allele Frequencies of Fecundity-Related Genes

The transcriptome analysis also enabled us to initially detect changes in allele frequencies of unigenes. First, single nucleotide polymorphisms (SNPs) of unigenes in the transcriptome were screened using GATK (McKenna et al., 2010). Then, the transcriptome data of four individuals within each generation were grouped. For example, F1A1, F1A2, F1M1, and F1M2 were grouped as F1. The allele frequencies and coding changes in the SNPs of 10 fecundity-related genes among F1–F4 were counted.

We further validated the pattern of allele frequency changes in Vg, a fecundity-related gene, in a larger sample. We partially repeated the experiment using the prey shift system described above, where a new subset of the original population was continuously fed with the alternative prey, M. japonica aphids, for five generations to generate new F1–F5 populations. Two pairs of primers were designed and used to amplify two Vg fragments that included all SNP loci (Supplementary Table 1). Twenty-eight to thirty individuals from each generation were randomly selected. DNA was then extracted, and polymerase chain reaction (PCR) and sequencing of the products were then performed as described in Li et al. (2015). The allele frequencies in the SNPs were subsequently counted, and the haplotype networks of the two PCR fragments were drawn in Network 5.0.0.3 using a median-joining method (Bandelt et al., 1999).

RESULTS

Life History Traits

The developmental traits of each line, including the development time, the adult weight, the female ratio and the mortality, are shown in Figure 2. In comparison with the mealybug-fed lines, the aphid-fed lines always exhibited significantly longer larval developmental times (Figure 2A) and lower weights of adult males and females (Figures 2C,D). When four generations were continuously fed aphids, the larval developmental time decreased from F2A onward (Figure 2A), and the adult weight increased in F4A (Figures 2C,D). The overall mortality among developmental stages was increased in F2A compared with F1A but decreased greatly in F3A and F4A (Figure 2F). The shift back to mealybugs led to an increase in larval developmental time in F4M (Figure 2A) and a decrease in pupal developmental time from F2M onward (Figure 2B). In addition, it appeared that there was no strong effect of the prey shift on the female ratio (Figure 2E).
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FIGURE 2. Developmental traits of each line, including (A) the larval developmental time, (B) the pupal developmental time, (C) the female weight, (D) the male weight, (E) the female ratio, and (F) the mortality rate. Approximately 100 freshly hatched larvae of each line were tested. Bars (mean ± standard error of mean) with the same letter are not significantly different (p ≥ 0.05).



The fecundity traits of each line, including the pre-oviposition time and the number of eggs deposited within 30 days, are shown in Figure 3. The pre-oviposition time of the aphid-fed lines was usually significantly longer than that of the mealybug-fed lines (Figure 3A). However, the number of deposited eggs in F1M was not significantly higher than that in F1A (Figure 3B). The number of deposited eggs did not significantly change between generations in the aphid-fed lines but gradually increased from the first to the fourth generation in the lines shifted back to mealybugs (Figure 3B).
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FIGURE 3. Fecundity traits of each line, including (A) the pre-oviposition time and (B) the number of deposited eggs within the first 30 days of the oviposition period. 10–14 pairs of adults from each line were tested. Bars (mean ± standard error of mean) with the same letter are not significantly different (p ≥ 0.05).



Gene Expression

The transcriptomes of all eight lines and 16 female individuals were sequenced. Each of the sequenced samples exhibited 23–34 million high-quality reads, comprised of 5–11 billion base pairs (bp). A total of 162 genes were considered DEGs across the treatments experiment-wide. The KOG classification of these DEGs showed that most were distributed among carbohydrate, amino acid, lipid transport and metabolism, energy production and conversion, and signal transduction mechanisms (Supplementary Figure 1). Among these DEGs identified experiment-wide, an average of 19.33 DEGs were identified between pairs of aphid-fed lines, 32.50 between pairs of mealybug-fed lines, and 47.38 between pairs of aphid- and mealybug-fed lines (Supplementary Table 2). The heatmaps of the expression of all DEGs showed that their expression depended on not only their prey species but also their generation (Supplementary Figure 2).

Due to the pronounced change observed in fecundity, we further focused on potential genetic changes associated with fecundity under prey shifts. Among the 10 selected fecundity-related genes, none was a DEG. Vg was the only gene that was always expressed at a lower level in aphid-fed lines than in mealybug-fed lines (Figure 4).
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FIGURE 4. Heatmaps based on the normalized expression of 10 selected fecundity-related genes in each line.



Allele Frequencies of Fecundity-Related Genes

A total of 93 SNPs in fecundity-related genes were detected in the transcriptome data (Supplementary Table 3). Among these SNPs, 4/7 were involved in non-synonymous changes in Vg, 9/22 in VgR, 0/9 in HMGCR, 1/17 in ACE, 2/11 in Fizzy, 0/6 in Sxl, 0/11 in HSP70, 0/5 in HSP90, and 1/7 in DisC. Among these non-synonymous SNPs, those in Vg exhibited the greatest allele frequency changes from F1 (or the initial population) to F4, ranging from 0.375 to 1 (Table 1).

TABLE 1. Single nucleotide polymorphisms (SNPs) in vitellogenin (Vg) and their allele frequencies from F1 to F4 (or F5).
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The repeated rearing scheme and Sanger sequencing-based validation showed that the frequencies of these four minor alleles in Vg involving non-synonymous changes ranged from 0.133 to 0.533 in F1 (or the initial population). The frequencies of these alleles did not change greatly in F2 and F3 but increased to 0.679–0.821 in F4, and these alleles were the only alleles detected in F5 (Table 1). Additionally, the haplotype network of the two PCR fragments suggested that a rare haplotype in F1-F3 became the main haplotype in F4 and F5 (Supplementary Figure 3).

DISCUSSION

Physiological Changes During Feeding on Non-target Prey

Diet is one of the major determinants of physiological performance. When their diet changes, both herbivores and carnivores usually require physiological adjustments to meet their nutritional requirements and cope with new toxins from their new diet (Glendinning, 2007; Vogel and Musser, 2014). In the present study, the initial prey (mealybugs) and the alternative prey (aphids) exhibited different biochemical compositions (Brown, 1975) and should present differences in nutritional value or toxins, with which C. montrouzieri would have to cope. Based on the evidence regarding life history traits and gene expression, we found that both the shift to aphids and the shift back to mealybugs led to severe physiological changes in C. montrouzieri. The shift to aphids always led to reduced performance, as inferred by the significant extension of development and pre-oviposition times and the decreases in adult weight and the number of deposited eggs. Furthermore, the whole-genome expression profiles after prey shifts mainly showed modulation of the expression of genes related to biochemical transport and metabolism. This transcriptional plasticity is expected be a response to the change in the biochemical composition of the prey. These findings regarding physiological changes were in line with those from previous studies in which C. montrouzieri was switched to aphid prey for one generation (Maes et al., 2014; Li et al., 2016b).

Short-Term Adaptation Under Prey Shifts

Because C. montrouzieri experienced performance reductions and physiological adjustments when feeding on aphids, we assumed that further adaptation occurred when the ladybirds were continuously maintained on this alternative prey. Several reports of experimental evolution in herbivorous arthropods support the idea that dietary shifts impose strong selection pressure, forcing herbivores to evolve within several generations (Sezer and Butlin, 1998; Warbrick-Smith et al., 2006; Kuhnle and Muller, 2011). In this study, variation of life history traits and gene expression was also detected in lines within the same prey treatment. Within the aphid-fed lines, performance recovered to a certain degree in subsequent generations, as inferred by the larval developmental time (recovered from F2), the female and male weight (recovered from F4) and the mortality (recovered from F3). It appeared that the physiological plasticity of the initial population was already sufficient for utilization of the alternative prey. However, performance under this adverse condition was reduced, and positive selection is therefore expected to further alter performance in the direction of the optimum (Crispo, 2007; Hoang et al., 2015). In addition to positive selection, this prey adaptation might be a result of genetic drift or a maternal effect.

Change in Fecundity and Its Potential Genetic Basis

In this study, the change in fecundity was the most pronounced physiological change observed experiment-wide. In the lines shifted back to mealybugs from aphids, the younger generations always exhibited a significantly greater number of deposited eggs than the older generations. To explore the potential genetic basis of this change in fecundity, we first selected candidate genes from 10 fecundity-related genes based on the regulation of their expression under prey shifts. Among these candidate genes, only the expression of Vg in females was consistently altered in response to prey type. Similarly, in a previous study, we found that when C. montrouzieri was switched to aphids, Vg was significantly downregulated, while other fecundity-related genes were not differentially expressed (Li et al., 2016b). Vg encodes the major egg yolk protein precursor in insects, and its expression generally corresponds to fecundity in females (Tufail et al., 2014). In this study, however, the increase in fecundity was not based on increased expression of Vg; rather, it is expected to be a consequence of genetic changes.

Therefore, we further tested the potential genetic changes in fecundity-related genes in response to this change in fecundity. Again, Vg exhibited the greatest change in allele frequencies in non-synonymous SNPs in this prey shift experiment. In this process, a genotype that contained several minor alleles in the initial population became the main genotype in F2 and the only genotype in F3. Replication of this prey shift experiment showed that this minor genotype became the main genotype in F4 and the only genotype in F5. Based on the results of these two replicate experiments, we suggested that positive selection, not random genetic drift, led to this change in genotype frequency.

Increased fecundity is considered to be adaptative (Stearns and Hoekstra, 2003). It has been reported that the fecundity of insects can be affected by several mutations in specific genes (Sun et al., 2015), and a host shift of insects may lead to the evolution of genes related to reproduction (Guillen et al., 2014). In this study, we explored the downregulation of Vg during the utilization of alternative prey as well as the relationship between the Vg genotype frequency and fecundity in lines that were shifted back to the initial prey. However, the changes in Vg genotype frequency neither increased the fecundity of the aphid-fed lines nor affected Vg expression to a significant level. We suggest that this lack of change was due to the limitation of fecundity by insufficient nutritional conditions associated with the alternative prey, even though a selected genotype presents the potential for higher fecundity. On the other hand, the selection pressure exerted by the alternative prey might be exerted directly on Vg or indirectly on other genes linked to Vg.

Conclusion and Implications for Biological Control

This study explored the short-term physiological and evolutionary changes in a so-call specialist biological control agent during experimental prey shifts over several generations. For better explaining this prey shift adaptation, other factors such as behavior and gut microbiota needed to be considered in the further. This is the first report to address the experimental evolution of carnivorous arthropods and biological control agents under prey shifts. This potential rapid adaptation of biological control agents to novel prey will increase environmental risks associated with non-target effects. Hence, the current environmental risk assessment strategy based on the host ranges of biological control agents (van Lenteren et al., 2003) should also include evolutionary considerations.

DATA AVAILABILITY STATEMENT

All raw sequence data generated and analyzed for this study can be found in the NCBI Short Read Archive (SRA) under BioProject ID PRJNA449583 (BioSample ID: SAMN08912452–SAMN08912467).

AUTHOR CONTRIBUTIONS

M-LC, Y-HH, and B-YQ performed the experiments. M-LC and H-SL analyzed the data. M-LC, TW, H-SL, and HP wrote and revised the manuscript.

FUNDING

This work was supported by the National Natural Science Foundation of China (Grant Nos. 31572052 and 31702012), the Science and Technology Planning Project of Guangdong Province, China (Grant No. 2017B020202006), and the National Key R&D Program of China (Grant No. 2017YFD0201000).

ACKNOWLEDGMENTS

We would like to thank Li-Jun Ma, Zhan Ren, Pei-Tao Chen, and Si-Wen Wu of Sun Yat-sen University for assistance with the experiments.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphys.2018.00971/full#supplementary-material

REFERENCES

Anders, S., and Huber, W. (2010). Differential expression analysis for sequence count data. Genome Biol. 11:R106. doi: 10.1186/gb-2010-11-10-r106

Babu, T. R., and Azam, K. M. (1987). Biology of Cryptolaemus montrouzieri Mulsant (Coccinellidae: Coleoptera) in relation with temperature. Entomophaga 32, 381–386. doi: 10.1007/BF02372447

Bandelt, H. J., Forster, P., and Röhl, A. (1999). Median-joining networks for inferring intraspecific phylogenies. Mol. Biol. Evol. 16, 37–48. doi: 10.1093/oxfordjournals.molbev.a026036

Bass, C., Zimmer, C. T., Riveron, J. M., Wilding, C. S., Wondji, C. S., Kaussmann, M., et al. (2013). Gene amplification and microsatellite polymorphism underlie a recent insect host shift. Proc. Natl. Acad. Sci. U.S.A. 110, 19460–19465. doi: 10.1073/pnas.1314122110

Bono, J. M., Matzkin, L. M., Castrezana, S., and Markow, T. A. (2008). Molecular evolution and population genetics of two Drosophila mettleri cytochrome P450 genes involved in host plant utilization. Mol. Ecol. 17, 3211–3221. doi: 10.1111/j.1365-294X.2008.03823.x

Brown, K. (1975). The chemistry of aphids and scale insects. Chem. Soc. Rev. 4, 263–288. doi: 10.1039/cs9750400263

Brunner, P. C., Chatzivassiliou, E. K., Katis, N. I., and Frey, J. E. (2004). Host-associated genetic differentiation in Thrips tabaci (Insecta; Thysanoptera), as determined from mtDNA sequence data. Heredity 93, 364–370. doi: 10.1038/sj.hdy.6800512

Crispo, E. (2007). The Baldwin effect and genetic assimilation: revisiting two mechanisms of evolutionary change mediated by phenotypic plasticity. Evolution 61, 2469–2479. doi: 10.1111/j.1558-5646.2007.00203.x

De Clercq, P., Mason, P. G., and Babendreier, D. (2011). Benefits and risks of exotic biological control agents. BioControl 56, 681–698. doi: 10.1007/s10526-011-9372-8

Elkinton, J. S., and Boettner, G. H. (2012). Benefits and harm caused by the introduced generalist tachinid, Compsilura concinnata, in North America. BioControl 57, 277–288. doi: 10.1007/s10526-011-9437-8

Escalona, H. E., Zwick, A., Li, H. S., Li, J., Wang, X., Pang, H., et al. (2017). Molecular phylogeny reveals food plasticity in the evolution of true ladybird beetles (Coleoptera: Coccinellidae: Coccinellini). BMC Evol. Biol. 17:151. doi: 10.1186/s12862-017-1002-3

Gilbert, L. I., Iatrou, K., and Gill, S. S. (2005). Comprehensive Molecular Insect Science. Amsterdam: Elsevier.

Giorgi, J. A., Vandenberg, N. J., McHugh, J. V., Forrester, J. A., Ślipiński, S. A., Miller, K. B., et al. (2009). The evolution of food preferences in Coccinellidae. Biol. Control 51, 215–231. doi: 10.1016/j.biocontrol.2009.05.019

Glendinning, J. (2007). How do predators cope with chemically defended foods? Biol. Bull. 213, 252–266. doi: 10.2307/25066643

Grenier, S., and De Clercq, P. (2003). “Comparison of artificially versus naturally reared natural enemies and their potential for use in biological control,” in Quality Control and Production of Biological Control Agents: Theory and Testing Procedures, ed. J. C. van Lenteren (Wallingford: CAB International), 115–131.

Guillen, Y., Rius, N., Delprat, A., Williford, A., Muyas, F., Puig, M., et al. (2014). Genomics of ecological adaptation in cactophilic Drosophila. Genome Biol. Evol. 7, 349–366. doi: 10.1093/gbe/evu291

Hoang, K., Matzkin, L. M., and Bono, J. M. (2015). Transcriptional variation associated with cactus host plant adaptation in Drosophila mettleri populations. Mol. Ecol. 24, 5186–5199. doi: 10.1111/mec.13388

Janz, N., Nylin, S., and Wahlberg, N. (2006). Diversity begets diversity: host expansions and the diversification of plant-feeding insects. BMC Evol. Biol. 6:4. doi: 10.1186/1471-2148-6-4

Kairo, M. K. T., Paraiso, O., Gautam, R. D., and Peterkin, D. D. (2013). Cryptolaemus montrouzieri (Mulsant) (Coccinellidae: Scymninae): a review of biology, ecology, and use in biological control with particular reference to potential impact on non-target organisms. CAB Rev. 8, 1–20. doi: 10.1079/PAVSNNR20138005

Koch, R. L. (2003). The multicolored Asian lady beetle, Harmonia axyridis: a review of its biology, uses in biological control, and non-target impacts. J. Insect Sci. 3:32. doi: 10.1093/jis/3.1.32

Kuhnle, A., and Muller, C. (2011). Responses of an oligophagous beetle species to rearing for several generations on alternative host-plant species. Ecol. Entomol. 36, 125–134. doi: 10.1111/j.1365-2311.2010.01256.x

Li, H.-S., Jin, M.-J., Ślipiński, A., De Clercq, P., and Pang, H. (2015). Genetic differentiation in native and introduced populations of Cryptolaemus montrouzieri (Coleoptera: Coccinellidae) and its implications for biological control programs. J. Econ. Entomol. 108, 2458–2464. doi: 10.1093/jee/tov216

Li, H.-S., Hoffmann, A. A., Guo, J.-F., Zuo, Y., Xue, X.-F., Pang, H., et al. (2016a). Identification of two lineages of host-associated eriophyoid mites predisposed to different levels of host diversification. Mol. Phylogenet. Evol. 105, 235–240. doi: 10.1016/j.ympev.2016.09.010

Li, H.-S., Pan, C., De Clercq, P., Ślipiński, A., and Pang, H. (2016b). Variation in life history traits and transcriptome associated with adaptation to diet shifts in the ladybird Cryptolaemus montrouzieri. BMC Genomics 17:281. doi: 10.1186/s12864-016-2611-8

Li, H.-S., Xue, X.-F., and Hong, X.-Y. (2014). Cryptic diversity in host-associated populations of Tetra pinnatifidae (Acari: Eriophyoidea): what do morphometric, mitochondrial and nuclear data reveal and conceal? Bull. Entomol. Res. 104, 221–232. doi: 10.1017/S0007485313000746

Li, X., Schuler, M. A., and Berenbaum, M. R. (2007). Molecular mechanisms of metabolic resistance to synthetic and natural xenobiotics. Annu. Rev. Entomol. 52, 231–253. doi: 10.1146/annurev.ento.51.110104.151104

Louda, S. M., Pemberton, R. W., Johnson, M. T., and Follett, P. A. (2003). Nontarget effects-the Achilles’ heel of biological control? Retrospective analyses to reduce risk associated with biocontrol introductions. Annu. Rev. Entomol. 48, 365–396. doi: 10.1146/annurev.ento.48.060402.102800

Maes, S., Grégoire, J.-C., and De Clercq, P. (2014). Prey range of the predatory ladybird Cryptolaemus montrouzieri. BioControl 59, 729–738. doi: 10.1007/s10526-014-9608-5

Matzkin, L. M. (2008). The molecular basis of host adaptation in cactophilic Drosophila: molecular evolution of a glutathione S-transferase gene (GstD1) in Drosophila mojavensis. Genetics 178, 1073–1083. doi: 10.1534/genetics.107.083287

McKenna, A., Hanna, M., Banks, E., Sivachenko, A., Cibulskis, K., Kernytsky, A., et al. (2010). The genome analysis toolkit: a MapReduce framework for analyzing next-generation DNA sequencing data. Genome Res. 20, 1297–1303. doi: 10.1101/gr.107524.110

McKenna, D. D., Sequeira, A. S., Marvaldi, A. E., and Farrell, B. D. (2009). Temporal lags and overlap in the diversification of weevils and flowering plants. Proc. Natl. Acad. Sci. U.S.A. 106, 7083–7088. doi: 10.1073/pnas.0810618106

Muller, C., Vogel, H., and Heckel, D. G. (2017). Transcriptional responses to short-term and long-term host plant experience and parasite load in an oligophagous beetle. Mol. Ecol. 26, 6370–6383. doi: 10.1111/mec.14349

Qin, Z.-Q., Qiu, B.-L., Wu, J.-H., Cuthbertson, A. G. S., and Ren, S.-X. (2014). Effects of three mealybug species on the development, survivorship and reproduction of the predatory lady beetle Cryptolaemus montrouzieri Mulsant. Biocontrol Sci. Technol. 24, 891–900. doi: 10.1080/09583157.2014.903225

Riddick, E. W. (2008). Benefits and limitations of factitious prey and artificial diets on life parameters of predatory beetles, bugs, and lacewings: a mini-review. BioControl 54, 325–339. doi: 10.1007/s10526-008-9171-z

Sezer, M., and Butlin, R. K. (1998). The genetic basis of host plant adaptation in the brown planthopper (Nilaparvata lugens). Heredity 80, 499–508. doi: 10.1046/j.1365-2540.1998.00316.x

Ślipiński, A. (2007). Australian Ladybird Beetles (Coleoptera: Coccinellidae): Their Biology and Classification. Villa Park, CA: Advance Press. doi: 10.1111/j.1365-3113.2007.00412_2.x

Stearns, S. C., and Hoekstra, R. F. (2003). Evolution, an Introduction. New York, NY: Oxford University Press.

Stireman, J. O., Nason, J. D., and Heard, S. B. (2005). Host-associated genetic differentiation in phytophagous insects: general phenomenon or isolated exceptions? Evidence from a goldenrod-insect community. Evolution 59, 2573–2587. doi: 10.1554/05-222.1

Sun, Z. X., Zhai, Y. F., Zhang, J. Q., Kang, K., Cai, J. H., Fu, Y., et al. (2015). The genetic basis of population fecundity prediction across multiple field populations of Nilaparvata lugens. Mol. Ecol. 24, 771–784. doi: 10.1111/mec.13069

Trapnell, C., Williams, B. A., Pertea, G., Mortazavi, A., Kwan, G., van Baren, M. J., et al. (2010). Transcript assembly and quantification by RNA-Seq reveals unannotated transcripts and isoform switching during cell differentiation. Nat. Biotechnol. 28, 511–515. doi: 10.1038/nbt.1621

Tufail, M., Nagaba, Y., Elgendy, A. M., and Takeda, M. (2014). Regulation of vitellogenin genes in insects. Entomol. Sci. 17, 269–282. doi: 10.1111/ens.12086

van Lenteren, J. C., Babendreier, D., Bigler, F., Burgio, G., Hokkanen, H. M. T., Kuske, S., et al. (2003). Environmental risk assessment of exotic natural enemies used in inundative biological control. BioControl 48, 3–38. doi: 10.1023/A:1021262931608

Vogel, H., and Musser, R. O. (2014). “Transcriptome responses in herbivorous insects towards host plant and toxin feeding,” in Annual Plant Reviews: Insect-plant Interactions, eds V. Claudia and J. Georg (Chichester: John Wiley & Sons), 197–233. doi: 10.1002/9781118472507.ch6

Warbrick-Smith, J., Behmer, S. T., Lee, K. P., Raubenheimer, D., and Simpson, S. J. (2006). Evolving resistance to obesity in an insect. Proc. Natl. Acad. Sci. U.S.A. 103, 14045–14049. doi: 10.1073/pnas.0605225103

Wheat, C. W., Vogel, H., Wittstock, U., Braby, M. F., Underwood, D., and Mitchell-Olds, T. (2007). The genetic basis of a plant-insect coevolutionary key innovation. Proc. Natl. Acad. Sci. U.S.A. 104, 20427–20431. doi: 10.1073/pnas.0706229104

Wright, M. G., and Bennett, G. M. (2017). Evolution of biological control agents following introduction to new environments. BioControl 63, 105–116. doi: 10.1007/s10526-017-9830-z

Zimmermann, H., Bloem, S., and Klein, H. (2004). Biology, History, Threat, Surveillance and Control of the Cactus Moth, Cactoblastis cactorum. Rome: Food and Agriculture Organization of the United Nations (FAO).

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

Copyright © 2018 Chen, Wang, Huang, Qiu, Li and Pang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/cover.jpg
, frontiers
in Physiology

Physiological and Evolutionary

Changes in a Biological Control

Agent During Prey Shifts Over
Several Generations





OPS/images/fphys-09-00971-g002.jpg
larval developmental time (days)

@

female weight (mg)

100

80 -

female ratio (%)

FIA- F2A F3A F4A FIM F2M F3M F4M

FIA- F2A F3A F4A FIM F2M F3M F4M

F1IA F2A F3A F4A FIM F2M F3M F4M

20-

pupal developmental time (days)

O

12

male weight (mg)

80 -

60 -

40-

mortality (%)

20-

FIA- F2A F3A F4A FIM F2M F3M F4M

FIA- F2A F3A F4A FIM F2M F3M F4M

[ 11stinstar
[ 12ndinstar
I 3rd instar
B 4th instar
H pupa

; T
F1IA F2A F3A F4A FIM F2M F3M F4M





OPS/images/fphys-09-00971-g003.jpg
O

700-

|
-
-
(®

L) — L) — L) — L) — L) — L)
- - - - -
o o - - o

[ <t (9 (Q\| ~

sbba pajisodap jo Jequnu

15-

| ' |
o O

1

(sAep) awi) uoinisodino-aad

F1IA F2A F3A F4A FIM F2M F3M F4M

F1IA F2A F3A F4A FIM F2M F3M F4M





OPS/images/fphys-09-00971-g004.jpg
HMGCR

ACE

Fizzy

Sxl|

HSP70

Hunchback

HSP90

BicD

-2

Row Z-score





OPS/images/fphys-09-00971-g001.jpg
. Cryptolaemus montrouzieri

Mealybug (>10 years) !

Aphid
F1A

Aphid
F2A

Aphid
F3A

Aphid
F4A

Mealybug
FimMm

Mealybug
2m

Mealybug
F3m

Mealybug
Fam





OPS/images/cross.jpg
3,

i





OPS/images/logo.jpg
, frontiers
in Physiology





OPS/images/fphys-09-00971-t001.jpg
Position

Vgera

Vgiria

V91919

Vgisz0

Allele

G>T

A>G

C>T

G>T

Translate

K>N

P>8S

Data

Transcriptome
Validation
Transcriptome
Validation
Transcriptome
Validation
Transcriptome
Validation

F1

0.375
0.133
0.375
0.533
0.375
0.37

0.375
0.185

F2

0.875
0.03

0.875
0.121
0.875
0.133
0.875
0.033

Fa

0.786

0.821

0.75

0.679

F5





