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Aphids have evolved tight relationships with heritable endosymbionts, i.e., bacteria hosted within their tissues. Besides the primary endosymbiont Buchnera aphidicola, aphids host many facultative secondary endosymbionts with functions they may or may not benefit from. The different phenologies, lifestyles, and natural enemies of aphid species are predicted to favor the selection for distinct endosymbiont assemblages, as well as the emergence of intra-specific genetic diversity in the symbiotic bacteria. In this study, we (1) investigated the diversity of endosymbionts associated with four species from the genus Aphis in the field, and (2) we characterized the genetic diversity of Hamiltonella defensa, an endosymbiont that protects aphids against parasitoid wasps. We observed strong differences in the composition of endosymbiont communities among the four aphid species. H. defensa was clearly the dominant symbiont, although its abundance in each species varied from 25 to 96%. Using a multilocus sequence-typing approach, we found limited strain diversity in H. defensa. Each aphid species harbored two major strains, and none appeared shared between species. Symbiont phylogenies can thus help to understand the (seemingly limited) mobility of endosymbionts in aphid communities and the selection forces driving strain diversification.
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INTRODUCTION

Heritable endosymbiotic bacteria are widespread among insects. Some of these bacteria share tight mutualistic relationships with their hosts to the point that they are required for insect survival, but most endosymbionts are facultative. Facultative symbionts can nonetheless initiate strong beneficial interactions, affecting many important traits of their insect host including reproduction, behavior, immunity, or nutrient provisioning (Oliver et al., 2010; Oliver and Martinez, 2014). Unlike their obligate counterparts, facultative symbionts are under relaxed purifying selection (Degnan and Moran, 2008). As a result, a wide diversity of symbiont species and strains settled and developed in insects over the course of their evolution, giving rise to great functional variation (Ferrari and Vavre, 2011). In that regard, one may consider facultative symbionts as a genetic resource for their host, likely to be selected or counter-selected, depending on its adaptive value in a given environment (Jaenike, 2012; Henry et al., 2013).

Aphids are a well-studied example of such insect-bacteria interactions. Almost all aphid species harbor the obligate symbiont Buchnera aphidicola, but they also commonly host facultative symbionts such as Hamiltonella defensa, Regiella insecticola, Serratia symbiotica, Spiroplasma sp., Rickettsia sp., and Arsenophonus sp. (Russell et al., 2013; Guo et al., 2017). One striking ability of some facultative symbionts is to protect aphids against natural enemies, and especially against parasitoid wasps (Oliver et al., 2003; Vorburger et al., 2010). Endogenous defenses of aphids provided by their immune system are typically insufficient to prevent parasitism, whereas symbionts may grant virtually perfect protection in some cases (Oliver et al., 2005; Cayetano and Vorburger, 2015). Despite the defenses they provide, these symbionts are generally found at intermediate frequencies in nature, and their efficacy in protecting hosts may vary among strains of the same symbiont species (Vorburger and Rouchet, 2016). Apart from the notable exception of bacterial endosymbionts in multiple host lineages of the pea aphid (Acyrthosiphon pisum) (Ferrari et al., 2012; Henry et al., 2013), we still know very little about the population structure of aphid-associated symbionts. A better appreciation of the distribution of symbionts across insect species could help to understand the evolutionary mechanisms maintaining symbiont diversity, both at the species and strain level. An important aspect in this context is the role of parasitoids. On one hand, parasitoids are potential vectors for horizontal transmission of endosymbionts and may thus influence their distribution (Gehrer and Vorburger, 2012; Kaech and Vorburger, 2021). On the other hand, specific defenses provided by protective symbionts are targets of selection for parasitoid counteradaptation and could thereby promote parasitoid specialization (Vorburger, 2022). Whether or not different host species share the same symbionts may determine how broadly useful parasitoid counteradaptations are.

Here, we conducted a field study on four congeneric aphid species (Aphis fabae fabae, Aphis hederae, Aphis ruborum, and Aphis urticata), all occurring in the same ruderal habitats (albeit on different host plants), and all potentially harboring the same secondary symbionts. Furthermore, all four aphid species are attacked by the same dominant parasitoid wasp species, Lysiphlebus fabarum (Starý, 2006; Hafer-Hahmann and Vorburger, 2021), although the genetic structure of this species shows significant host-associated genetic differentiation indicative of some degree of host specialization or host fidelity (Sandrock et al., 2011). We measured the natural infection rate for six of the most common symbionts, and we investigated the strain diversity in one of those symbionts, H. defensa, which provides strong protection against L. fabarum (e.g., Schmid et al., 2012). The ability of H. defensa to confer resistance to parasitoids is related to the presence of a toxin-encoding bacteriophage referred to as APSE in its genome (Degnan and Moran, 2008; Oliver et al., 2009; Oliver and Higashi, 2019). We therefore used bacterial (housekeeping) as well as viral (APSE) loci to sequence type H. defensa. Our main goal was to understand how the symbiont communities of these four congeneric aphids are structured, i.e., whether physical proximity of habitats and shared natural enemies result in similar compositions, or whether each species possesses its own “gated” community of secondary symbionts.



METHODS


Sampling

From May to August 2019, we collected four different aphid taxa (A. fabae fabae, A. hederae, A. ruborum, and A. urticata), in a 25 km diameter area around the city of Zürich, Switzerland (Figure 1A). We selected the sampling sites to maximize the diversity of habitats and the range of distances between sites. As much as possible, we tried to collect all four species at each location, and for each sampling day. However, this was not always possible because the aphids follow their host plants’ heterogenous spatial distribution. We gathered the insects directly from their specific host plants, white goosefoot Chenopodium album or common beet Beta vulgaris for A. fabae fabae, common ivy Hedera helix for A. hederae, blackberry shrub Rubus fruticosus for A. ruborum, and stinging nettle Urtica dioica for A. urticata. A single individual per aphid colony was collected into a 1.5 ml Eppendorf tube. We chose a minimum sampling distance of 5 m between two plants hosting the same aphid species to avoid sampling clones. We gave each sample a unique identifier (e.g. Y19-0001), and recorded its geographical coordinates and the sampling date. Samples were stored frozen at −80°C until use.
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FIGURE 1. Sampling map of the aphids (A) and overview of the experimental plan (B). In (A), each dot corresponds to a single sample, with the color indicating the aphid species. Map tiles by Stamen Design, under CC BY 3.0. Data by OpenStreetMap, under ODbL.




DNA Extraction

We extracted DNA from whole aphids using a high salt method (Sunnucks and Hales, 1996). Briefly, we crushed the insects in 8 μL of proteinase K (10 mg/ml) with a pipette tip, until obtaining a smooth homogenate. We added 300 μL of TNES buffer (50 mM Tris–HCl pH 7.5, 400 mM NaCl, 20 mM EDTA, and 0.5% SDS) to the homogenate before incubating it at 55°C for three hours. Then, we added 85 μL of 5M NaCl to precipitate the proteins under vigorous manual shaking. We centrifuged the tubes for 30 min at 22,000g to pellet the proteins and transferred the supernatant containing DNA into a clean 1.5 ml Eppendorf tube. DNA was then precipitated in cold 100% ethanol and centrifuged for 10 min at 22,000g and 4°C. We removed ethanol and replaced it with new 70% ethanol, centrifuged for 10 min at 22,000g and 4°C, and discarded the supernatant. Finally, we dried the pellets from the last remnants of ethanol and re-suspended the DNA in TE buffer (10 mM Tris–HCl pH 7.5, 1 mM EDTA pH 8.0). In total, we extracted 603 samples of DNA, divided in 130, 193, 131, and 149 for A. fabae fabae, A. hederae, A. ruborum, and A. urticata, respectively.



Endosymbiont Identification

We used diagnostic PCRs to test for the presence of seven endosymbionts potentially occurring in all the tested aphid species, using specific primers (Supplementary Table 1 and Figure 1B). The obligate symbiont B. aphidicola was used as a positive control for the DNA extraction. The six other targets were the common facultative endosymbionts H. defensa, R. insecticola, S. symbiotica, Spiroplasma sp., Rickettsia sp., and Arsenophonus sp. We generated amplicons using the readymade GO-taq mastermix (M713, Promega, Madison, WI, United States), with touchdown PCR set-up as follows: 95°C initial denaturation for 3 min, 35 cycles with 30 s of 95°C denaturation, 30 s of decreasing annealing temperature from 65 to 55°C on the first ten cycles, 60 s of 72°C elongation, and a final elongation of 6 min at 72°C. For each symbiont species, we also ran a positive and a negative control along the samples. We visualized the PCR products using capillary electrophoresis with the QIAxcel Advanced System combined with the QIAxcel ScreenGel software (Qiagen, Hilden, Germany). We removed rare samples showing no amplification of B. aphidicola for subsequent analysis (failed extractions).



Multilocus Sequence Typing of Hamiltonella defensa

To assess the strain diversity of the H. defensa symbionts, we selected aphids being infected with both B. aphidicola and H. defensa. We amplified ten loci located in genes of H. defensa coding for housekeeping functions or located in viral regions suspected to play a role in the defense against parasitoids (Supplementary Table 2 and Figure 1B). We generated the amplicons with the readymade GO-taq mastermix and the same touchdown PCR settings as for the endosymbiont identification. We outsourced PCR purification and bidirectional Sanger sequencing of the amplicons to Microsynth AG (Balgach, Switzerland). A significant part of the samples did not amplify for one or more of the 10 targeted loci, especially viral loci P3 and P35. Since some strains appeared to be defined by missing specific loci, we still kept samples that successfully amplified for at least 8 loci. Finally, we analyzed the sequenced DNA and identified the different strains of H. defensa using Geneious Prime version 2019.2.1 (Biomatters Ltd., Auckland, New Zealand). Briefly, all sequences from each gene were aligned using Geneious algorithm with base settings. Low quality parts at the start and end of the sequences were trimmed and ambiguous bases were manually corrected. We used MrBayes ver. 3.2.6 to produce consensus phylogenies based on GTR substitution model, from three MCMC chains of 1,100,000 generations, sampled every 200 generations, and with an initial burn-in of 100,000 generations (Ronquist et al., 2012). We picked the substitution model using modeltest in PAUP* (Posada, 2003). We used the genome of one H. defensa strain from another aphid host, A. pisum, as the outgroup (GenBank ref CP017613). We grouped our samples into “strains.” Here we used “strains” in its broad meaning of a group of bacteria from the same species showing strong genetic similarities (less than 1 polymorphism per kb) and likely having similar functions (Dijkshoorn et al., 2000). Additionally, in a conservative approach, we needed at least two samples of the same sequence variant to consider assigning them to a new strain. Graphical representations of trees were made using the phytools package (Revell, 2021).



Statistical Analysis

All statistical analyses were performed using R software version 3.6.0 (R Core Team, 2019). We calculated symbiont infection frequencies and estimated the 95% confidence intervals using an exact binomial test. We tested the effect of the host species on the abundance of each symbiont using a binomial GLMM with a logit link function, using the collection site and the sampling day as random factors. With a similar model, we tested the effect of the sampling site and date on symbiont abundance with the aphid species as a random factor. For each aphid species, we used Fisher exact tests of independence to assess whether co-infections of facultative endosymbionts were more or less common than expected by chance. We restricted this last test to situations where there were at least five observed or expected co-infections per symbiont combination.




RESULTS


Symbiont Diversity

Although H. defensa was the most common facultative symbiont, we observed significant prevalence differences between the aphid species (χ2 = 62.3, df = 3, p < 0.001), ranging from 24% (in A. urticata) up to 94% (in A. ruborum) (Figure 2). Similarly, the prevalence of all other secondary symbionts (except Spiroplasma sp.) depended on the aphid host species (all p < 0.001), but not on the sampling date (all p > 0.05) or sampling site (all p > 0.05; also see Supplementary Table 3). Arsenophonus sp. was mainly detected in A. ruborum, while S. symbiotica was detected in all species but was especially abundant in A. urticata. Other symbionts were rare (R. insecticola and Rickettsia sp.) or almost absent (Spiroplasma sp.). In the case of A. fabae fabae, which was collected from two different host plants (B. vulgaris and C. album), there was no effect of the host plant on the abundance of the symbionts (all p > 0.05). We observed significantly fewer S. symbiotica-Rickettsia sp. combination in A. hederae than expected (odds ratio = 0.19, p = 0.02), evidencing a repulsion effect between these symbionts. For all other combinations, the observed occurrence of pairs of symbionts inside a single individual was not different from our predictions under the hypothesis of a random distribution of the symbionts. Therefore, we could not evidence other significant attraction or repulsion among pairs of symbionts within each aphid species (see Supplementary Table 4).
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FIGURE 2. Symbiont relative abundances in wild A. fabae fabae (N = 74), A. hederae (N = 161), A. ruborum (N = 83), and A. urticata (N = 135). Bars show mean frequencies and errors are 95% confidence intervals. Non-overlapping confidence intervals represent significant differences at least to the 0.05 threshold.




Strain Diversity

Out of the 198 aphids carrying H. defensa, we selected 65 samples for MLST, aiming to maximize the diversity of locations within each species. Twenty-one samples successfully amplified for less than eight out of ten target loci, and were discarded from the analysis, leaving a total of 44 sequenced samples. Detailed information for those 44 samples is provided in Supplementary Table 5. Phylogenies obtained with the six housekeeping loci and the four APSE viral loci resulted in similar trees (Figure 3), with two main differences: (1) H. defensa strains from A. hederae were clustered in two very distinct groups with the housekeeping loci tree, but were not clearly separated in the viral tree, and (2) H. defensa from A. ruborum could only be split in two distinct strains based on the viral tree (Figure 3A). By combining all loci, we could establish a well-supported phylogeny of H. defensa harbored by the four species from the genus Aphis, defining eight different strains (Figure 3B). Notably, each strain was only composed of symbionts from one aphid species, with two strains for each aphid species. One sample (Y19-0189) showed unusually large sequence variation within its own strain. All the variability was located in a single locus (P45), and although the quality of the sequence was good, we chose not to consider it as another strain in the absence of other iterations of this phenomenon.
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FIGURE 3. Comparative phylogenies of concatenated housekeeping loci facing viral APSE loci (A) and consensus phylogeny of all loci combined (B). Numbers indicate branch support, as a posterior probability computed out of 5,000 sampled trees. Colors match the aphid host species of each Hamiltonella sample. Symbols at the tip of the branches indicate different sampling sites (see Supplementary Table 5 for detailed information).





DISCUSSION

We aimed to assess the diversity of secondary symbiont species and strains within a group of four congeneric aphid species with overlapping spatial distribution and natural enemy. At the level of symbiont species, we observed clear differences in infection patterns among aphids, with symbionts prevalences that were mostly consistent with a previous study including the same aphid species (Vorburger and Rouchet, 2016). Thus, we confirm that species-specific patterns in symbiont composition observed at large scales of hundreds of kilometers persist at the local scale of a single city. If these infection patterns are selectively maintained, e.g., through parasitism from hymenopteran parasitoids (Hafer-Hahmann and Vorburger, 2020, 2021; Ives et al., 2020), it suggests that this selection pressure is relatively consistent across the landscape. Hafer-Hahmann and Vorburger (2021) found L. fabarum in 5, 3, 6, or 7% of the individuals in A. fabae fabae, A. hederae, A. ruborum, and A. urticata, respectively. This rough estimation suggests a homogenous parasitism rate across species that seems disconnected from the infection rate of H. defensa we observed.

A notable difference between our study and previous ones is that a large proportion (approximately 80%), but not all A. urticata carried S. symbiotica. This result diverges from a previous assessment where virtually all individuals carried the symbiont (Vorburger and Rouchet, 2016), and is not in agreement with the hypothesis of S. symbiotica being a recent co-obligate symbiont (Monnin et al., 2020). Sample size and sampling location could be possible reasons for such divergence, as the obligate nature of the symbiosis may require time to spread across the entire distribution of a species, especially a clonal one (Tsuchida et al., 2002). However, we can also not rule out a technical reason for the discrepancy. It is possible that S. symbiotica remained undetected in some of our samples when our PCRs produced very faint amplification bands and we scored conservatively.

In terms of symbiont strains, the classification analysis of the different H. defensa in the sampled aphids indicated a strong compartmentalization. Although there were cases where the most closely related strains in the H. defensa phylogenetic tree came from different aphid species, indicative of past horizontal transfer, no strains were shared between aphid species. Both outcomes—compartmentalization of strains and related strains occurring in different aphid species—have been previously observed in evolutionarily more distant aphids (Degnan and Moran, 2008). Horizontal transfer of symbionts between sap-sucking insect species may potentially occur via the host plant (Chrostek et al., 2017; Pons et al., 2019), or when parasitoids act as vectors of symbionts (Gehrer and Vorburger, 2012). Considering that the four congeneric species studied here all have L. fabarum as a common natural enemy, it may be surprising not to find any shared strains of H. defensa. However, the broad host range documented for L. fabarum (Starý, 2006) may not be a true indication of indiscriminate generalism. Sandrock et al. (2011) showed significant genetic differentiation among L. fabarum collected from different host species, and found that many L. fabarum genotypes are exclusively targeting one aphid host. Such lines have proven difficulties to breed in the lab when forced to parasitize other host species (Y. Henry, personal observation). The potential for parasitoid-mediated symbiont transmission between aphid species may thus be limited by host specialization of L. fabarum, as well as by the plant specialization of the host itself. Indeed, it has been shown that the plant species used by the aphids are an important factor structuring symbiont communities, regardless of the phylogenetic relatedness of the aphids (Ferrari et al., 2004; Henry et al., 2013). The four Aphis species studied here are characterized by the use of different host plants, with no record of overlap. Altogether, these factors seem to prevent frequent between-species transmissions of symbionts, or to counterselect them on the rare occasions they may still happen. From the perspective of a parasitoid this means that it will encounter different strains of H. defensa when attacking different host species, likely requiring different counteradaptations to overcome the symbiont-conferred resistance, as demonstrated by experimental evolution (Vorburger and Rouchet, 2016; Dennis et al., 2017). Defensive symbionts thus have the potential to promote parasitoid host specialization (Vorburger, 2022).

Phylogenetic trees produced very similar clusters of H. defensa lines, no matter if they were built with sequences of bacterial housekeeping genes or viral regions. This confirms the observation of Oliver and Higashi (2019) that H. defensa strain and APSE type tend to be co-inherited. The only exceptions to this observation are the two strains found in A. ruborum, which mainly differ in the viral genes, but not in the housekeeping genes. It suggests that viral genes in H. defensa from A. ruborum may respond to diversifying selection that could originate from different parasitoid populations requiring different defensive tools, while the bacterial genes may remain under purifying selection. Interestingly, the viral region of one of the two strains is closely related to that of another strain, found in A. urticata. Such finding supports the possibility of horizontal transmission of the APSE region alone, between otherwise clearly different strains (Rouïl et al., 2020). This could imply that both aphid species benefit from the same biochemical weaponry, raising the question of whether parasitoids locally adapt to symbiont strains as a whole or to specific APSE alleles, putatively granting them opportunities to bypass the defenses of new host species in the latter case. Conversely, the two strains from A. hederae shared similar viral regions but largely differed in the housekeeping tree. This observation could also result from horizontal gene transmission, reflecting convergent selection against same threats in strains from that aphid species.



CONCLUSION

To conclude, we have shown that four aphid species with overlapping geographical range and natural enemies possess largely dissimilar symbiont communities, at the symbiont species level, but also at the strain level within the defensive symbiont H. defensa. Strain diversity was limited, and we observed a clear pattern of compartmentalization, such that each host species harbored its “own” strains of H. defensa, even though relatedness patterns in gene trees bore signatures of between-species symbiont transfers over evolutionary time and of past horizontal gene transmission. Future studies should aim to understand whether the different strains exhibit functional differences in host protection, which would then represent unique targets for parasitoid counteradaptation in each of the different host species.
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