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Abstract

Parasitoid wasps are frequently employed to control pest aphids in greenhouse crops.
However, aphids can be infected with heritable bacterial endosymbionts that strongly increase
their resistance to parasitoid wasps. These defensive symbionts have the potential to
compromise the effectiveness of biological control. Unfortunately, we still lack the necessary
studies to assess their effects at the scale of greenhouses, but laboratory experiments indicate
clearly that defensive symbionts represent a problem. Selection by parasitoids results in the
rapid evolution of symbiont-conferred resistance, to the point that symbiont-protected aphid
populations can escape control by parasitoids. The limited evidence available from field
experiments is slightly less disquieting, suggesting that even though it is operational under
natural conditions, protection by defensive symbionts does not always provide a net fitness
benefit to the aphid hosts. Factors that can limit the success of symbiont-protected aphids are
physiological and ecological costs of harboring defensive symbionts, as well as
counteradaptations by parasitoids. Based on a review of the pertinent literature, I derive
recommendations for mitigating the challenges resulting from the presence of defensive
symbionts for the biological control of pest aphids. These include selective breeding of
parasitoids as well as clever release strategies, potentially in combination with other

biocontrol agents.

Keywords. Aphids, bacterial endosymbionts, biological control, defensive symbiosis,

greenhouses, Hamiltonella defensa, parasitoids
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1. Background: Aphid control by parasitoids and the discovery of defensive symbionts

Aphids are important agricultural pests of cereals, vegetable and fruit crops worldwide.
They harm plants directly by feeding on phloem sap, and they transmit numerous plant viruses
(Katis et al., 2007), including some of the economically most important ones (Tomlinson,
1987). Yield losses caused by aphids in Europe alone have been estimated to be in the range
of hundreds of thousands or even millions of tons for certain crops like wheat, potatoes or
sugar beets (Wellings et al., 1988), resulting in large economic damage (Dedryver et al.,
2010).

Natural enemies that can reduce the negative impact of aphids include entomopathogenic
fungi, predators such as adults and larvae of ladybird beetles, larvae of lacewings, hoverflies
and predatory midges, as well as parasitoid wasps from the subfamily Aphidiinae
(Hymenoptera: Ichneumonoidea: Braconidae) and the genus Aphelinus (Hymenoptera:
Chalcidoidea: Aphelinidae). Due to their short generation time and high fecundity, parasitoids
can be very effective in controlling aphids, and there is evidence that at least in certain crops
such as cereals, parasitoids may be the most important group of natural enemies of aphids
(Schmidt et al., 2003). Aphid parasitoids have indeed been used in classical importation
biological control. Examples include the introduction of the Asian parasitoid Binodoxys
communis in North America with the aim to control the invasive soybean aphid, Aphis
glycines (Ragsdale et al., 2011), or the introduction of Lysiphlebus testaceipes from Cuba in
France to control the exotic Citrus pests Toxoptera aurantii and Aphis citricola (Stary et al.,
1988). However, active release of mass-reared parasitoids as an immediate treatment against
aphid infestations is rarely attempted under field conditions, because the large numbers of
individuals required and their rapid loss from treated sites by dispersal make this approach

economically unviable compared to the application of insecticides (Boivin et al., 2012). Under
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field conditions, aphid parasitoids are mainly promoted by cultivation measures enhancing the
availability of alternative, non-pest hosts in the vicinity of crops, e.g. non-crop strips (Langer
and Hance, 2004; Frere et al., 2007). The situation is different in protected crops, where the
confined space allows for successful aphid control with parasitoids at affordable costs. Early
inoculative or inundative releases of parasitoids and the application of banker plant systems
(see Frank, 2010) have therefore become the methods of choice for aphid control in the
greenhouse production of fruits and vegetables, supporting a growing industry of commercial
suppliers of biocontrol agents (van Lenteren, 2012).

In this context, it came as a bit of a shock when the first demonstration of a defensive
symbiosis in aphids was published (Oliver et al., 2003), showing that pea aphids
(Acyrthosiphon pisum) can harbor heritable infections with bacterial endosymbionts that
increase their resistance to the parasitoid Aphidius ervi, a commonly employed biocontrol
agent. Two bacteria later named Hamiltonella defensa and Serratia symbiotica (Moran et al.,
2005b) provided strong and moderate protection, respectively. Although a fascinating
evolutionary phenomenon in its own right (Lively et al., 2005; Jones et al., 2011), it became
clear immediately that defensive symbiosis is of applied importance as well, because it has the
potential to compromise the effectiveness of biological control with parasitoids (Oliver et al.,
2005). In this article I provide a coarse overview of the defensive symbionts known from pest
aphids, I discuss the problems they may cause for biological control based on the evidence
already available from laboratory and field experiments, and I derive recommendations to

mitigate these problems.
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2. The Menagerie

2.1. Facultative symbionts of pea aphids

The pea aphid is a long-standing model system used in numerous laboratories. It played an
important role in the description of the primary symbiosis of aphids with the obligate bacterial
endosymbiont Buchnera aphidicola, and it was among the first aphids in which facultative
endosymbionts were discovered by microscopy (Buchner, 1965; Griffiths and Beck, 1973;
McLean and Houk, 1973) and later identified by sequencing of 16S ribosomal RNA genes
(Unterman et al., 1989). It was also the first aphid for which symbiont-conferred resistance to
parasitoids was described (Oliver et al., 2003). Consequently, the community of facultative
bacterial endosymbionts occurring in pea aphids is much better characterized than in any other
aphid species. Table 1 lists the facultative bacterial endosymbionts presently known from pea
aphids and the phenotypic effects they may exert on their hosts. This list is incomplete
because future research may well discover more endosymbionts, and additional phenotypic
effects of those already known will undoubtedly be documented. Nevertheless, it is already
clear from this incomplete list that protection against natural enemies such as parasitoids and
entomopathogenic fungi is not restricted to single symbiont taxa, and that the same symbiont
can have multiple ecologically relevant effects (e.g. Cayetano et al., 2015; Heyworth and
Ferrari, 2015). Some of these effects are beneficial to the host (protection against natural
enemies, increased stress tolerance), others are detrimental (reduced lifespan and fecundity in
the absence of natural enemies). This implies that it will depend on the ecological context
(e.g. host plant quality, risk of parasitism, etc.), whether the possession of any give symbiont

represents a net benefit or a net liability to the aphid host.
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2.2 What about other aphid pests?

The pea aphid is an important biological model and it has been included by Blackman and
Eastop (2007) in a list of the 14 aphid species of most agricultural importance, because it can
cause significant damage in pea and alfalfa crops, for example. Yet compared to some other
global aphid pests, it is probably of limited importance. What about the real nasties like the
polyphagous Myzus persicae and Aphis gossypii, or the main cereal pests like Rhopalosiphum
padi, Diuraphis noxia or Schizaphis graminum — are they also protected by defensive
endosymbionts? It is still too early to provide a comprehensive answer to this question, but
fortunately, more and more pest aphids are getting screened for endosymbionts, and a broad-
scale survey using symbiont detection with diagnostic PCR (Henry et al., 2015) as well as a
recent review by Zytynska and Weisser (2016) are beginning to shed light on this issue. I refer
to these works for information about individual aphid species. The general picture starting to
emerge is that the 'common suspects' like H. defensa, R. insecticola and Serratia symbiotica
occur in numerous pest aphids, that some species of aphids can harbor additional symbionts
not documented from pea aphids, and that phenotypic effects exerted by particular symbionts
in pea aphids cannot always be generalized to other aphid species. To give some examples, H.
defensa protects pea aphids against parasitoid wasps and has been detected in >50 additional
aphid species (Henry et al., 2015; Zytynska and Weisser, 2016). While it is also protective
against parasitoids in Aphis fabae and Aphis craccivora (Schmid et al., 2012; Asplen et al.,
2014), other studies failed to demonstrate protection against parasitoids, e.g in the cereal
aphid Sitobion avenae (Lukasik et al., 2013a) or in the potato aphid Macrosiphum euphorbiae
(Clarke et al., 2016). Whether this is generally true for H. defensa in these species or whether
this only applies to the particular strains included in these studies needs to be verified, because

also in pea aphids it is possible to find strains that provide little or no protection (McLean and
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Godfray, 2015; Leclair et al., 2016). Endosymbionts of the genus Arsenophonus have not been
described from pea aphids, but seem to be common in aphids of the genus Aphis (Jousselin et
al., 2013). They have been shown to modify dietary breadth in the polyphagous pest aphid
Aphis craccivora (Wagner et al., 2015). Another facultative endosymbiont unknown from pea
aphids is SMLS, which was discovered in Chinese Sitobion miscanthi (Li et al., 2011; 2016).
Whether it has any ecologically relevant phenotypic effects on the host remains to be clarified.
The important pest aphids M. persicae and Aulacorthum solani are interesting because they
are rarely infected with facultative endosymbionts compared to other aphid species (von Burg
et al., 2008; Henry et al., 2015). On the other hand, a strain of R. insecticola discovered in
Australian M. persicae is strongly protective against parasitoid wasps (Vorburger et al., 2010),
a trait generally not observed in R. insecticola strains from other aphid species (Oliver et al.,

2003; Vorburger et al., 2009; Hansen et al., 2012).

3. Potential problems for biological control: laboratory and field evidence

Based on the limited evidence available, it appears that the occurrence and phenotypic
effects of facultative bacterial endosymbionts differ among aphid species, but considering the
ubiquity of these symbionts and the rapidly accumulating evidence that many of them can be
protective, it is probably safest to assume for the moment that defensive symbiosis may occur
in all major pest aphids. Hence it is important to ask whether this phenomenon can cause
significant problems for biological control. Unfortunately, there is still a large discrepancy
between the relatively comprehensive information available from laboratory experiments and
the very limited information from field studies, as well as the virtual absence of studies at the
greenhouse scale, where the problem might be most relevant and the information most

urgently needed.
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3.1. Evidence from laboratory experiments

The simplest experiments to demonstrate protection by bacterial endosymbionts involve
comparing the susceptibility to parasites between lines with the same genetic background in
the presence and absence of the symbionts. In aphids, such lines can be generated either by
curing an infected clone of the symbiont with antibiotics or by introducing new heritable
infections in previously uninfected clones by microinjection (Oliver et al., 2010). These
approaches have been used successfully to demonstrate protection against parasitoids by H.
defensa, S. symbiotica and X-type symbionts in pea aphids (Oliver et al., 2003; Heyworth and
Ferrari, 2015), by H. defensa in Aphis fabae and Aphis craccivora, (Schmid et al., 2012;
Asplen et al., 2014), and by a strain of R. insecticola in M. persicae (Vorburger et al., 2010).
If we take such laboratory assays of resistance to parasitism as a guideline, there is no
escaping the conclusion that defensive endosymbionts do have the potential to compromise
biological control with parasitoids. There is variation in the strength of protection provided by
different symbiont strains (e.g. Oliver et al., 2005; Cayetano et al., 2015), and protection may
also depend on the species or even the genotype of the attacking parasitoid (e.g. Asplen et al.,
2014; Cayetano and Vorburger, 2015; McLean and Godfray, 2015), but often the effects are
very strong. For example, H. defensa can reduce parasitism by Aphidius ervi in pea aphids by
up to 80% (Oliver et al., 2005), and in some cases even more (Oliver et al., 2009; McLean and
Godfray, 2015). In black bean aphids (Aphis fabae), protection against their main parasitoid
Lysiphlebus fabarum can be of similar magnitude (Schmid et al., 2012; Cayetano et al., 2015),
and even complete resistance is commonly seen (Vorburger et al., 2009). Similarly, a

protective strain of R. insecticola found in M. persicae provides essentially complete
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resistance to this important pest against Aphidius colemani and Diaeretiella rapae (von Burg
et al., 2008; Vorburger et al., 2010).

A straightforward prediction from these results is that symbiont-protected aphids should be
under strong positive selection in the presence of parasitoids. This has been confirmed in a
number of laboratory cage experiments with mixed populations of protected and unprotected
aphids. Oliver et al. (2008) showed that pea aphid infection with H. defensa increased from
33% to near-fixation over the course of 12 weeks in cages containing Aphidius ervi (but
decreased in cages without parasitoids). Similarly, a R. insecticola-protected clone increased
from 10% frequency to nearly 100% in cage populations of M. persicae in the presence of
Aphidius colemani over the course of only 8 weeks (Herzog et al., 2007). A very recent
laboratory cage experiment by Sanders et al. (2016) addressed the influence of defensive
symbionts in a complex but stable community of three aphid species growing on Vicia faba
(Acyrthosiphon pisum, Aphis fabae and Megoura viciae), each with a specialized parasitoid
(Aphidius ervi, Lysiphlebus fabarum and Aphidius megourae, respectively). Replacing the pea
aphid clone with the same clone carrying an infection with a protective H. defensa strain
completely disrupted the stability of the community. Protected pea aphids were so resistant
that they escaped control by Aphidius ervi and subsequently outcompeted the other two aphid
species to the point of extinction, thus removing their parasitoids from the cages as well
(Sanders et al., 2016). The final result were cages infested with high densities of pea aphids
only. Finally, in an unpublished experiment by Kéich (2014), the frequency of H. defensa-
protected clones in caged populations of black bean aphids increased rapidly from 33% to
near-fixation in the presence of their parasitoid L. fabarum, resulting in an escape from
control and even frequent extinctions of the parasitoids. All of these results are quite
discouraging from a biocontrol perspective and imply that selection for resistance conferred

by heritable endosymbionts may indeed disrupt aphid control by parasitoids. The important
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question is whether such findings can indeed be scaled up from simple laboratory cage
environments to the more complex situation of greenhouses, where biocontrol interventions

take place. Unfortunately, this question is still largely unanswered.

3.2. Evidence from the field

There is some comparative evidence that defensive endosymbionts provide effective
protection and reduce parasitism under field conditions. Already before defensive symbionts
of aphids were described, laboratory assays have shown that pea aphids specialized on alfalfa
are more resistant to their parasitoid Aphidius ervi than pea aphids specialized on clover
(Hufbauer and Via, 1999). This is paralleled by lower mortality from Aphidius ervi in alfalfa
than in clover fields (Smith et al., 2015), and presumably related to the fact that the alfalfa
host race is more frequently infected with H. defensa than the clover host race (Frantz et al.,
2009; Ferrari et al., 2012; Bilodeau et al., 2013; Smith et al., 2015). Temporal correlations
between the frequency of infection with H. defensa and parasitism by Aphidius ervi are also
indicative of protection in the field (Smith et al., 2015). A similar situation occurs in the
cowpea aphid, Aphis craccivora, in which different host-associated populations also differ in
the endosymbionts they possess. Cowpea aphids collected from alfalfa are predominantly
infected with H. defensa and show low rates of parasitism by parasitoid wasps in the field,
whereas cowpea aphids from locust (Robinia pseudoacacia) predominantly harbor a different
facultative symbiont, Arsenophonus, and are more frequently parasitized by wasps (Brady and
White, 2013). Cowpea aphids harboring H. defensa have indeed been shown to be more
resistant to some (not all) parasitoids in the laboratory (Asplen et al., 2014). The lower
parasitism of cowpea aphids from alfalfa is therefore suggestive of symbiont-conferred

protection in the field, but it provides no proof because the presence or absence of H. defensa
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is confounded with other factors that could influence parasitism rates, such as host genetic
variation, host plant effects or a difference in parasitism risk between habitats.

Direct experimental evidence for the role of defensive symbionts in the field is surprisingly
scarce and mainly comes from two recently published field experiments. Rothacher et al.
(2016) set up replicated field plots containing broad beans (Vicia faba) with colonies of
genetically identical Aphis fabae (a single clone) that either did or did not harbor H. defensa,
and they followed their colonization by parasitoids over an entire growth season. Plots with H.
defensa-free aphids yielded approx. fifteen times more mummies, i.e. successfully parasitized
aphids, than plots with H. defensa-positive aphids (Fig. 1). Interestingly, the presence of H.
defensa also had a strong effect on the species composition of emerging parasitoids. The
dominant parasitoid, L. fabarum, comprised 84.5% of all identified parasitoids, but it was only
obtained from plots with H. defensa-free aphids (Rothacher et al., 2016). These results
demonstrate that protection by H. defensa is operational under natural conditions, and
protection appears to be particularly effective against the parasitoids posing the highest risk.
In another field experiment, Hréek et al. (2016) placed potted plants (Lotus pedunculatus and
Trifolium pratense) carrying pea aphids with or without defensive symbionts into natural
meadows for 10 days and returned them to the laboratory to score parasitism. One comparison
was between a clone infected with H. defensa and the same clone cured from this symbiont,
and it showed as well that H. defensa reduced parasitism, particularly by wasps of the genus
Aphelinus. The other comparison was between a clone infected with R. insecticola, which is
protective against fungal pathogens in the lab, and its cured counterpart. This comparison
showed significant protection by R. insecticola against fungal pathogens in the field.

Both of these field experiments thus demonstrated that symbiont-conferred protection is
effective in the field, but remarkably, both studies also found that this protection did not result

in an overall benefit to the hosts. In the study by Rothacher et al. (2016), black bean aphids

11
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with H. defensa did not reach higher population sizes than those without (Fig. 1), and in the
study by Hrcek et al. (2016), overall survival of pea aphids was not affected by H. defensa and
even reduced significantly by R. insecticola.

It is possible that selection by parasitoids was simply not strong enough at these field sites
to make a difference (Rothacher et al., 2016), but there were also indications that the
protection might have been counteracted by costs of harboring the defensive symbionts,
resulting in no net benefit of their possession (Hrcek et al., 2016). From a biocontrol
perspective this is important, because it implies that there are factors that can mitigate the

problem of controlling symbiont-protected aphids. These are discussed in the next section.

4. Factors mitigating the problem

4.1. Costs of symbiont-conferred resistance

Resistance to parasitoids does not come for free to the insect host. We distinguish between
constitutive costs of possessing the ability to resist and induced costs of using this ability
when attacked (Schmid-Hempel, 2003). For example, flies (Drosophila melanogaster)
selected for an increased ability to encapsulate parasitoid eggs suffer from reduced
competitive ability (Kraaijeveld and Godfray, 1997), which is indicative of a constitutive cost,
and flies mounting a successful immune response against parasitoids suffer from reduced
starvation resistance (Hoang, 2001), which is consistent with an induced cost. The same might
apply if resistance is not encoded by the host but conferred by bacterial endosymbionts.

In the case of the defensive symbiont H. defensa, evidence has accumulated that its
possession is indeed associated with constitutive costs to the aphid host. When competing

with uninfected members of the same clone in cages, pea aphids infected with H. defensa
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declined over time in the absence of parasitoids, even though H. defensa did not have any
significant effects on life-history traits measured in a separate experiment (Oliver et al., 2008).
Such effects were, however, observed in black bean aphids. Experimental infections with
various isolates of H. defensa significantly reduced aphid lifespan, which translated into
reduced lifetime fecundity compared to uninfected aphids (Vorburger and Gouskov, 2011).
Other studies hinting at costs of resistance conferred by H. defensa include Simon et al.
(2011) in pea aphids and Dykstra et al. (2014) in Aphis craccivora.

Constitutive costs of symbiont-mediated resistance can also be ecological rather than
physiological, because the symbionts may affect more than one ecologically relevant trait. For
example, pea aphids infected with H. defensa exhibit a reduction of defensive behaviors
against natural enemies (Dion et al., 2011a), which can results in increased susceptibility to
predators like ladybird beetles (Polin et al., 2014). This could be an important effect when
biological control of aphids employs a combination of parasitoids and predators (see below).

Costs of heritable defensive symbionts may also be induced upon attack by parasitoids.
This could occur if parasitoid attacks triggered the deployment of defenses that do not
discriminate sufficiently between host and parasitoid tissue. Unfortunately, knowledge about
the mechanisms and dynamics of symbiont-mediated resistance is still very limited. Only in
H. defensa has protection against parasitoids been linked to a specific mechanism, the
presence of a toxin-encoding bacteriophage named APSE in the symbiont's genome (Oliver et
al., 2009). It appears that these eukaryote-targeted toxins are expressed constitutively (Moran
et al., 2005a), but APSE copy numbers do show signs of induction in that they tend to
increase relative to H. defensa cell numbers in parasitized aphids (Martinez et al., 2014).
Possibly this reflects increased H. defensa cell lysis by APSE and hence increased toxin

release in response to parasitism.
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A suggestive example of induced costs was recently published by Leclair et al. (2016). Pea
aphids of a specialized biotype associated with the host plant Genista tinctoria are invariably
infected by H. defensa and fully protected against Aphidius ervi, but this protection comes at a
very high price. Following a parasitoid attack, the aphids survive because the development of
the parasitoid larva is arrested at some point, but the aphids are also harmed in the process and
lose virtually all their embryos (Leclair et al., 2016). Similarly, individuals of a strongly
resistant clone of M. persicae protected by a defensive strain of R. insecticola were nearly
sterilized after surviving attacks by the parasitoid Aphidius colemani (Vorburger et al.,
2008b). High induced costs can also counterbalance the benefits of symbiont-mediated
protection and thus prevent or at least delay the fixation of defensive symbionts under

selection by parasitoids (Kwiatkowski and Vorburger, 2012).

4.2. Parasitoids can also harm resistant aphids

The strength of resistance conferred by some strains of defensive endosymbionts is
astounding, but possessing a resistance-conferring symbiont does not mean aphids are
completely unaffected by parasitoids. The example of Leclair et al. (2016) mentioned above
showed that in certain cases the resistance comes at very high induced costs, such that aphids
resisting a parasitoid still lose virtually all their fitness. While this may be the exception rather
than the rule, it is reasonable to assume that being stabbed by parasitoids is harmful to aphids
even if the parasitoid eventually fails to develop. Negative effects of failed parasitism
attempts have been observed in aphids (Vorburger et al., 2008a; 2008b), although one study
on Aphis fabae reported the counterintuitive result that H. defensa-protected aphids surviving
a single parasitoid attack enjoyed a slight fitness increase compared to controls (Vorburger et

al., 2013). The latter can probably not be generalized because it was found in a single host
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clone-symbiont strain combination, and even in that case multiple oviposition attempts would
presumably still be harmful. The general disturbance from foraging parasitoids is also likely
to reduce aphid fitness. Aphids respond to the perceived presence of parasitoids by flight,
either by dropping off the host plant or by crawling away from the feeding site (Villagra et al.,
2002; Dion et al., 2011a). Frequent disturbance can thus prevent aphids from feeding and may
eventually result in starvation. This was suggested in a still unpublished experiment by Hertdg
(2016), in which caged populations of two aphid species (Aphis fabae and M. persicae)
competed on the same host plants in the presence of a joint parasitoid, Aphidius colemani.
When both species were unprotected by symbionts, they were successfully controlled and
driven to extinction by Aphidius colemani. When both species were protected by a defensive
strain of R. insecticola, the aphids escaped control and both aphid species persisted. When
only one of the species harbored the symbiont, however, control was successful again and the
unprotected as well as the symbiont-protected species were suppressed. Apparently, the
susceptible aphid species supported such high densities of parasitoids that they killed the
resistant aphids as well, presumably by their stabbing and/or by disturbing them to the point
of starvation.

This has implications for biological control in greenhouses. If very high densities can be
achieved in a greenhouse, parasitoids may be able to control symbiont-protected aphids as
well. However, obtaining such high densities by inundative releases is likely to be
prohibitively expensive. As the example by Hertdg (2016) showed, high parasitoid densities
can be obtained if a susceptible aphid population of sufficient size is present in the same
environment. This could be achieved with banker plant systems, although I suspect that
conventional systems would have to be greatly enlarged to cover a substantial proportion of

the available greenhouse space for producing parasitoid densities high enough to control
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resistant aphids on the crop simply by 'stressing them to death'. Also this would come at a

significant economic cost.

4.3. Parasitoid adaptation to symbiont-conferred resistance

The evolution of resistance to parasitoids via selection for symbiont-protected clones is in a
sense similar to the evolution of insecticide resistance that has plagued the control of aphids
and other arthropod pests for decades (Devonshire et al., 1998; Hoy, 1998; ffrench-Constant
et al., 2004). An important difference, however, is that parasitoids have the capacity for
counteradaptation to their hosts' defenses, including defenses conferred by endosymbionts.
This has been demonstrated using experimental evolution in the laboratory. When forced to
develop on pea aphids protected by H. defensa, experimental populations of Aphidius ervi
showed a rapid increase in infectivity, reaching similar rates of parasitism as on unprotected
aphids within only four generations (Dion et al., 2011b). Using a similar approach with black
bean aphids and L. fabarum, Rouchet and Vorburger (2014) also documented rapid
counteradaptation of parasitoids to the presence of H. defensa in their hosts, although even
after 11 generations of experimental evolution, parasitism success remained somewhat lower
than on unprotected aphids. More importantly, parasitoid counteradaptation was highly
specific to symbiont strains, which was discovered because the three isolates of H. defensa
employed in the experiment comprised two different genotypes. Parasitoids experimentally
adapted to aphids infected with the first genotype remained uninfective on aphids harbouring
the second, and vice versa (Rouchet and Vorburger, 2014).

The rapid response to selection seen in these experimental evolution studies suggests that
natural populations of aphid parasitoids harbor considerable genetic variation for the ability to

overcome symbiont-mediated resistance. This is also supported by assays using numerous
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field-collected lines of L. fabarum (e.g. Cayetano et al., 2015; Vorburger and Rouchet, 2016),
and it presumably reflects the diversity of symbiont-protected and unprotected hosts these
parasitoids encounter in their natural environment. A high evolutionary potential to adapt to
defensive symbionts is encouraging for biological control with parasitoids. It implies that
parasitoids may be able to track the evolution of symbiont-conferred resistance in aphids at
least partially, and that parasitoid performance against symbiont-protected aphids could be
improved by selective breeding. That said, the high specificity observed in the Aphis fabae-L.
fabarum interaction (Rouchet and Vorburger, 2012; 2014) also implies that different strains of
defensive symbionts may require specific counteradaptations by the parasitoids, such that
there will be no 'silver bullet' to fight any symbiont-protected aphids. Furthermore, it is
questionable whether the current approaches for the production of parasitoids for biological
control of aphids do maintain the genetic variation required for parasitoids to adapt to the

presence of defensive symbionts in their aphid hosts (see 'Practical Recommendations' below).

5. Research directions

Research on defensive symbioses is a young field but growing rapidly, not least because of
the public health benefits that are hoped for from employing endosymbionts to reduce disease
transmission by arthropod vectors (Bull and Turelli, 2013). Swift progress can be expected
especially for the mechanistic understanding of defensive symbioses. Sequencing technology
has developed to the point that entire bacterial genomes can be sequenced quickly and at
affordable costs, e.g. to look for genomic differences between protective and non-protective
strains of endosymbionts. Such approaches are being applied to defensive endosymbionts of
aphids and are starting to yield useful insights (Oliver et al., 2009; Hansen et al., 2012). It is

important to realize, however, that comparative genomics can only help to generate
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hypotheses about molecular mechanisms underlying the phenotypes exerted by
endosymbionts. The functional testing of these hypotheses remains a tedious process because
endosymbiotic bacteria are generally not culturable and therefore not amenable to genetic
manipulation.

A functional understanding of the defensive symbioses occurring in aphids will
undoubtedly have its uses for biological control as well, but detailed knowledge about the
molecular mechanisms employed by the different bacteria may not be the most crucial
information. With respect to challenges arising from defensive symbiosis for biological
control, I see mainly two knowledge gaps that should be closed soon to make progress. One is
the frequency of infection and the strain diversity of defensive symbionts found in the major
pest aphids at a global scale, and the other is the evolution of symbiont-conferred resistance

that may occur under current biological control with parasitoids.

5.1. Global aphid pests and their defensive symbionts

Of the approximately 4000 aphid species estimated to occur worldwide, only about 100 are
considered pests (Dedryver et al., 2010), and even fewer cause major economic damage at a
global scale. It is for these species that we most urgently need comprehensive knowledge
about protection by defensive symbionts to inform biological control strategies. Blackman and
Eastop's (2007) list of '14 aphid species of most agricultural importance' would be an obvious
starting point, although there might be good reasons to include additional species as well.

It is relatively straightforward to screen aphids for the presence of known bacterial
endosymbionts using diagnostic PCR with symbiont-specific primers. Such primers are
available for numerous endosymbiont species and typically amplify part of the 16S ribosomal

RNA gene, (e.g. Ferrari et al., 2012). although other genomic targets could also be used. By
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multiplexing primer pairs for multiple symbionts in a single PCR reaction, cost-effective
surveys of relatively large samples are readily possible (Peccoud et al., 2014; Vorburger et al.,
2017). However, by using diagnostic PCR, only previously characterized endosymbionts can
be detected, and mutations in the primer binding sites of more divergent strains can lead to
false negatives even for known symbionts. Unless PCR amplicons are sequenced, diagnostic
PCR will only provide presence-absence data, but no information about strain variation. This
is a problem because the same symbiont taxa can comprise protective and unprotective strains
against parasitoids and other natural enemies (e.g. Hansen et al., 2012; Lukasik et al., 2013c;
McLean and Godfray, 2015; Leclair et al., 2016). For a global survey of symbiont infections
in pest aphids, a standardized methodology should be developed that overcomes these
shortcomings while remaining easy and affordable to implement.

A promising approach for this purpose is deep sequencing of PCR amplicons generated
with generic primers, which has already been applied to variable regions of the 16S ribosomal
RNA gene in pea aphids (Russell et al., 2013; Gauthier et al., 2015) and in multiple species of
the genus Cinara (Jousselin et al., 2016). Endosymbionts typically occur at such high
densities that they can be distinguished from environmental bacteria based on sequence counts
(Jousselin et al., 2016), the use of generic primers allows for the discovery of previously
unknown symbionts, and the large amounts of sequence data can be used to quantify strain
diversity and reconstruct evolutionary relatedness among symbiont strains. Ideally, multiple
bacterial loci would be targeted by amplicon sequencing, and for symbionts where this is
possible, it could even be considered to slot in loci that are known or suspected to affect the
defensive phenotype (e.g. APSE phage variants in H. defensa, Weldon and Oliver, 2016). A
concerted effort to obtain a comprehensive picture of the occurrence and strain diversity of

facultative endosymbionts in the major pest aphids worldwide would do a great service to the
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research community interested in defensive symbiosis, and it would provide an invaluable

resource for efforts to improve biological control of these global pests.

5.2. The evolution of symbiont-conferred resistance under current biocontrol practice

Laboratory cage experiments have shown that selection by parasitoids can lead to the rapid
evolution of symbiont-mediated resistance, sometimes to the point that parasitoids are no
longer able to control the resistant, symbiont-protected aphids (see above). It is important to
establish if and to what extent this process is ongoing and potentially compromising pest
control under biocontrol practices currently in use in protected crops. A simple approach to
obtain at least a preliminary insight would be to compare the prevalence of defensive
symbionts in greenhouse populations of pest aphids with those of field populations in the
same geographic region. More informative would be to follow the temporal dynamics of
infections with symbionts in greenhouse infestations, starting prior to the first release of
parasitoids and continuing through the biocontrol intervention. This represents a significant
effort because such a monitoring would need to be replicated (at the level of greenhouses) and
compared with appropriate controls, ideally with untreated greenhouses containing the same
crop, or alternatively, with greenhouses receiving conventional insecticide treatment, if no
control is not an option for economic reasons. This monitoring could be complemented by
collecting a random sample of clones at the beginning and at the end of biocontrol
interventions and testing their susceptibility to the parasitoids that were released, in order to
quantify eventual resistance evolution also at the phenotypic level. I realize that this may seem
challenging, but I see no alternative to greenhouse-level experimentation if we are to obtain a
realistic appreciation if and to what extent the evolution of symbiont-conferred resistance in

pest aphids is hampering biological control with parasitoids under current practice.
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6. Practical recommendations

Despite the need for further research described above, the knowledge currently available
allows for some practical recommendations for biological control of pest aphids in the face of
their protection by defensive symbionts. These recommendations concern the production of

parasitoids for biological control as well as their application in the crop.

6.1. Recommendations for parasitoid production

It has been demonstrated that natural populations of aphid parasitoids harbor substantial
genetic variation for the ability to overcome symbiont-conferred resistance and are thus able
to adapt to the presence of defensive symbionts in their hosts. In an experimental setting, this
counteradaptation by parasitoids happened surprisingly quickly, resulting in substantial
improvement of parasitoid infectivity on symbiont-protected hosts over just 4-5 generations
(Dion et al., 2011b; Rouchet and Vorburger, 2014). That is a timescale relevant for real
biocontrol interventions, suggesting that released parasitoids can adapt to symbiont-protected
aphids, provided they possess the required evolvability. A first recommendation for parasitoid
production is therefore very simple: Maintain high genetic diversity. This can be achieved by
starting the breeding stocks from a broad genetic basis of numerous and diverse field
accessions, and by maintaining breeding stocks at a high effective population size to prevent
the erosion of this genetic diversity over time.

More specifically, it would be important that the genetic variation of commercially
produced parasitoids comprises alleles relevant for overcoming symbiont-conferred

resistance. This may be more difficult to achieve because mass-rearing of parasitoids takes
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place under very standardized conditions on highly susceptible (hence unprotected) aphids to
maximize yield. Such conditions could potentially select against alleles that are beneficial on
symbiont-protected hosts, although this remains to be tested. One recommendation to
counteract this risk is employing repeated admixture from the wild. Present evidence suggests
that natural populations of aphid parasitoids do possess the necessary genetic variation for
adaptation to hosts with defensive symbionts (e.g. Dion et al., 2011b; Vorburger and Rouchet,
2016). Regular supplementation with parasitoids from the field could thus ensure that this
variation also remains present in commercial breeding stocks. It is worth considering, though,
that this approach may not be without risks. Parasitoids can themselves have endosymbionts.
Wolbachia, for example, is common in hymenopteran parasitoids, and some strains of
Wolbachia manipulate host reproduction by inducing cytoplasmic incompatibility (Cook and
Butcher, 1999). This could cause problems in parasitoid rearing. Keeping new field accessions
separate initially to do the necessary tests to exclude this risk would be a sensible precaution.

An alternative and possibly more effective strategy would be to breed part of the parasitoid
population on symbiont-protected aphids. The yield from such cultures would be low initially,
but laboratory selection for a sufficient number of generations should accomplish rates of
mummification comparable to normal breeding (Dion et al., 2011b; Rouchet and Vorburger,
2014). Mixing these with conventionally produced mummies could ensure that each release
contains individuals preadapted to symbiont-protected aphids. The main problem for this
approach would be the high genetic specificity of symbiont-conferred resistance (e.g. Schmid
et al., 2012). It is demonstrably feasible to adapt parasitoids to particular strains of defensive
symbionts by selection, but this would not necessarily improve their effectiveness if the
targeted aphid infestation is protected by different strains (Rouchet and Vorburger, 2014).

Let me therefore develop the thought of selective breeding even further. If symbiont-

conferred resistance to parasitoids in the most problematic pest aphids of greenhouse crops is
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due to an overseeable number of symbiont species or strains — future research will have to
show if this is the case — specialized parasitoids could be produced against the main defensive
symbionts. The business of controlling aphids with parasitoids might then develop from one
of mass-production and release to one of diagnosis and delivery of customized biocontrol
agents. Analyzing a sample of the early colonizers would tell which defensive symbionts
protect the aphids and inform the choice of parasitoids specifically suited to control them.
These are clearly still dreams of the future, but the increasing ease, speed and affordability of

molecular diagnostics could eventually make such a targeted approach feasible.

6.2. Recommendations for parasitoid application

Laboratory cage experiments have shown that parasitoid releases can select very rapidly
for symbiont-protected aphids (see above). Assuming that this observation is transferable to
greenhouse environments, the challenge for biological control is to keep an increasingly
resistant aphid population in check. A possible way to avoid the application of insecticides
when aphids are starting to escape control by parasitoids would be the combined release of
parasitoids and predators. Ideally, early release of parasitoids would keep aphid densities low
and predators would take out the resistant part of the aphid population.

There is some evidence that facultative endosymbionts of aphids can also have negative
effects on predators. Larvae of the ladybird beetle Hippodamia convergens show somewhat
higher mortality when they are fed pea aphids containing H. defensa or S. symbiotica than
when they are fed pea aphids without these symbionts (Costopoulos et al., 2014). However,
this does not deter beetle feeding, hence they remain effective as biocontrol agents against

symbiont-protected aphids. Because pea aphids infected with H. defensa show reduced
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defensive behavior (Dion et al., 2011a), predators might even be more effective against aphids
possessing this symbiont (Polin et al., 2014).

What might hamper the success of combined parasitoid and predator releases, on the other
hand, is intraguild predation (Polis et al., 1989). It is known that by consuming developing
parasitoids inside aphids and mummies or via behavioral effects, predators can disrupt aphid
control by parasitoids (e.g. Raymond et al., 2000; Snyder and Ives, 2001). However, examples
where the combined effects of parasitoids and predators surpass that of parasitoids alone can
also be found in the literature (e.g. Snyder et al., 2004; Gontijo et al., 2015). I would argue
that the negative effects of intraguild predation are diminished if a high proportion of the
aphid population carries defensive symbionts, because the majority of parasitoids will anyway
fail to develop in protected hosts, and that the problem could possibly be mitigated further by
clever timing of parasitoid and predator releases. Using parasitoids against the buildup of
aphid populations initially, and employing predators against the resistant, symbiont-protected
aphids spared by parasitoids at a later stage, might be a successful strategy. Empirical tests are
needed to either support or refute this conjecture.

The final recommendation is simply to aim for high parasitoid densities in biological
control of pest aphids. If numerous enough, parasitoids can also control resistant aphids by
'stressing them to death' (Hertdg, 2016). I am aware that this recommendation is difficult to
implement because parasitoids are expensive to purchase. Nevertheless, relatively high
parasitoid-to-aphid ratios are beneficial even if aphids are unprotected by symbionts, and any
measures to augment these ratios would also help to control symbiont-protected aphids. These
could include releasing the parasitoids early enough to hit beginning infestations while
densities are still low (Neuville et al., 2016), which is already practiced (Van Driesche and
Heinz, 2004), or the supply of food resources to augment parasitoid lifespan and fecundity

(Tylianakis et al., 2004). Particularly promising seems the application of banker plant systems
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(Frank, 2010). They allow the early establishment of parasitoid populations to meet the first
colonizers of the targeted pest aphids, and they can ensure the continued availability of a
susceptible host population in the greenhouse. This could be important to keep the pressure up
throughout the crops' growth period. Selection by parasitoids can result in the rapid increase
of symbiont-conferred resistance in the pest aphid (Herzog et al., 2007; Oliver et al., 2008;
Sanders et al., 2016), which in turn can entail a decline of parasitoid densities in the absence
of alternative, susceptible hosts (Kéich, 2014). Banker plant systems may have the potential to
prevent this decline, but there are still many uncertainties. For one, it is currently unclear how
large banker plant systems would need to be to fulfil this role. They may require too much
space to be economically viable. Another concern is that the evolution of symbiont-conferred
resistance is a real risk also in alternative hosts on banker plants, although this could probably

be prevented easily by supplying alternative hosts from carefully controlled stocks.

7. Conclusions

After the discovery of the first defensive symbionts in pea aphids, research on defensive
symbiosis in aphids has burgeoned and continues to grow. Although still far from
comprehensive, current knowledge suggests that facultative bacterial endosymbionts occur in
most, if not all, pest aphids, and that several of them can provide their hosts with protection
against parasitoids and other natural enemies. Laboratory experiments indicate that protection
against parasitoids can be strong enough to represent a challenge for biological control.
Parasitoids rapidly select for protection by symbionts such that the remaining resistant aphids
can escape control by parasitoids. The limited evidence available from field experiments
paints a somewhat different picture. While clearly effective under natural conditions,

protection by defensive symbionts may not always result in selection for infected aphids.
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Likely mitigating factors include physiological or ecological costs associated with the
possession of defensive symbionts. However, most parasitoid releases for controlling pest
aphids do not take place in the field, but in greenhouses. A key question to answer is therefore
whether with respect to the evolution of symbiont-conferred resistance, the situation in
greenhouse crops comes closer to a field or a laboratory situation. Unfortunately, this is still
an open question. My gut feeling is that the confined space, the simplified habitat with
typically a single crop at a high density, and the relatively constant and benign physical
conditions make the greenhouse environment sufficiently similar to laboratory environments
to justify concerns about the evolution of symbiont-conferred resistance. However, that the
term gut feeling is used in a scientific review is in itself disconcerting, and such an important
questions should certainly not rely on the gut feeling of a single researcher with virtually no
practical experience in applied biocontrol. This review is therefore also a plea for increased
research on the effects of defensive symbiosis in aphids at a greenhouse scale.

To end on a positive note: Even if defensive symbionts turn out to be a major challenge for
biological control of aphids in greenhouses, recent research results imply that clever breeding
and application of biocontrol agents have the potential to mitigate the problem. Defensive
symbiosis is such an active field of research at the moment that new ways to address the

challenge that were not discussed in this review will become evident in due course.

Acknowledgements

I thank JP Michaud for eliciting this article and two reviewers for helpful comments and

corrections to the manuscript. I gratefully acknowledge the Swiss National Science

Foundation for supporting my research (SNSF Professorship nr. PPOOP3 146341 and Sinergia

grant nr. CRSII3 154396 to CV).

26



617

618

619

620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648

References

Asplen, M.K., Bano, N., Brady, C.M., Desneux, N., Hopper, K.R., Malouines, C., Oliver,
K.M., White, J.A., Heimpel, G.E., 2014. Specialisation of bacterial endosymbionts that
protect aphids from parasitoids. Ecological Entomology 39, 736-739.

Bilodeau, E., Simon, J.C., Guay, J.F., Turgeon, J., Cloutier, C., 2013. Does variation in host
plant association and symbiont infection of pea aphid populations induce genetic and
behaviour differentiation of its main parasitoid, Aphidius ervi? Evolutionary Ecology 27,
165-184.

Blackman, R.L., Eastop, V.F., 2007. Taxonomic issues. In: van Emden, H., Harrington, R.,
Eds.), Aphids as Crop Pests. CAB International, Wallingford, UK, pp. 1-29.

Boivin, G., Hance, T., Brodeur, J., 2012. Aphid parasitoids in biological control. Canadian
Journal of Plant Science 92, 1-12.

Brady, C.M., White, J.A., 2013. Cowpea aphid (4phis craccivora) associated with different
host plants has different facultative endosymbionts. Ecological Entomology 38, 433-437.

Buchner, P., 1965. Endosymbiosis of Animals with Plant Microorganisms. Interscience, New
York.

Bull, J.J., Turelli, M., 2013. Wolbachia versus dengue: Evolutionary forecasts. Evolution,
Medicine, and Public Health 2013, 197-207.

Cayetano, L., Rothacher, L., Simon, J.C., Vorburger, C., 2015. Cheaper is not always worse:
strongly protective isolates of a defensive symbiont are less costly to the aphid host.
Proceedings of the Royal Society B-Biological Sciences 282.

Cayetano, L., Vorburger, C., 2015. Symbiont-conferred protection against Hymenopteran
parasitoids in aphids: how general is it? Ecological Entomology 40, 85-93.

Clarke, H.V., Cullen, D., Hubbard, S.F., Karley, A.J., 2016. Susceptibility of Macrosiphum
euphorbiae to the parasitoid Aphidius ervi: larval development depends on host aphid
genotype. Entomologia Experimentalis et Applicata, n/a-n/a.

Cook, J.M., Butcher, R.D.J., 1999. The transmission and effects of Wolbachia bacteria in
parasitoids. Researches on Population Ecology 41, 15-28.

Costopoulos, K., Kovacs, J.L., Kamins, A., Gerardo, N.M., 2014. Aphid facultative symbionts
reduce survival of the predatory lady beetle Hippodamia convergens. BMC Ecology 14.

27



649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680

Dedryver, C.A., Le Ralec, A., Fabre, F., 2010. The conflicting relationships between aphids
and men: A review of aphid damage and control strategies. Comptes Rendus Biologies

333, 539-553.

Devonshire, A.L., Field, L.M., Foster, S.P., Moores, G.D., Williamson, M.S., Blackman, R.L.,

1998. The evolution of insecticide resistance in the peach-potato aphid, Myzus persicae.
Philosophical Transactions of the Royal Society of London Series B-Biological Sciences
353, 1677-1684.

Dion, E., Polin, S.E., Simon, J.C., Outreman, Y., 2011a. Symbiont infection affects aphid
defensive behaviours. Biology Letters 7, 743-746.

Dion, E., Zele, F., Simon, J.C., Outreman, Y., 2011b. Rapid evolution of parasitoids when
faced with the symbiont-mediated resistance of their hosts. Journal of Evolutionary
Biology 24, 741-750.

Dykstra, H.R., Weldon, S.R., Martinez, A.J., White, J.A., Hopper, K.R., Heimpel, G.E.,
Asplen, M.K., Oliver, K.M., 2014. Factors limiting the spread of the protective symbiont
Hamiltonella defensa in Aphis craccivora aphids. Applied and Environmental
Microbiology 80, 5818-5827.

Ferrari, J., Darby, A.C., Daniell, T.J., Godfray, H.C.J., Douglas, A.E., 2004. Linking the
bacterial community in pea aphids with host-plant use and natural enemy resistance.
Ecological Entomology 29, 60-65.

Ferrari, J., Scarborough, C.L., Godfray, H.C.J., 2007. Genetic variation in the effect of a
facultative symbiont on host-plant use by pea aphids. Oecologia 153, 323-329.

Ferrari, J., West, J.A., Via, S., Godfray, H.C.J., 2012. Population genetic structure and
secondary symbionts in host-associated populations of the pea aphid complex. Evolution
66, 375-390.

ffrench-Constant, R.H., Daborn, P.J., Le Goff, G., 2004. The genetics and genomics of
insecticide resistance. Trends in Genetics 20, 163-170.

Frank, S.D., 2010. Biological control of arthropod pests using banker plant systems: Past
progress and future directions. Biological Control 52, 8-16.

Frantz, A., Calcagno, V., Mieuzet, L., Plantegenest, M., Simon, J.C., 2009. Complex trait
differentiation between host-populations of the pea aphid Acyrthosiphon pisum (Harris):
implications for the evolution of ecological specialisation. Biological Journal of the

Linnean Society 97, 718-727.

28



681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713

Frére, 1., Fabry, J., Hance, T., 2007. Apparent competition or apparent mutualism? An
analysis of the influence of rose bush strip management on aphid population in wheat field.
Journal of Applied Entomology 131, 275-283.

Fukatsu, T., Tsuchida, T., Nikoh, N., Koga, R., 2001. Spiroplasma symbiont of the pea aphid,
Acyrthosiphon pisum (Insecta : Homoptera). Applied and Environmental Microbiology 67,
1284-1291.

Gauthier, J.-P., Outreman, Y., Miecuzet, L., Simon, J.-C., 2015. Bacterial communities
associated with host-adapted populations of pea aphids revealed by deep sequencing of 16S
ribosomal DNA. Plos One 10.

Gontijo, L.M., Beers, E.H., Snyder, W.E., 2015. Complementary suppression of aphids by
predators and parasitoids. Biological Control 90, 83-91.

Griffiths, G.W., Beck, S.D., 1973. Intracellular symbiotes of pea aphid, Acyrthosiphon pisum.
Journal of Insect Physiology 19, 75-84.

Guay, J.F., Boudreault, S., Michaud, D., Cloutier, C., 2009. Impact of environmental stress on
aphid clonal resistance to parasitoids: Role of Hamiltonella defensa bacterial symbiosis in
association with a new facultative symbiont of the pea aphid. Journal of Insect Physiology
55, 919-926.

Hansen, A.K., Vorburger, C., Moran, N.A., 2012. Genomic basis of endosymbiont-conferred
protection against an insect parasitoid. Genome Research 22, 106-114.

Henry, L.M., Maiden, M.C.J., Ferrari, J., Godfray, H.C.J., 2015. Insect life history and the
evolution of bacterial mutualism. Ecology Letters 18, 516-525.

Hertédg, C., 2016. Influence of protective endosymbiotic bacteria on species coexistence in
aphids. MSc thesis. ETH Ziirich, Ziirich, Switzerland.

Herzog, J., Miiller, C.B., Vorburger, C., 2007. Strong parasitoid-mediated selection in
experimental populations of aphids. Biology Letters 3, 667-669.

Heyworth, E.R., Ferrari, J., 2015. A facultative endosymbiont in aphids can provide diverse
ecological benefits. Journal of Evolutionary Biology 28, 1753-1760.

Heyworth, E.R., Ferrari, J., 2016. Heat stress affects facultative symbiont-mediated protection
from a parasitoid wasp. Plos One 11, 11.

Hoang, A., 2001. Immune response to parasitism reduces resistance of Drosophila
melanogaster to desiccation and starvation. Evolution 55, 2353-2358.

Hoy, M.A., 1998. Myths, models and mitigation of resistance to pesticides. Philosophical
Transactions of the Royal Society of London Series B-Biological Sciences 353, 1787-1795.

29



714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746

Hrcek, J., McLean, A.H.C., Godfray, H.C.J., 2016. Symbionts modify interactions between
insects and natural enemies in the field. Journal of Animal Ecology 85, 1605-1612.

Hufbauer, R.A., Via, S., 1999. Evolution of an aphid-parasitoid interaction: variation in
resistance to parasitism among aphid populations specialized on different host plants.
Evolution 53, 1435-1445.

Jones, E.O., White, A., Boots, M., 2011. The evolution of host protection by vertically
transmitted parasites. Proceedings of the Royal Society B-Biological Sciences 278, 863-
870.

Jousselin, E., Clamens, A.L., Galan, M., Bernard, M., Maman, S., Gschloessl, B., Duport, G.,
Meseguer, A.S., Calevro, F., D'Acier, A.C., 2016. Assessment of a 16S rRNA amplicon
I[llumina sequencing procedure for studying the microbiome of a symbiont-rich aphid
genus. Molecular Ecology Resources 16, 628-640.

Jousselin, E., Coeur d'acier, A., Vanlerberghe-Masutti, F., Duron, O., 2013. Evolution and
diversity of Arsenophonus endosymbionts in aphids. Molecular Ecology 22, 260-270.

Kich, H., 2014. Comparing the biocontrol efficiency of sexual and asexual parasitoids. MSc
Thesis. ETH Ziirich, Ziirich, Switzerland.

Katis, N.I., Tsitsipis, J.A., Stevens, M., Powell, G., 2007. Transmission of plant viruses. In:
van Emden, H.F., Harrington, R., Eds.), Aphids as Crop Pests. CABI, London, pp. 353-
377.

Koga, R., Tsuchida, T., Fukatsu, T., 2004. Presence of a secondary endosymbiotic bacterium
suppresses growth, development and cell umber of the host aphid. In: Simon, J.C.,
Dedryver, C.A., Rispe, C., Hullé, M., Eds.), Aphids in a New Millennium. Proceedings of
the 6th International Symposium on Aphids. INRA Editions, Versailles-Paris, pp. 61-64.

Kraaijeveld, A.R., Godfray, H.C.J., 1997. Trade-off between parasitoid resistance and larval
competitive ability in Drosophila melanogaster. Nature 389, 278-280.

Kwiatkowski, M., Vorburger, C., 2012. Modeling the ecology of symbiont-mediated
protection against parasites. The American Naturalist 179, 595-605.

Langer, A., Hance, T., 2004. Enhancing parasitism of wheat aphids through apparent
competition: a tool for biological control. Agriculture Ecosystems & Environment 102,
205-212.

Leclair, M., Pons, 1., Maheo, F., Morliere, S., Simon, J.C., Outreman, Y., 2016. Diversity in
symbiont consortia in the pea aphid complex is associated with large phenotypic variation

in the insect host. Evolutionary Ecology 30, 925-941.

30



747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778
779

Leonardo, T.E., Mondor, E.B., 2006. Symbiont modifies host life-history traits that affect
gene flow. Proceedings of the Royal Society B-Biological Sciences 273, 1079-1084.

Li, T., Wu, X.J., Jiang, Y.L., Zhang, L., Duan, Y., Miao, J., Gong, Z.J., Wu, Y.Q., 2016. The
genetic diversity of SMLS (Sitobion miscanthi L type symbiont) and its effect on the
fitness, mitochondrial DNA diversity and Buchnera aphidicola dynamic of wheat aphid,
Sitobion miscanthi (Hemiptera: Aphididae). Molecular Ecology 25, 3142-3151.

Li, T., Xiao, J.-H., Xu, Z.-H., Murphy, R.-W., Huang, D.-W., 2011. Cellular tropism,
population dynamics, host range and taxonomic status of an aphid secondary symbiont,
SMLS (Sitobion miscanthi L Type symbiont). Plos One 6, €21944.

Lively, C.M., Clay, K., Wade, M.J., Fuqua, C., 2005. Competitive co-existence of vertically
and horizontally transmitted parasites. Evolutionary Ecology Research 7, 1183-1190.

Lukasik, P., Dawid, M.A., Ferrari, J., Godfray, H.C.J., 2013a. The diversity and fitness effects
of infection with facultative endosymbionts in the grain aphid, Sitobion avenae. Oecologia
173, 985-996.

Lukasik, P., Guo, H., Van Asch, M., Ferrari, J., Godfray, H.C.J., 2013b. Protection against a
fungal pathogen conferred by the aphid facultative endosymbionts Rickettsia and
Spiroplasma is expressed in multiple host genotypes and species and is not influenced by
co-infection with another symbiont. Journal of Evolutionary Biology 26, 2654-2661.

Lukasik, P., van Asch, M., Guo, H.F., Ferrari, J., Godfray, H.C.J., 2013c. Unrelated
facultative endosymbionts protect aphids against a fungal pathogen. Ecology Letters 16,
214-218.

Martinez, A.J., Weldon, S.R., Oliver, K.M., 2014. Effects of parasitism on aphid nutritional
and protective symbioses. Molecular Ecology 23, 1594-1607.

McLean, A.H.C., Godfray, H.C.J., 2015. Evidence for specificity in symbiont-conferred
protection against parasitoids. Proceedings of the Royal Society B-Biological Sciences
282, 50977-50977.

McLean, D.L., Houk, E.J., 1973. Phase-contrast and electron microscopy of mycetocytes and
symbiotes of pea aphid, Acyrthosiphon pisum. Journal of Insect Physiology 19, 625-&.

Montllor, C.B., Maxmen, A., Purcell, A.H., 2002. Facultative bacterial endosymbionts benefit
pea aphids Acyrthosiphon pisum under heat stress. Ecological Entomology 27, 189-195.

Moran, N.A., Degnan, P.H., Santos, S.R., Dunbar, H.E., Ochman, H., 2005a. The players in a
mutualistic symbiosis: Insects, bacteria, viruses, and virulence genes. Proceedings of the

National Academy of Sciences of the United States of America 102, 16919-16926.

31



780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812

Moran, N.A., Russell, J.A., Koga, R., Fukatsu, T., 2005b. Evolutionary relationships of three
new species of Enterobacteriaceae living as symbionts of aphids and other insects. Applied
and Environmental Microbiology 71, 3302-3310.

Neuville, S., Le Ralec, A., Outreman, Y., Jaloux, B., 2016. The delay in arrival of the
parasitoid Diaeretiella rapae influences the efficiency of cabbage aphid biological control.
BioControl 61, 115-126.

Oliver, K.M., Campos, J., Moran, N.A., Hunter, M.S., 2008. Population dynamics of
defensive symbionts in aphids. Proceedings of the Royal Society B-Biological Sciences
275, 293-299.

Oliver, K.M., Degnan, P.H., Burke, G.R., Moran, N.A., 2010. Facultative symbionts in aphids
and the horizontal transfer of ecologically important traits. Annual Review of Entomology
55, 247-266.

Oliver, K.M., Degnan, P.H., Hunter, M.S., Moran, N.A., 2009. Bacteriophages encode factors
required for protection in a symbiotic mutualism. Science 325, 992-994.

Oliver, K.M., Moran, N.A., Hunter, M.S., 2005. Variation in resistance to parasitism in aphids
is due to symbionts not host genotype. Proceedings of the National Academy of Sciences
of the United States of America 102, 12795-12800.

Oliver, K.M., Russell, J.A., Moran, N.A., Hunter, M.S., 2003. Facultative bacterial symbionts
in aphids confer resistance to parasitic wasps. Proceedings of the National Academy of
Sciences of the United States of America 100, 1803-1807.

Parker, B.J., Spragg, C.J., Altincicek, B., Gerardo, N.M., 2013. Symbiont-mediated protection
against fungal pathogens in pea aphids: a role for pathogen specificity? Applied and
Environmental Microbiology 79, 2455-2458.

Peccoud, J., Bonhomme, J., Maheo, F., de la Huerta, M., Cosson, O., Simon, J.C., 2014.
Inheritance patterns of secondary symbionts during sexual reproduction of pea aphid
biotypes. Insect Science 21, 291-300.

Polin, S., Simon, J.C., Outreman, Y., 2014. An ecological cost associated with protective
symbionts of aphids. Ecology and Evolution 4, 826-830.

Polis, G.A., Myers, C.A., Holt, R.D., 1989. The ecology and evolution of intraguild predation
- potential competitors that eat each other. Annual Review of Ecology and Systematics 20,
297-330.

Ragsdale, D.W., Landis, D.A., Brodeur, J., Heimpel, G.E., Desneux, N., 2011. Ecology and
management of the soybean aphid in North America. In: Berenbaum, M.R., Carde, R.T.,

32



813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837
838
839
840
841
842
843
844

Robinson, G.E., Eds.), Annual Review of Entomology, Vol 56. Annual Reviews, Palo
Alto, pp. 375-399.

Raymond, B., Darby, A.C., Douglas, A.E., 2000. Intraguild predators and the spatial
distribution of a parasitoid. Oecologia 124, 367-372.

Rothacher, L., Ferrer-Suay, M., Vorburger, C., 2016. Bacterial endosymbionts protect aphids
in the field and alter parasitoid community composition. Ecology 97, 1712-1723.

Rouchet, R., Vorburger, C., 2012. Strong specificity in the interaction between parasitoids and
symbiont-protected hosts. Journal of Evolutionary Biology 25, 2369-2375.

Rouchet, R., Vorburger, C., 2014. Experimental evolution of parasitoid infectivity on
symbiont-protected hosts leads to the emergence of genotype-specificity. Evolution 68,
1607-1616.

Russell, J.A., Moran, N.A., 2006. Costs and benefits of symbiont infection in aphids: variation
among symbionts and across temperatures. Proceedings of the Royal Society B-Biological
Sciences 273, 603-610.

Russell, J.A., Weldon, S., Smith, A.H., Kim, K.L., Hu, Y., Lukasik, P., Doll, S.,
Anastopoulos, L., Novin, M., Oliver, K.M., 2013. Uncovering symbiont-driven genetic
diversity across North American pea aphids. Molecular Ecology 22, 2045-2059.

Sakurai, M., Koga, R., Tsuchida, T., Meng, X.Y., Fukatsu, T., 2005. Rickettsia symbiont in
the pea aphid Acyrthosiphon pisum: Novel cellular tropism, effect on host fitness, and
interaction with the essential symbiont Buchnera. Applied and Environmental
Microbiology 71, 4069-4075.

Sanders, D., Kehoe, R., van Veen, F.J.F., McLean, A., Godfray, H.C.J., Dicke, M., Gols, R.,
Frago, E., 2016. Defensive insect symbiont leads to cascading extinctions and community
collapse. Ecology Letters 19, 789-799.

Scarborough, C.L., Ferrari, J., Godfray, H.C.J., 2005. Aphid protected from pathogen by
endosymbiont. Science 310, 1781-1781.

Schmid-Hempel, P., 2003. Variation in immune defence as a question of evolutionary
ecology. Proceedings of the Royal Society of London Series B-Biological Sciences 270,
357-366.

Schmid, M., Sieber, R., Zimmermann, Y.S., Vorburger, C., 2012. Development, specificity
and sublethal effects of symbiont-conferred resistance to parasitoids in aphids. Functional

Ecology 26, 207-215.

33



845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860
861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877

Schmidt, M.H., Lauer, A., Purtauf, T., Thies, C., Schaefer, M., Tscharntke, T., 2003. Relative
importance of predators and parasitoids for cereal aphid control. Proceedings of the Royal
Society of London Series B-Biological Sciences 270, 1905-1909.

Simon, J.C., Boutin, S., Tsuchida, T., Koga, R., Le Gallic, J.F., Frantz, A., Outreman, Y.,
Fukatsu, T., 2011. Facultative symbiont infections affect aphid reproduction. PLoS One 6,
e21831.

Simon, J.C., Sakurai, M., Bonhomme, J., Suchida, T., Koga, R., Fukatsu, T., 2007.
Elimination of a specialised facultative symbiont does not affect the reproductive mode of
its aphid host. Ecological Entomology 32, 296-301.

Smith, A.H., Lukasik, P., O'Connor, M.P., Lee, A., Mayo, G., Drott, M.T., Doll, S., Tuttle, R.,
Disciullo, R.A., Messina, A., Oliver, K.M., Russell, J.A., 2015. Patterns, causes and
consequences of defensive microbiome dynamics across multiple scales. Molecular
Ecology 24, 1135-1149.

Snyder, W.E., Ballard, S.N., Yang, S., Clevenger, G.M., Miller, T.D., Ahn, J.J., Hatten, T.D.,
Berryman, A.A., 2004. Complementary biocontrol of aphids by the ladybird beetle
Harmonia axyridis and the parasitoid Aphelinus asychis on greenhouse roses. Biological
Control 30, 229-235.

Snyder, W.E., Ives, A.R., 2001. Generalist predators disrupt biological control by a specialist
parasitoid. Ecology 82, 705-716.

Stary, P., Lyon, J.P., Leclant, F., 1988. Biocontrol of aphids by the introduced Lysiphlebus
testaceipes (Cress) (Hym., Aphidiidae) in Mediterranean France. Journal of Applied
Entomology-Zeitschrift Fur Angewandte Entomologie 105, 74-87.

Tomlinson, J.A., 1987. Epidemiology and control of virus diseases of vegetables. Annals of
Applied Biology 110, 661-681.

Tsuchida, T., Koga, R., Fujiwara, A., Fukatsu, T., 2014. Phenotypic Effect of "Candidatus
Rickettsiella viridis," a Facultative Symbiont of the Pea Aphid (4cyrthosiphon pisum), and
Its Interaction with a Coexisting Symbiont. Applied and Environmental Microbiology 80,
525-533.

Tsuchida, T., Koga, R., Fukatsu, T., 2004. Host plant specialization governed by facultative
symbiont. Science 303, 1989-1989.

Tsuchida, T., Koga, R., Horikawa, M., Tsunoda, T., Maoka, T., Matsumoto, S., Simon, J.C.,
Fukatsu, T., 2010. Symbiotic bacterium modifies aphid body color. Science 330, 1102-
1104.

34



878
879
880
881
882
883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904
905
906
907
908
909
910
911

Tylianakis, J.M., Didham, R.K., Wratten, S.D., 2004. Improved fitness of aphid parasitoids
receiving resource subsidies. Ecology 85, 658-666.

Unterman, B.M., Baumann, P., McLean, D.L., 1989. Pea aphid symbiont relationships
established by analysis of 16S ribosomal RNAs. Journal of Bacteriology 171, 2970-2974.

Van Driesche, R.G., Heinz, K.M., 2004. An overview of biological control in protected
culture. In: Heinz, K.M., Van Driesche, R.G., Parrella, M.P., Eds.), Biocontrol in Protected
Culture. Ball Publishing, Batavia, pp. 1-24.

van Lenteren, J.C., 2012. Internet Book of Biological Control. 6th Edition. International
Organisation for Biological Control (IOBC), Wageningen, The Netherlands.

Villagra, C.A., Ramirez, C.C., Niemeyer, H.M., 2002. Antipredator responses of aphids to
parasitoids change as a function of aphid physiological state. Animal Behaviour 64, 677-
683.

von Burg, S., Ferrari, J., Miiller, C.B., Vorburger, C., 2008. Genetic variation and covariation
of susceptibility to parasitoids in the aphid Myzus persicae — no evidence for trade-offs.
Proceedings of the Royal Society B-Biological Sciences 275, 1089-1094.

Vorburger, C., Ganesanandamoorthy, P., Kwiatkowski, M., 2013. Comparing constitutive and
induced costs of symbiont-conferred resistance to parasitoids in aphids. Ecology and
Evolution 3, 706-713.

Vorburger, C., Gegenschatz, S.E., Ranieri, G., Rodriguez, P., 2008a. Limited scope for
maternal effects in aphid defence against parasitoids. Ecological Entomology 33, 189-196.

Vorburger, C., Gehrer, L., Rodriguez, P., 2010. A strain of the bacterial symbiont Regiella
insecticola protects aphids against parasitoids. Biology Letters 6, 109-111.

Vorburger, C., Gouskov, A., 2011. Only helpful when required: A longevity cost of
harbouring defensive symbionts. Journal of Evolutionary Biology 24, 1611-1617.

Vorburger, C., Gouskov, A., von Burg, S., 2008b. Genetic covariation between effectiveness
and cost of defence in aphids. Biology Letters 4, 674-676.

Vorburger, C., Herzog, J., Rouchet, R., 2017. Aphid specialization on different summer hosts
is associated with strong genetic differentiation and unequal symbiont communities despite
a common mating habitat. Journal of Evolutionary Biology, in press.

Vorburger, C., Rouchet, R., 2016. Are aphid parasitoids locally adapated to the prevalence of
defensive symbionts in their hosts? BMC Evolutionary Biology 16, 271.

Vorburger, C., Sandrock, C., Gouskov, A., Castafieda, L.E., Ferrari, J., 2009. Genotypic
variation and the role of defensive endosymbionts in an all-parthenogenetic host-parasitoid

interaction. Evolution 63, 1439-1450.

35



912
913
914
915
916
917
918
919
920
921
922
923
924
925

Wagner, S.M., Martinez, A.J., Ruan, Y.M., Kim, K.L., Lenhart, P.A., Dehnel, A.C., Oliver,
K.M., White, J.A., 2015. Facultative endosymbionts mediate dietary breadth in a
polyphagous herbivore. Functional Ecology 29, 1402-1410.

Wang, Z., Su, X.M., Wen, J., Jiang, L.Y., Qiao, G.X., 2014. Widespread infection and diverse
infection patterns of Wolbachia in Chinese aphids. Insect Science 21, 313-325.

Weldon, S.R., Oliver, K.M., 2016. Diverse bacteriophage roles in an aphid-bacterial defensive
mutualism. In: Hurst, J.C., (Ed.), The Mechanistic Benefits of Microbial Symbionts.
Springer International Publishing, Cham, pp. 173-206.

Wellings, P.W., Ward, S.A., Dixon, A.F.G., Rabbinge, D., 1988. Crop loss assessment. In:
Minks, A.K., Harrewijn, P., Eds.), Aphids, their biology, natural enemies and control.
Elsevier, Amsterdam, The Netherlands, pp. 49-69.

Zytynska, S.E., Weisser, W.W., 2016. The natural occurrence of secondary bacterial
symbionts in aphids. Ecological Entomology 41, 13-26.

36



Table 1. List of facultative bacterial endosymbionts presently known to occur in pea aphids with demonstrated phenotypic effects on their hosts

(where applicable) and key references.

Facultative endosymbiont ~ Phenotypic effects

References

Hamiltonella defensa Protection against parasitoids
Protection against heat stress
Reduced lifespan
Reduced fecundity
Reduced competitive ability

Reduced defensive behavior

Regiella insecticola Protection against fungal pathogens
Protection against parasitoids
Host plant specialization
Reduced heat tolerance
Reduced production of winged morphs

Reduced production of sexual morphs

(Oliver et al., 2003, 2005; Ferrari et al., 2004; McLean and Godfray, 2015)
(Russell and Moran, 2006)

(Simon et al., 2011)

(Simon et al., 2011)

(Oliver et al., 2008)

(Dion et al., 2011a; Polin et al., 2014)

(Ferrari et al., 2004; Scarborough et al., 2005; Parker et al., 2013)
(Hansen et al., 2012)

(Tsuchida et al., 2004; Ferrari et al., 2007)

(Russell and Moran, 2006)

(Leonardo and Mondor, 2006)

(Leonardo and Mondor, 2006)
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Serratia symbiotica

Rickettsia

Rickettsiella

Spiroplasma

Protection against parasitoids
Protection against heat stress
Delayed development
Reduced body weight

Reduced competitive ability

Protection against fungal pathogens
Reduced fecundity
Reduced lifespan

Reduced body weight

Protection against fungal pathogens
Alteration of body color
Increased body weight

Reduced time to reproduction

Protection against fungal pathogens

(Oliver et al., 2003)

(Montllor et al., 2002; Russell and Moran, 2006)
(Koga et al., 2004)

(Koga et al., 2004)

(Oliver et al., 2008)

(Lukasik et al., 2013b; Lukasik et al., 2013c¢)
(Sakurai et al., 2005; Simon et al., 2007; Lukasik et al., 2013b)
(Simon et al., 2007)

(Sakurai et al., 2005)

(Lukasik et al., 2013b)
(Tsuchida et al., 2010; Tsuchida et al., 2014)
(Tsuchida et al., 2014)

(Tsuchida et al., 2014)

(Lukasik et al., 2013b; Lukasik et al., 2013c¢)
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X-type/PAXS

Wolbachia

Reduced lifespan
Reduced fecundity

Male killing

Protection against fungal pathogens
Protection against parasitoids
Protection against heat stress

Reduced fecundity

Unknown

(Fukatsu et al., 2001; Simon et al., 2011)
(Fukatsu et al., 2001; Simon et al., 2011)

(Simon et al., 2011)

(Heyworth and Ferrari, 2015)
(Guay et al., 2009; Heyworth and Ferrari, 2015; 2016)
(Guay et al., 2009; Heyworth and Ferrari, 2015)

(Heyworth and Ferrari, 2015)

(Russell et al., 2013; Wang et al., 2014; Gauthier et al., 2015)
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Figure legends

Fig. 1. Defensive symbionts protect aphids against parasitoids in the field. Counts of black
bean aphids (4Aphis fabae) and successfully parasitized aphids (Mummies) from a field
experiment in which plants (Vicia faba) colonized by aphids that were (A) uninfected, or (B)
experimentally infected with the facultative endosymbiont Hamiltonella defensa were
exposed to natural colonization by parasitoids over one field season (May — September 2013).
Each treatment was applied to five replicate plots. Values represent natural log-transformed

counts = 1SE. Reproduced with permission from Rothacher et al. (2016).
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Figure 1
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{A} Aphids without facultative endosymbionts

(B) Aphids infected with Hamiltonella defensa
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